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Abstract

At long sight *’Cs and *°Sr are the main radionuclides responsible for the contamination of
agricultural soils due to core melts in nuclear power plants such as Chernobyl or Fukushima.
Once deposited on the soil surface, the two radionuclides remain in the upper soil layer for
several decades. In the upper soil layer the highest microbial activity can be found, due to
high organic matter contents, warm temperatures and gas exchange with the atmosphere.
Hence, in contaminated soils microorganisms in upper soil layers (e.g. the plow layer on
agricultural fields) are exceedingly exposed to radioactivity. However, no data are available
how radioactive contaminations with '*’Cs or *Sr in a realistic order of magnitude affect the

microbial community and its functions in soils.

This dissertation discusses the effects of radioactive contaminations on the microbial
community structure and some of its functions in soils. Therefore, typical agricultural soils, an
Orthic Luvisol from field site Merzenhausen and a Gleyic Cambisol from field site
Kaldenkirchen-Hiilst were artificially contaminated with various concentrations of '*’Cs and
%Sy and partly applied with radiolabeled substrates and incubated in soil microcosms under
controlled laboratory conditions. The lower radionuclide concentrations corresponded to the
contaminations in the Chernobyl exclusion zone, the higher concentrations were up to 50-fold
that of the maximum occurring hotspots (*’Cs) in this zone. In three experiments the effects
of the ionizing radiation on the bacterial and the fungal community structure (16S and 18S
rDNA DGGE), the degradation of '*C-labeled wheat straw or uniformly ring-labeled 2,4-
dichlorophenoxyacetic acid, the development of the fungal biomass (ergosterol quantification)
and the chemical composition of the soil organic matter (°C CP/MAS NMR) were
investigated. In half of the microcosms the soils were autoclaved and reinoculated with native

soil, with intention to enhance the microbial growth.

Radiation induced shifts in the microbial community structure could be observed in all
experiments. Some species were directly inhibited which could be seen by a loss of bands in
the DGGE gels. Other species benefited from the radiation. The loss of competitors and thus a
better nutrient supply are supposed to cause these effects. However, a radiation induced
impact on microbial functions could only be seen in the 2,4-D mineralization experiment. The
mineralization of the uniformly '*C-ring-labeled herbicide 2,4-D was delayed for 4 days.

Compared to the mineralization of wheat straw, only a limited amount of different species



participate in the degradation of the dichlorophenyl ring of the 2,4-D. It is suggested that
these species were impacted by the radiation. Radiation induced impacts neither could be seen
in the degradation of wheat straw, the chemical composition of soil organic matter (SOM) nor
in the development of the fungal biomass. A redundancy of microbial functions is suggested
to be responsible for that. In soils with high microbial diversity, certain functions are covered

by different species, so that the disappearance of some species has no effect on the functions.

Effects caused by the sterilization and reinoculation with native soil prevailed in all
experiments. Contaminations with '*’Cs or **Sr up to 50-fold that of the Chernobyl hotspots
led to minor changes in soil microbial functions suggesting a strong resilience of natural soils

towards radioactive contamination.
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Kurzfassung

Auf lange Sicht gesehen sind die beiden Radionuklide '*’Cs und *°Sr, welche in erheblichem
Mafe durch die Unfille in Tschernobyl und Fukushima ausgestof3en wurden, die wichtigsten
Verursacher fiir radioaktive Kontaminationen auf landwirtschaftlichen Flachen. Einmal im
Boden angekommen konnen sie fiir mehrere Jahrzehnte an der Bodenoberflache verbleiben.
Aufgrund des hohen Gehalts an organischer Substanz, den hoheren Temperaturen und dem
Austausch von Assimilationsgasen kann hier in den oberen Bodenzentimetern die hochste
Mikroorganismentitigkeit festgestellt werden. Aus diesem Grund sind die Mikroorganismen
in den oberen Bodenschichten von Agrarboden besonders der Strahlung ausgesetzt. Es ist
verwunderlich, dass es noch keine Untersuchungen gibt, in wie weit radioaktive
Kontaminationen in realistischen GréBenordnungen die mikrobiellen Populationen und ihre

Funktionen in Boden beeinflussen.

In dieser Dissertation werden Inkubationsexperimente in Bodenmikrokosmen aufgefiihrt.
Typische Ackerboden, eine Braunerde-Parabraunerde vom Standort Merzenhausen und eine
schwach pseudovergleyte Parabraunerde vom Standort Kaldenkirchen-Hiilst, wurden mit
verschieden hohen Konzentrationen *’Cs bzw. *’Sr und teilweise mit radioaktiv markierten
Substraten appliziert und unter kontrollierten Laborbedigungen inkubiert. Die niedrigsten
radioaktiven Konzentrationen orientierten sich an der '*’Cs-Kontamination der Sperrzone um
Tschernobyl. Die hochsten Radionuklidkonzentrationen lagen um den Faktor 50 tiber den
maximal in Tschernobyl auftretenden '*’Cs Hotspots. In drei Experimenten wurden die
Auswirkungen der ionisierenden Strahlung auf die Struktur der bakteriellen und pilzlichen
Populationen (16S und 18S rDNA DGGE), der Abbau von *C-markiertem Weizenstroh bzw.
2,4-Dichlorophenoxyessigsdure (2,4-D), die Entwicklung der pilzlichen Biomasse
(Quantifizierung des Ergosterolgehaltes) und die chemische Zusammensetzung der
organischen Bodensubstanz untersucht (®C CP/MAS NMR). Alle Mikrokosmenstudien
wurden redundant durchgefiihrt. In einem Ansatz wurden native Ackerbéden verwendet, in
dem Anderen wurden die Boden autoklaviert und mit einem nativen Bodenaliquot angeimpft.
Ziel war es, ein Wachstum der mikrobiellen Populationen zu erreichen und somit bessere

Ergebnisse in den DGGE-Populationsanalysen ableiten zu kénnen.

In allen Versuchen konnten strahleninduzierte Verdnderungen der mikrobiellen Populationen
festgestellt werden. Einige Spezies wurden direkt durch die Strahlung gehemmt, was an

einem Verlust von Banden in den DGGE Gelen erkenntlich wurde. Andere Spezies wiederum
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profitierten scheinbar von der Strahlung. Der Riickgang der strahlenempfindlicheren Arten
erniedrigte den Konkurrenzdruck und erhohte die Versorgung mit Néhrstoffen fiir die
resistenteren Arten. Dieser Effekt konnte sowohl bei den Bakterien, als auch bei den Pilzen
festgestellt werden. Strahleneffekte auf mikrobielle Funktionen hingegen konnten nur im 2,4-
D-Experiment festgestellt werden. Der mikrobielle Abbau des '*C markierten 2,4-D-
Phenylrings wurde um 4 Tage verzogert. Im Vergleich zu Weizenstroh sind am Abbau des
2,4-D-Phenylrings nur relativ wenige Spezies beteiligt, vermutlich wurden gerade diese von
der Strahlung beeintrichtigt. Das Ausbleiben von Effekten in den anderen Experimenten
wurde mit der Redundanz von mikrobiellen Funktionen erkliart. In Boéden mit hoher
mikrobieller Diversitdt werden bestimmte Funktionen von mehreren verschiedenen Arten

abgedeckt, so dass der Wegfall einiger Arten keine Auswirkung auf die Funktionen hat.

In allen Versuchen hatte die Sterilisation und das anschlieBende Animpfen mit nativem Boden
eine wesentlich groBere Auswirkung auf die Mikroorganismen als die applizierten
Radionuklide. Sogar Kontaminationen um den Faktor 50 hoher als die maximal in
Tschernobyl auftretenden *’Cs-Hotspots fiihrten nur zu sehr geringen Einfliissen, was eine
hohe Widerstandsfahigkeit der mikrobiellen Populationen gegeniiber radioaktiver Strahlung

vermuten l&sst.
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General introduction

1 General introduction

Radionuclides are omnipresent in the environment. The main sources for naturally occurring
radioactive isotopes are high energy cosmic rays and the earth’s crust (Bilo et al., 1993;
UNSCEAR, 2000). Important natural contributors to radioactive exposures are Radon-220,
Radon-222 and Potassium-40 (UNSCEAR, 2000). However, due to nuclear weapon tests,
several accidents at nuclear power plants and other nuclear facilities, artificial radionuclides
were ejected into the environment. Up to the 1980s, the atmospheric nuclear weapon tests
accounted for the most significant exposure of man-made radionuclides. Large amounts of
radionuclides were ejected into the troposphere and even the stratosphere and dispersed with
the wind. However, it is assumed that 50% of the volatile fission products, such as g, 7Cs
and "I, deposited locally or regionally. The most active years for atmospheric bomb tests
were 1954, 1958, 1961 and 1962. In 1962 the global deposition of *’Cs was 4 kBq m™ in the
northern hemisphere. In the year 2000, 20 years after the last atmospheric bomb tests the
global fallout decreased to 2 kBq m™ (UNSCEAR, 2000). As most of the atmospheric bomb
tests were carried out in the northern hemisphere; in the southern hemisphere the deposition

with man-made radionuclides is considerably lower (UNSCEAR, 2000).

On April 26™ 1986 the Chernobyl catastrophe happened. Concerning the dispersion of
radionuclides, the situation in Chernobyl was unique, compared to other accidents at nuclear
power facilities, even Fukushima. During a test-run intended to simulate the energy supply
during a black-out, the reactor, which was built only three years earlier, exploded and the
graphite, which was used as moderator, started to burn. Due to the heat of about 2000 °C, the
ejected volatile radionuclides (e.g. cesium, tellurium, iodine and in low concentrations
strontium) reached altitudes of about 1,500 to 10,000 m (UNSCEAR, 2000; Yablokov et al.,
2009). During the subsequent two weeks, changing wind carried the radioactive plumes to
Finland, Sweden and Western Europe, where the radionuclides fell out. About 40% of the
European landscape were contaminated with at least 4 kBq m™ "*’Cs (UNSCEAR, 1988).
Maximum contamination in Western Europe reached 150 kBq m™ in Austria (Bossew et al.,
1996) and 184 kBq m™ in central Sweden (Rosén et al., 1999). The maximum "“’Cs
contamination in Germany was about 60 kBq m™ (Konopleva et al., 2009). In Eastern Europe,
in Belarus and the Ukraine the deposition rates rose to 20,000 kBq m™ (Kashparov et al.,

2003) or even 40,000 kBq m™ at hotspots near the reactor (personal communication Dr.
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Valery Kashparov, 2009, Ukrainian Institute of Agricultural Radiology). The Chernobyl
accident was the first to be considered with level 7 on the International Nuclear and
Radiological Event Scale (INES). The second accident that reached the maximum level at the

INES was the core meltdown of several reactors in Fukushima, Japan in 2011.

Due to bomb-testing and accidents at nuclear power-plants and facilities, different
radionuclides were deposited on terrestrial ecosystems. The bomb-fallout comprised large
amounts of *Sr and **Cs (Dumat and Staunton, 1999; Scheffer et al., 2002), the Chernobyl
fall-out consisted of fission and activation products such as 95Zr, 95Nb, '06Ru, '37Cs, 13 4Cs,

90Sr, isotopes of iodine and e (UNSCEAR, 1996; Borovoi and Gagarinskii, 2001).

The amount of the total emissions from reactor 4 in Chernobyl is not exactly known. Borovoi
and Gagarinskii (2001) assume that 90 MCi (3.3*10"® Bq) of radionuclides with half-lives
larger than 20 h have been released during the 10 days of explosion and burning. That is about
5% of the total radionuclide inventory originally existing in the reactor. The emissions can be
divided into three different forms, condensed particles, volatile gases and particles bound to a
fuel particle matrix, with all three influencing the dispersion in the environment (UNSCEAR,
2000). The volatile fission products such as alkali metals (cesium), iodine and tellurium were
ejected gaseous and condensed at light aerosols. From the original “’Cs inventory
approximately 33 = 10% has been released and was transported with warm airstreams across
Europe (Borovoi and Gagarinskii, 2001). The same applies to the volatile gases. In case of the
fuel particle matrix the size plays an important role for its dispersion. Hot particles consist of
parts of the radioactive fuel (uranium and plutonium) melt together with other radionuclides
such as *’Sr. The hot particles distributed over Europe had an average size of 15 um, with the
larger particles being deposited closer to the reactor. For distances below 30 km from the
reactor core, contaminations with sr prevail, whereas beyond that zone the contamination is

mainly caused by B¢ (Kashparov et al., 2004; Yablokov et al., 2009).

The effects of ionizing radiation on human health have been the content of numerous studies.
A major aspect within these studies was the transfer of airborne radionuclides from soil to

plants and finally into the human food chain (Bilo et al., 1993).

Although several scientists investigated the effects of ionizing radiation on microorganisms
already before the Chernobyl accident (Davis et al., 1956; Monib et al., 1971; Franz and
Woodwell, 1973; Gochenaur and Woodwell, 1974), the participation of micro-organisms in

transport and fate of radionuclides in soil was disregarded for a long time. Thus, in numerous
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experiments soil samples have not been considered as habitat for bacteria and fungi. The
samples often were treated roughly, were sterilized, heated and ground. During these
treatments the majority of organisms may die or fall into a viable-but-not-culturable (VBNC)
state (Sanchez et al., 2000). However, the fate of radionuclides may depend on soil

microorganisms, and vice versa, the radionuclides may affect the microorganisms.
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2 Fate and effects of radionuclides in soils, state of knowledge

2.1 Microbial functions in agricultural soils

One of the basic microbial functions in soil is the mineralization of organic substances.
Bacteria and fungi degrade crop residues and manure and release nutrients such as nitrogen,
phosphorus, carbon dioxide and mineral elements. In addition to herbal and animal organic
matter, most of the agricultural areas are treated with organic xenobiotics. Each year between
33.000 and 44.000 t of pesticides are sold in Germany (Bundesministerium fiir Ernghrung,
2010). Here the microorganisms play an important role in groundwater protection as they
degrade the pesticides before they reach the aquifer. Once having reached the aquifer, the
mineralization of the pesticides is almost stopped due to anaerobe conditions (Stroh, 2006). In
addition to mineralization of organic matter another important microbial function is the
formation of soil organic matter. Particularly the more recalcitrant compounds such as lignin
and hemicelluloses are transferred into humic substances (Scheffer et al., 2002). Humic
substances have important characteristics in soils; they enhance the cation exchange capacity,
they serve as supporters for nutrients, especially carbon and they are able to bind heavy
metals. Furthermore they improve soil structure, water-holding capacity and they darken the
soil surface color, thus they are positively affecting the heat balance of soils (Scheffer et al.,
2002). Soil organic matter and indirectly soil microbial activity are decisive factors ensuring

the fertility of agricultural soils.

2.2 The radionuclides *’Cs and *’Sr, physical characteristics

Cesium an alkali metals belongs to the first group in the periodic table. It is quite reactive and
does not exist in the elemental form in nature. Cesium exhibits 39 isotopes of which only
'3Cs occurs naturally. Most of its isotopes have very short half-lives, whilst *’Cs has a half-
life of 30.17 years (Unterweger, 2002). *’Cs emits B- and y-rays with 95% of the beta-
emission consisting of energy of 0.511 MeV and the remaining part consisting of 1.173 MeV.
The gamma-radiation averages to 85% of 0.662 MeV (Parekh et al., 2008). '*'Cs is generated
in the explosion of atomic weapons and in nuclear power plants as a fission product
(Volkmer, 2007). Radioactive cesium in soil is mainly fixed due to adsorption to clay

minerals, particularly illites. Presumably, the adsorption process is specific, as the clay
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minerals contain a small part of specific bounding sites, so called frayed edge sites (Smolders
et al., 1997). Cesium belongs to the same group in the periodic table as potassium and has a
similar atomic radius as K-atoms. The strength of fixation is caused by interlayer collapse of
the clay minerals. Cesium features lower hydration energy than potassium and thus it is easier
to strip down the hydration sheath. When water leaves the intermediate layer, the clay mineral
collapses and the Cs-atom is strongly fixed (Dumat and Staunton, 1999). Under normal
conditions occurring in soils, fixed cesium is no longer available for microorganisms (Steiner
et al., 2002). However, in soils with large organic matter content and low content of clay,
cesium is less strongly adsorbed. The migration rate is analogous to mineral soils, but the
bioavailability is much higher (Dumat and Staunton, 1999). Kruyts and Delvaux (2002)
assume that the abundance of frayed edge sites (FES) directly regulates the mobility of *’Cs
and that the accumulation of organic matter in top soil acts as a diluting effect on FES bearing
material. In contrast to cesium, strontium behaves differently in soils. Strontium is an alkaline
earth metal and belongs, just like calcium, to the second group in the periodic table. It is very
reactive and occurs in nature only as a chemical compound. In the long term, for ecological
issues, the most important isotopes of strontium are *°Sr and its decay product *°Y, which is in
a steady equilibrium with *°Sr. *°Y exhibits a half-life of approximately 60 hours only, but its
beta-decay increases the beta emission of *’Sr. The decay energy of **Sr and Y are 0.546
MeV and 2.282 MeV, respectively (Keller, 1993). *Sr (and *°Y) is one of the most high-
energy beta-ray emitting isotopes with a long half-life of 28.78 years. *Sr is, as well as '*'Cs
a nuclear fission product. Since it is similar to calcium, strontium plays an important role for
ecological and biological considerations (UNSCEAR, 1996). In contrast to cesium, strontium
is very mobile in mineral soils. It is not being adsorbed to specific binding sites on clay
minerals and thus can be easily exchanged by ion exchange mechanisms. *Sr normally shows
faster downward migration in mineral soils than cesium does (Ivanov et al., 1997; Gastberger
et al., 2000). The mobility of strontium in soil mainly depends on the amount and quality of
organic matter, the content of exchangeable calcium and the pH value (Coughtrey and
Thorne, 1983; Wauters et al., 1996). High amounts of exchangeable calcium and high pH
decrease the downward migration of strontium (Wiklander, 1964 ). In organic soils, large
quantities of strontium are bound to fulvic acids. Increasing amounts of organic matter
reduces the plant uptake of strontium (van Bergeijk et al., 1992). In soils dominated by
mineral components, strontium is mainly bound to weak regular exchanging sites, which are

not specific (Mueller-Lemans and Van Dorp, 1996; Jones et al., 2004).
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2.3 The role of microorganisms for retention and transport of *’Cs and
90
Sr

Within soils rich in clay minerals, cesium is fixed rapidly and is no longer bioavailable.
Remarkably, in forest or fen soils, with a low clay content at the surface layer (organic matter
> 95%), the migration rates seem to be similar to mineral soils (Dumat and Staunton, 1999;
Kruyts and Delvaux, 2002; Steiner et al., 2002) with most of the deposited '*’Cs being found
in the top soil layer (Auerbach, 1986; Drissner et al., 1998; Rosén et al., 1999; Konopleva et
al., 2009). Typical distribution patterns of radiocesium in a forest and a grass land soil can be
seen in Figure 2.1. Organic soils are not able to bind cesium or strontium physico-chemically
(Lieser and Steinkopff, 1989), which leads to the conclusion that microorganisms
(Brueckmann and Wolters, 1994; Parekh et al., 2008) and particularly fungi (Delvaux et al.,
1996; Rafferty et al., 1997; Fukuyama and Takenaka, 2004) play an important role in the
immobilization and upward transport of cesium isotopes in organic forest soils. In undisturbed
forest soils up to 75% of the living biomass consists of fungal microorganisms (Kohlmeier et
al., 2005). In central European forests most of the plants live in association with fungal
mycorrhiza. The host plants supply the fungi with carbohydrates, spending up to 20% of their
photosynthesis products, while the fungi enhance the nutrient supply for the plants (Smith and
Read, 2008). The surface area of fungal mycelium is usually much larger than the root system
of the plants. The very thin hyphae can reach nutrient pools, which are not available for roots
and the mycelium penetrates the soil with much lower amount of energy (Steiner et al., 2002).
This enhances the supply with nitrogen, phosphorus and water in nutrient poor habitats. So,
Smith and Read (2008) conclude, that the mycorrhizal mycelium is the main organ for taking
up nutrients of terrestrial plants. However, in relation to the enhanced transport of nutrients,
the transport of other elements such as toxic substances and radionuclides also has to be
considered. The role of fungi in transport and accumulation of radionuclides has been subject
of numerous investigations. It has been suggested, that fungi store the majority of radio-
cesium in forest soils (Dighton et al., 1991; Brueckmann and Wolters, 1994; Guillitte et al.,
1994; Vinichuk and Johanson, 2003).
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Excursus to fungal Mycorrhiza:

In central European forests mainly two mycorrhizal types interact with trees and higher
plants; the arbuscular mycorrhizal fungi (AMF) and the ectomycorrhizal fungi (ECM)
(Smith and Read, 2008). Ectomycorrhizal fungi are characterized by a fungal sheath,
which encloses the plant root, inward growing hyphae between the epidermal and
cortical cells (named Hartig net) and an extraradical mycelium which connects the
roots with the soil and the sporocarps. Almost all plants living in symbiosis with ECM
are perennial plants (Smith and Read, 2008). The ectomycorrhiza appears in upper
organic horizon or in the interface between mineral and organic horizon (Smith and
Read, 2008). The accumulation and the transport of radionuclides in ectomycorrhizal
fungi is much better observed than in AM fungi. In fungal sporocarps the '*’Cs activity
was found to be 10 to 270 times higher compared to plants growing at the same
location (Bakken and Olsen, 1990, Yoshida and Muramatsu, 1998). However, the role
of fungi concerning the transport of cesium into the mycorrhizal partners is not
unequivocally determined. In some studies enhanced transport was found (Drissner et
al., 1998, Strandberg and Johansson, 1998, Ladeyn et al., 2008), in others the fungi
inhibited the cesium transport into the host plants (Clint and Dighton, 1992; Riesen and
Brunner, 1996). Latter authors assume that ECM fungi absorb the radiocesium and
reduce its availability for plants. However, it should be noted that ECM seem to be the
major contributor for radiocesium immobilization in organic forest soils (Dupré de
Boulois et al., 2008).

In contrast to ECM, the arbuscular mycorrhizal fungi penetrate the root cell and form
an intracellular hyphae, coils and arbuscules. These arbuscules act as main site for
exchanging nutrients between the plant roots and the fungi (Garg and Chandel, 2010).
Unlike the ECM, the AM fungi usually occur in habitats dominated by herbaceous
plants (Dupré de Boulois et al., 2008). Some studies observed the role of AM fungi for
potassium and radiocesium transport and accumulation. However, the findings cannot
be summarized unambiguously. Rosén et al., (2005) observed an enhanced uptake of
37Cs by leek cultivated in the greenhouse, while no uptake into ryegrass was observed
in the same experiment. Berreck and Haselwandter (2001) noted a decreased cesium
uptake in bentgrass (Agrostis tenuis). They assumed that the fungi sequestrate the Cs in
the extraradical hyphae and do not transfer it into the plant root. Joner et al. (2004) did

not observe any involvement of AMF in transporting *’Cs into plants. Presumably
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chemical, physical and biological factors regulate the uptake of nutrients and cesium.
Dupré de Boulois et al. (2008) concluded in their review that the uptake of cesium by
AMF could be “strongly impaired by the sorption capacity of clay, the bio-availability
of K in the soil solution and /or plant K nutritional status.” Indeed, the way how and
when the fungi take up the nutrients, particularly K™ and Cs" is not clearly identified. At
least two K transporters for fungi are known, the high-affinity-potassium transporters
(HAK) and the TRK-transporters (TRK is a gene of Saccharomyces cerevisiae). The
former ones seem to exhibit a low selectivity between K- and Cs-ions and are
responsible for uptake at lower K concentrations. The TRK transporters are more
selective against Cs* and mainly work at higher K™ concentrations in the substrate (Zhu

and Smolders, 2000; Dupré de Boulois et al., 2008).

The findings of Berreck and Haselwandter (2001) and Declerck (2003) indicate that a
part of the Cs taken up by the fungi presumably will be accumulated in the fungal
mycelium. But the findings are not clear,; as the effects may also be rooted in the
experimental setup. However, unlike the ECM fungi, the AMF do not develop
sporocarps or fruitbodies which seem to accumulate more radiocesium compared to the
remaining mycelium. In case of the AMF, the intraradical structures seem to act as

local storage compartments for radiocesium (Dupré De Boulois et al., 2005).

In contrast to fungi, information about bacterial transport of radionuclides is sparse. Except
for flagellates, bacteria are not able to transport radionuclides actively across wider ranges
(Kohlmeier et al., 2005). However, due to ingestion or biotransformation, bacteria can
influence the transport mechanisms. Bacteria can act as pseudo-colloids and they are able to
form aggregates with other colloidal material. Thus the radionuclides incorporated by bacteria

could be transported in soil with water flow or colloidal transport mechanisms (Gadd, 1996).
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Figure 2.1: Typical depth distribution of '*’Cs in soil of a: an undisturbed grassland in 1990 (Schimmack
and Schultz, 2006) and of b: a spruce forest soil in 1994 (Drissner et al., 1998), figures modified. Ch-Cs:
Chernobyl derived '*’Cs.

2.4 Radionuclides in forest ecosystems and agricultural soils

Most of the knowledge concerning the transport and behaviour of radionuclides is built on
studies conducted in forest ecosystems. However, there are large disparities between forests
and agricultural ecosystems. The transfer of radionuclides in forest soils is much higher than
in cultivated crop soils. In forests radionuclides can be stored and recycled with high

efficiency, which results in long residence times (Calmon et al., 2009). Due to the low content
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of clay minerals in upper soil layers and high organic matter content, the radionuclides
circulate in a bioavailable form. The lack of short-term cultivation and large deposition of
organic matter leads to a litter accumulation in varying thickness (Guillitte et al., 1994) and a
heterogeneous structure of plants with various root depths. This results in a heterogeneous

distribution of radionuclides in forest soils (Konopleva et al., 2009).

The grade of decomposition of the litter is a significant driver for the downward transport of
cesium. Litter decomposition and humus production depends on the compounds and the
nitrogen content. The decomposition rate for coniferous litter is low (little nitrogen, lots of
lignin and antibacterial ingredients) and thus coniferous forests form a thick humus layer
which can accumulate large amounts of bioavailable radionuclides. This layer is the main

source for plant root uptake of cesium (Konopleva et al., 2009).

Compared to forest soil, arable soils are different as they are cultivated regularly. Plowing for
example leads to a homogenous distribution of radionuclides, and harvesting avoids the
accumulation of a pronounced humus layer. Crop soils are often rich in clay near the surface
and thus most of the radiocesium is rapidly bound to the selective site of the mica and is no
longer available for plants and microorganisms (Konopleva et al.,, 2009). However, the
downward migration of radionuclides, particularly radiocesium is low or even negligible in
forest and agricultural soils. Only in the first days after deposition appreciable leaching losses

can be expected (Rafferty et al., 2000).

2.5 Effects of radionuclides on microorganisms

Radionuclides affect microorganisms in several ways. The effects depend on the dose, the
durability, the physicochemical factors, the role in the metabolism and the deposition form of
the radionuclides (Haas, 2001). In arable soils, additional soil treatments such as plowing,
liming and fertilizing can influence the radionuclide availability and thus the effects of
radionuclides. For radionuclides, it is necessary to distinguish between toxic effects as well as
direct and indirect damage caused by ionizing radiation. In contrast to other radionuclides and
heavy metals the chemical toxicity of *’Cs and *’Sr can be neglected (Gadd, 1996). Direct
damage in cells is caused by high-energy particles or photons, which break structural bonds
by collision with molecules. This may lead to single-strain and double-strain-breaks of DNA

and destruction of proteins (Daly, 2009). Indirect damages result from high energy particles
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which move through extracellular or intercellular water (McNamara et al., 2003). Radiolysis
generates free radicals, which leads to the formation of hydrogen peroxide (H,O,). Hydrogen
peroxide is highly reactive and can cause lesions and damages within the DNA and other
molecular structures in cells (Nicastro et al., 2002; Daly, 2009). Precondition for damage
caused by free radicals is the ionization of water close enough to the DNA molecule (Nicastro
et al., 2002). Korystov (1992) compared the effects of ionizing radiation to dry and wet cells.
He disclosed that water radiolysis products cause 85-90% of damages caused by ionizing
radiation. Besides the water content in the microbial cells, the soil moisture determines the
radio-sensitivity of the microorganisms. In their review, McNamara et al. (2003) conclude
that dry soils need higher doses of gamma irradiation for complete sterilization than wet soils.
However, in this case the physiological state of the microorganisms has to be considered as
well; in dry soils the microbial population may form spores or fall into the viable-but-not-
culturable state (VBNC). In this state the metabolism is reduced and the mechanisms for
DNA repair are working more effectively (Pitonzo et al., 1999b, a). Therefore, bacteria are
more tolerant against extreme environment conditions such as heat, drought and ionizing

radiation.

The effects of ionizing radiation and other environmental impacts can be derived from

alterations in the microbial community structure as well as the change in microbial functions.

2.5.1 Radiation effects on microbial communities

Relative little attention has been awarded to the effects of low-dose radioactive
contaminations on microbial communities. Most of the available studies deal with the
irradiation of samples or soils with high dose rates. Here the radiation is often used for
sterilization of soils prior to experiments (McNamara et al., 2003) or for the sterilization of
food and seeds. The employed dose rates usually were in the range of several kGy (Gy =
Gray; absorbed radiation dose), which is away from any realistic dose rates found in the
environment due to accidents. As a consequence of these sterilization-experiments, the lethal
doses for several isolated strains are well known. Gamma-irradiation doses below 10 kGy are
called sub-sterilizing doses and have a lethal effect to most of the actinomycetes, fungi and
invertebrates. The majority of bacteria is eliminated at 20 kGy and doses above 70 kGy kill
radio resistant bacteria (McNamara et al., 2003). However, the knowledge of the various

tolerances against radiation is mostly related to isolated microbial strains in pure culture under
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optimal cultivation conditions. Under realistic conditions the soils exhibit a complex and
diverse micro-flora with predator-prey interactions, association and competition within and
between the species (Fuma et al., 2003) as well as manifold biotic and abiotic impacts. One
gram of soil exhibits up to one billion bacteria and 5000 different species (Amann et al.,
1995). Most of them are unknown and only few of them (0.1% - 10%) can be cultivated
(Scheffer et al., 2002; Schlegel et al., 2007). Environmental changes and impacts on several
species may affect the whole community structure. Already in 1956 Davis (Davis et al., 1956)
concluded from his radiation experiments with a microbial population in a tree hole habitat
that it is sufficient to destroy one segment of a population to reach an unbalance in the whole
microbial community. To examine the interactions in irradiated soils Fuma et al. (1998)
exposed an artificially assembled microbial community to various doses of gamma radiation.
The community consisted of three compartments, one algal species (Euglena gracilis) as
producer, one protozoan species (Tetrahymena thermofila) as consumer and one bacterial
species (Escherichia coli) as decomposer. Increasing gamma-irradiation first led to a temporal
inhibition and then to total inhibition of the activity of E. coli. Subsequently the amount of the
algae decreased although the irradiation dose was below its effective dose. The authors
assume that the reduction of E. coli caused by the ionizing radiation impacts the other
organisms due to their dependence on bacterium metabolites. Although the microcosm
experiment of Fuma is just a simple model, it demonstrates the interactions between various

organisms in soil.

Species in the communities exhibit various tolerances and resistances against ionizing
radiation and thus responses differently to stresses and strains. A direct relationship between
microbial diversity and microbial functions is not always visible (Griffiths et al., 2000;
Griffiths et al., 2004). In soils with high microbial diversity, the effects of stress are less
pronounced, particularly for general functions (e.g. decomposition rate of plant residues,
growth on added nutrients and thymidine incorporation). This can be explained by a
functional overlap due to different species with similar functions. In contrast, specific
functions (e.g. nitrification, denitrification, methane oxidation) which depend on just a few
species are more sensitive to stress (Chapin, 1997; Griffiths et al., 2000). One should consider
that the chloroform fumigation method Griffiths et al. used is a very harsh method and it is
assumed that nearly all species are influenced similarly. In contrast, the radiation effects seem

to be more selective, as different species response distinctly to ionizing radiation and exhibit
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different radio resistance as well as radio tolerance. It is necessary to differ between stresses
directly caused by ionizing radiation and stresses indirectly evoked by radiation injury of
other organisms. An example for indirectly caused stresses can be seen in the study of Jones
et al. (2004). They irradiated a Holcus lanatus dominated grassland soil in the range from 5 to
160 Gy. At lower doses up to 80 Gy the amount of gram-positive bacteria increased, while
gram-negative bacteria, such as Pseudomonas, were reduced. Mycorrhizal fungi disappeared
completely at these doses. Jones et al. (2004) explained the increase of gram-positive bacteria
with additional releases of root exudates due to damages of the Holcus lanatus. The more
resistant bacteria, in this case gram-positive ones, could survive and benefit from lower
competition and increased nutrient supply due to cell lysis products emitted by the killed
gram-negatives and the fungi. In contrast, in an experiment conducted by McNamara et al.
(2007) the gram-negative bacteria showed higher radio-tolerance. Using the denaturing
gradient gel electrophoresis (DGGE) they compared the microbial community structure
between soil samples irradiated with different doses. At doses in the range of 10 kGy new
bands occurred in the gel pattern, which previously did not appear at lower doses. The
formation of these discrete new bands was also explained with indirect effects on competition
and nutrient support. The increase of the new bands correlated to the decrease of fungal
community, so they concluded that niche competition was an important driver in their

experiments.

The duration of radioactive contaminations in the upper soil layer is limited by the physical
half-life and the loss of radionuclides, e.g. due to migration into deeper soil layers (Alexakhin
et al., 2007). In case of *’Cs and *Sr the half-lives are relatively long and the mobility is low,
thus the microorganisms in the upper soil layer may be exposed to ionizing radiation
exceedingly and for long periods. Gochenaur and Woodwell (1974) observed the changes in a
soil micro fungi community in a forest soil, which was irradiated with gamma-rays for seven
years. The distributional pattern of the fungal community was correlated with the radiation
dose. Near the y-source, where the highest doses reached 1800 R day™ (~ 18 Gy d"), 2 cm
below the soil surface only slow growing sterile fungi were found'. The population was

characterized by intensely melanized fungi, which had dark colored hyphae. The morphology

' For gamma-radiation 1 R is about 0.01 Gy (Volkmer, M., 2007. Basiswissen Kernenergie. Informationskreis

Kernenergie, Berlin.)
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was simple and they produced just a rudimentary mycelium. The fungi had simple nutritional
requirements; they could use nitrate and glucose as sole nitrogen and carbon source
respectively. With increasing distance to the radiation source the hyphae became more hyaline

and the structure and morphology became more complex.

Bacteria are able to produce 40 generations per year (Romanovskaya et al., 1998). As a result
of the high reproduction rate, they have the capability to adapt fast to changing environmental
conditions via selection and mutation. Eriksen and Emborg (1978) cultivated different radio
resistant bacteria from soils, which were irradiated with a gamma-source for 18 month.
Repeated irradiation after few weeks caused a shift in microbial community. Bacteria, which
were irradiated before with high doses, showed a better growth than the lower irradiated
reference group. The authors did not examine the mechanisms, however it is assumed that the
surviving bacteria adapted to the radiation due to mutation. Remarkably, all isolated bacteria
were gram-positive and intensively red-pigmented. Additional literature also suggests, that
dark pigmented organisms, fungi as well as bacteria, seem to be more radio resistant than
non-pigmented ones (Rokitko et al., 2003; Dadachova et al., 2007). A further example for
good adaptation of gram-positive bacteria to radioactive environment can be seen in the
studies of Fredrickson et al. (2004). They observed the microbial community of an intensely
contaminated soil at the Hanford Site, a nuclear production complex in the US state
Washington. Forty-two years after leakage of a tank filled with a mixture of various
radioactive chemicals they isolated different bacteria and fungi from highly contaminated
soils (e.g. > 0.74 MBq "*’Cs g™). Most of the isolated species were inactive or in a dormant
state but some species could be cultivated. The majority of these bacteria was gram-positive
and had a high content of guanine and cytosine, which is typical for organisms living in
vadose zones. The finding of cultivable bacteria demonstrates that some phyla are very

effective in surviving in extremely contaminated areas.

2.5.2 The impact of ionizing radiation on microbial functions

Carbon decomposition and soil respiration are good indicators for microbial activity in soil
(McNamara et al., 2003). Different species prefer different carbon sources. This behavior is
accelerated in stress situations such as irradiation. Pitonzo et al. (1999a) examined the carbon
consumption of various micro-organisms irradiated with different doses of up to 9.34 kGy.

With increasing irradiation, the metabolic activity decreases and microorganisms started to
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use the simpler carbons such as simple sugars and amino acids. The non-irradiated species
used carbon sources from all major groups represented on the BIOLOG® microtiter-plates.
The authors did not investigate the mechanisms, however, possible explanations are, that the
limited energy reserves were used for DNA repair rather than for enzyme production, or that
the enzyme production is affected by DNA damages caused by the radiation (Pitonzo et al.,
1999a). The reduction in metabolic activity led to reduced decomposition of complex carbon
sources, thus potentially affecting the degradation of soil pollutants such as herbicides and
pesticides. Pseudomonas species for example, whose cell number was reduced in an
experiment conducted by Jones et al. (2004), are important, gram-negative degraders of

Atrazine (Mandelbaum et al., 1995).
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Figure 2.2: Amount of carbon substrates used throughout gamma irradiation by microorganisms

resuscitated from the VBNC state. Determined by BIOLOG (rn = 180). Generated after Pitonzo et al.
(1999a).

Besides the carbon turnover, other functions such as ammonification and nitrification are also
affected by ionizing radiation. In their review article, McNamara et al. (2003) describe an

increase of ammonium and ammonia accumulation and a decrease of nitrification in irradiated
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soils. In all reviewed studies, the soil was treated with gamma rays in a range from 5 to 50
kGy, apart from one, which was irradiation with 200 Gy. Directly after irradiation, the
ammonium content increased, whilst the nitrate content decreased. The authors explained
these findings with the formation of peroxides and the reduction of nitrifying bacteria
(Thompson, 1990; Lensi et al., 1991). However, the effects on ammonifying and nitrifying
microorganisms are not consistent across the different experiments described in scientific
literature. In a long term experiment, carried out by Poinsot-Balaguer et al. (1991), the nitrate
concentration in soil increased due to ionizing radiation. The authors assumed that,
particularly at relatively low doses, the indirect radiation effects prevail, which themselves

affect the microbial activity (compare to Jones et al., 2004) and thus the nitrate production.

Chronic gamma irradiation

¥

Vegetation
a-" - 'S
Edaphic Edaphic —— Biological activities
factors populations <+——m— Microorganisms

t }

Direct impact

————— Indirect impact

Figure 2.3: The impact of chronic gamma irradiation after 16 years” exposure of soil systems at Cadarache.
The figure demonstrates the strong influence of radiation to the vegetation and subsequent to the soil micro-

flora. Modified according to Poinsot-Balaguer et al. (1991).
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2.6 Thesis outline

Microorganisms in soil play an important role for the nutrient cycle, decomposition of
nitrogen and carbon as well as soil pollutants. They are able to mobilize or immobilize
radionuclides (Simonoff et al., 2007) and enhance the radionuclide-retention to soil organic
matter (Sanchez et al., 2000). Due to higher contents of organic matter, warmer temperatures
and a gas exchange with the atmosphere, the majority of these processes is working in the
upper 10 cm of soil (Jones et al., 2004). Hence, the upper soil layer is most susceptible for
radioactive contaminations. After accidents most contaminants eventually deposit on the soil
or the plant surface and infiltrate the soil. According to literature, the migration of *°Sr, and
especially *’Cs into deeper soil layers is rather slow (Zhu and Shaw, 2000; Kruyts and
Delvaux, 2002; Konopleva et al., 2009) and both radionuclides usually remain in the upper
soil layer for several decades (Drissner et al., 1998; Rafferty et al., 2000). Thus, alternating

effects between microorganisms and radionuclides are probable.

As a result of research conducted since the 1940s and acute research after the Chernobyl
accident, it is well known how to reduce the uptake of radionuclides into plants and into the
human food chain (Zhu and Shaw, 2000). However, no data are available on, how 37Cs and
“Sr in realistic concentrations, e.g. around the damaged reactors, impacts soil
microorganisms. The applied doses used in scientific experiments were usually much higher
and amounted up to several kGy (Pitonzo et al., 1999b; McNamara et al., 2007). Therefore, it
is important to enlarge the knowledge base in radioecology in terms of realistic radiation
doses, as to respond correctly to accidents and terroristic acts. Moreover such new findings

would also help to assess the risks of contamination accurately.

In a series of experiments the effects of radioactive contaminations on the microbial
community in soil and some of its functions were observed. This thesis is mainly based on
peer-reviewed publications. The chapters 3 - 5 deal with experiments, which were conducted
in the controlled area of the Agrosphere Institute (IBG-3), Forschungszentrum Jiilich GmbH.
All experiments were conducted in soil microcosms which were artificially contaminated with
various concentrations of '*’Cs and *’Sr. For the investigation of the mineralization activity of
the microorganisms '*C-labeled substrates were applied. The evolving "*CO, was absorbed in

NaOH-traps and measured in the Liquid Scintillation Counter (LSC).

In chapter 3 the impact of B7Cs or *°Sr on the mineralization of '*C-labeled wheat-straw is

discussed. The microcosms were incubated for 70 days at 20 °C. Changes in the fungal as
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well as bacterial community structure were examined with help of the denaturing gradient gel
electrophoresis (DGGE). To explain the effects of sterilization and reinoculation on the
bacterial community structure and the degradation of wheat straw, a supplementary
experiment was conducted. The results were not published, but detailed information is

provided in chapter 3.7.

In chapter 4 the effect of '*’Cs and *’Sr on the development of fungal biomass and chemical
composition of soil organic matter is investigated by quantifying the ergosterol content and
solid state NMR technique (*C CP/ MAS NMR), respectively. Furthermore, the bacterial and

fungal communities were compared with help of the DGGE.

In chapter 5 the investigations focus on the influences of the applied radionuclides on the
mineralization of the '“*C-labeled herbicide 2,4-dichlorophenoxyacetic acid (2,4-D). The
microcosms were incubated for 30 days at 20 °C. The 2,4-D mineralization was investigated
by determining the released '*CO,. Shifts in the microbial community structure were observed

with the DGGE.
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3 Effects of low level radioactive contamination and sterilization

on the degradation of radiolabeled wheat straw’

3.1 Objectives

The objectives of the experiment were to observe the effects of soil contaminations with '*’Cs
and *°Sr on the mineralization of "*C-labeled wheat straw and the fungal as well as bacterial
population. Wheat straw is a crop residue and is used as fertilizer. It is known that a large
diversity of microorganisms participates in the degradation in several steps. For determining
the mineralization activity of the microorganisms the emitted '*CO, was absorbed in NaOH
and measured in the LSC. The alterations in the microbial community structure were

determined with the 16S and 18S rDNA DGGE technique.

3.2 Introduction

The explosion of reactor 4 in Chernobyl on 26 April 1986 and recent activities in Japan have
shown that the usage of nuclear power involves large-scale risks. While the ecological
implications for Europe have not been so immense to date, the landscape around the reactors
became highly contaminated. Cultivating the land and living in these areas may cause health

risks to the human population (Dederichs et al., 2009).

Within the framework of post-Chernobyl programs, the pathways of radionuclides from soil
to plants and into the human food chain were thoroughly examined (Bilo et al., 1993; Nisbet
and Woodman, 2000). However, the effects of radioactive contamination on the soil micro-
flora and its functions still remain widely unknown. Numerous studies observed the radiation
effects on microorganisms but most of these studies used high radiation doses of up to several
kGy or observed the effects on single microbial strains (Pitonzo et al., 1999b; McNamara et

al., 2007). Due to these experiments, which usually involved sterilization of the soils, the

2 Adapted from: Niedrée, B., Vereecken, H., Burauel, P., 2012. Effects of low-level radioactive soil

contamination and sterilization on the degradation of radiolabeled wheat straw. Journal of Environmental

Radioactivity 109, 29-35.
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lethal doses for several isolated strains are well known. Gamma-irradiation doses around 10
kGy are referred to as sub-sterilizing doses. This level of radiation has a lethal effect on most
of the actinomycetes, fungi and invertebrates. The majority of bacteria is eliminated at 20 kGy
and doses higher than 70 kGy kill radio-resistant bacteria (McNamara et al., 2003). Only a
few studies have observed microbial behavior under low-level irradiation, e.g. Gochenauer
and Woodwell (1974) and Jones et al. (2004). To our knowledge, studies conducted with
contamination such as in the Chernobyl zone have not been performed to date. The
radioactive contamination in agricultural fields around Chernobyl ranging from 400 to 20,000
kBq m™ may play an important role from an ecological point of view, since such levels of
contamination are more likely to appear and they affect larger areas than contaminations in
the range of several kGy. In the case of Chernobyl, more than 300 km? were contaminated
with ?Sr at a level higher than 400 kBq m? (Kashparov et al., 2001). Large parts of these
areas had been used agriculturally, and today smaller parts are in use again by remigrated

people (Dederichs et al., 2009).

Microbial communities have the capability to influence various ecosystem properties.
Microorganisms are responsible for organic matter mineralization, humus formation in soil
and the recycling of nutrients. Due to the capability of soil microbes to degrade numerous
pollutants, they furthermore play an important role in protecting groundwater and improving
soil quality. Since remediation of such huge areas is extremely expensive and the natural
migration of several radionuclides is low (Thiry and Myttenaere, 1993; Zhu and Shaw, 2000;
Konopleva et al., 2009), it is important to know how radionuclide contamination affects the

soil microflora, as this in turn impacts directly on the soil quality.

In our study, we focused on the effects of soil contamination with *’Cs and *’Sr on the
bacterial and fungal community structure and the degradation of wheat straw. The amount of
radioactive contamination in soil was based on contamination in the zone around Chernobyl.
The formal threshold for the exclusion zone is 1.48 MBq m™ (40 Ci km?) for *'Cs.
Transferred to soil mass this is 11.4 Bq g (assumed parameters: soil density: 1.3 g cm™, soil
depth of homogeneous radionuclide distribution: 0.1m). The highest values for '*’Cs in the 10
km zone around the reactor in Chernobyl are around 40 MBq m™, which conforms to 307 Bq
g (personal communication with Mr. Valery Kashparov, 08.12.2009) when equal soil

parameters were assumed. Similar values up to 629 Bq g were reported by Romanovskaya et
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al. (1998). The artificial contamination in the microcosms set up for our experiment began at

692 Bq g and ranged to 15,033 Bq g™

The objectives of this study were: i) to observe the impact of low level radioactive
contamination on the degradation of '*C-labeled wheat straw in soil and ii) to evaluate

potential microbial community alteration caused by the applied radioactivity.

3.3 Material and Methods

3.3.1 Experimental soil

The study was performed with an Orthic Luvisol field soil from Merzenhausen, Germany.
The underlying sediments were quaternary sediments, mostly consisting of fluvial deposits
from the Rhine/Maas River and the Rur River system, covered by Pleistocene and Holocene
eolian sediments. The used soil from the plowing layer (0 — 0.35 m) consisted of 3% sand,
79% silt, and 18% clay. The pH was 7.0 (measured in 0.01 M CaCl,, the cation exchange
capacity 12.0 cmol kg™ (determined from exchange with a NH,Cl solution), and the organic

carbon content was 1.04% (data from Kasteel et al. (2005)).

3.3.2 Soil sampling and sample preparation

Soil samples were taken from the plow layer (5-20 cm) at the Merzenhausen field site, since
the maximum microbial activity (Jones et al., 2004) and radionuclide contamination is
expected in the upper layer (Delvaux et al., 1996; Drissner et al., 1998; Rafferty et al., 2000).
The field-moist soil was sieved (< 2 mm) and thoroughly homogenized. Coarse organic
components and roots were removed manually. Until the experimental radionuclide

application, the soil was stored at 4 °C in open PE bags, to allow aeration of the soil samples.

Since the reproductive rates of microorganisms in soil are more sensitive to environmental
changes than the metabolic or death rates (Morris and Blackwood, 2007), the soil was
sterilized in half of the microcosms and subsequently reinoculated with 1% (of total soil
mass) biotic, non-sterilized soil. To eliminate fungal spores, the sterilization was performed
by autoclaving three successive times with a meantime of 24 hours. The sterilized soil was
dried at 105 °C for 24 hours. The aim of the sterilization and reinoculation was to intensify

microbial growth in the reinoculated microcosms compared to the non-sterilized microcosms.
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We expected to obtain more significant results in our analysis of the microbial population
development, and thus more significant disparities in the DGGE patterns. Indeed, it is well
known that harsh treatment such as sterilization affects chemical and physical soil conditions.
The amount of water-extractable carbon and nitrogen increases and soil aggregates are
destroyed (McNamara et al., 2003; Berns et al., 2008). Furthermore, microorganisms killed
during the sterilization process deliver more available nutrients and dissolved organic carbon
(DOC) (Marschner and Bredow, 2002). The DOC and total nitrogen content (TN) were
determined via water extraction. Field-moist soil and sterilized soil, respectively, (20 g
according to dry soil mass) were suspended in deionized water (MilliQ) in the ratio of 1:8
(m/m). The mixture was shaken for 12 h (150 rpm) and centrifuged for 90 min (10,000 x g).
The supernatant was filtrated with 0.45 pm membrane filter and analyzed with TOC-V CPH
Total Organic Carbon Analyzer (Shimadzu Scientific Instruments, Japan). All chemicals used

for application were of analytical grade.

3.3.3 Application of straw and radionuclides

Both radionuclides *’Cs and *’Sr were delivered as nitrate salts (Ritverc, St. Petersburg).
After dissolving in deionized water, the radionuclides were applied to small amounts of soil
(5 g) which were ashed at 600 °C for 24 hours. Previous ashing was applied to remove
hydrophobic humic substances to allow absorption of water without lump formation. After

drying, the soil aliquots were grounded and added to the soil microcosms.

The applied wheat straw (cultivar: Taifun) was produced in 2005 at the Institute of Bio- and
Geosciences (IBG-3), Forschungszentrum Jiilich. The specific activity was 53.8 + 0.8 kBq g”'
(n = 5). Due to this high activity, the straw was diluted with non-radioactively labeled wheat
straw. The final specific radioactivity was 8.8 + 0.2 kBq g"' (n = 5). The straw contained
39.5% C and 1.24% N. Before it was added to the soil, the straw was ground to less than 500
um with an ultracentrifugal mill at 15,000 rpm (Retsch, Germany). The soil-straw mixture
was thoroughly mixed in an end-over-end shaker for 45 min. The radioactivity and dose rates
were determined by the Central Division Research Reactors and Nuclear Service at
Forschungszentrum Jiilich. The absorbed dose [Gy; Gray] was calculated using a particle
tracks calculation and a Monte Carlo simulation (MCNPS5, Los Alamos National Laboratory).

The applied straw accounted for 2% (w/w) of soil dry mass, which is much higher than usual
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in agricultural field sites. This higher straw addition aimed to stimulate an enhanced growth

of the microbial soil population.

3.3.4 Microcosm setup

Each microcosm experiment was performed in triplicate. As microcosms, 500 ml lab bottles
were filled with 100 g soil (dry weight, including 2 g wheat straw). The water content was set
to 50% of the soil’s water-holding capacity (WHC) (OECD, 2002; Rocha et al., 2006) using
purified water (MilliQ, Millipore). The bottles were tightly closed and mineralization was
determined by measuring the evolved *CO,. Radioactive carbon dioxide was trapped in 2 ml
2 M sodium hydroxide solution in a glass vial inside the microcosm. This was replaced every
second day. The samples were mixed with 8ml deionized water and 10 ml scintillation
cocktail (Insta-Gel Plus, Perkin-Elmer) and measured for 15 min, using a Liquid Scintillation
Analyzer 2500 TR, TriCarb, Packard. When the carbon dioxide traps were changed, the
bottles were also flushed with fresh air from a peristaltic pump. A constant ratio between the
adsorbed and measured 14COz and the complete CO, released from mineralization over the
incubation time is postulated. So the measured '“CO, divided by the totally applied "*C
radioactivity as wheat straw represents the mineralization rate. The percentage of the
cumulative '*CO, evolved is calculated by adding up the '*C radioactivity measured by the
LSC with the measured values from the days before. The last value of the evolved 14C02
represents the total activity adsorbed in NaOH as carbon dioxide over the whole time of
incubation. Water loss was controlled continuously by weighing, and water was added when

necessary. The microcosms were incubated at 20 = 1°C for 70 days.

3.3.5 DGGE

DNA was extracted with the extraction kit “FastDNA Spin Kit for Soil, BIO101” from
Qbiogene, Carlsbad, USA. The mixture for amplification of 16S rDNA sequence contained 5
ul reaction buffer (750 mM Tris-HCI, pH 8.8 at 25°C, 200 mM (NH4)2SO4, 0.1% (v/v)
Tween, 15 mM MgCl,), 2.5 ul DMSO, 0.4 pl hot-start polymerase and 2 pl of each primer.
Chemicals for amplification were purchased from Thermo Scientific (Waltham,
Massachusetts); DMSO from Carl Roth (Karlsruhe, Germany). Primers were purchased from
Eurofins MWG Operon (Ebersberg, Germany). The vials were filled up with sterile MilliQ
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water to a total volume of 50 pl. As specific primers for eubacterial 16S rRNA genes L1401
(5’- CGG TGT GTA CAA GAC CC -3”) and U968GC (5’- CGC CCG GGG CGC GCC CCG
GGC GGG GCG GGG GCA CGG GGG GAA CGC GAA CCTTAC -3’) were chosen. After
activation of the hot-start polymerase for 10 min at 95°C, the polymerase chain reaction
(PCR) ran in 35 cycles, consisting of 1 min at 94°C, 1 min at 54°C and 1 min at 72°C,
followed by a single period of 10 min at 72°C (Thermocycler iCycler IQ by Bio Rad
Laboratories, USA).

For the 18S rDNA amplification, the same DNA template was used as for the 16S rDNA
amplification. The mixture for amplification contained of 1 ul DNA template, 5 pl reaction
buffer (750 mM Tris-HCI, pH 8.8 at 25°C, 200 mM (NH4),SO4, 0.1% (v/v) Tween, 15 mM
MgCly), 3 pl 25 mM MgCl,, 1.5 ul DMSO, 0.4 ul hot-start polymerase and 1 pl of each
primer. The vials were filled up with sterile MilliQ water to a total volume of 50 pl. Primers
specific for fungal RNA were chosen. Primer NS1 (5°-GTA GTC ATA TGC TTG TCT C -3”)
and GCFung (CGC CCG CCG CGC CCC GCG CCC GGC CCG CCG CCC CCG CCC CAT TCC
CCG TTA CCC GTT G-3’) are known to amplify fragments with 350 bp length (Muyzer et al.,
1993; May et al., 2001). Primer GCFung included a 40-base GC clamp for enhancing the
melting stability of the PCR products in the DGGE (Ferris et al., 1997).

Denaturing gradient gel electrophoresis was performed with a Dcode Universal Mutation
Detection System (BioRad, USA). In the case of 16S rDNA, a 6% polyacrylamide gel was
used (6% [w/v] acrylamide, 0.1% [v/v] TEMED [N,N,N’,N'-Tetramethylethan-1,2-diamin],
0.1% [w/v] ammonium persulfate). The electrophoresis was carried out in 1 x TAE [Tris-
acetate-ethylenediaminetetraacetic acid] buffer with a current voltage of 100 V for 16 h at
60°C. The gradient ranged from 30% to 70% denaturant; 100% denaturant corresponds to 7
M urea and 40% foramide. For 18S-rDNA, a 7% polyacrylamide gel was used (7% [w/Vv]
acrylamide, 0.1% [v/v] TEMED [N,N,N’,N'-Tetramethylethan-1,2-diamin], 0.1% [w/V]
ammonium persulfate in 1 x TAE [Tris-acetate-ethylenediaminetetraacetic acid] buffer). The
gradient ranged from 5 to 40%, the running time was 20 h at 60°C, and a current voltage of 50
V was applied. Bands were visualized by silver staining. Gels were analyzed with GelCompar
IT (Applied Maths, Sint-Martens-Latem, Belgium). After normalizing the gels and subtracting
the background, the Pearson product-moment correlation was calculated. The Pearsons

correlation coefficient compares the densiometric curves of the fingerprint. The clustering of
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the patterns was calculated using the unweighted pair group method using average linkages

(UPGMA).

3.4 Results

3.4.1 Degradation of 4C-labeled wheat straw

The mineralization was observed by measuring the '“CO, emitted from the '*C-labeled wheat
straw. As presented in Figures 3.1a and 3.1b, the similarity of the curves from soils treated
with '¥’Cs and *Sr is remarkable. Almost no differences were observed between the two
differently treated soils. The lower and higher contaminated soils, as well as the control soils
without the application of radionuclides exhibited equal mineralization rates. However,
significant differences in the mineralization curves can be seen between the native and
reinoculated soils (Figures 3.1a and 3.1b, black and bright symbols, respectively).
Mineralization in native soils started with no lag phase (Figures 3.1a and 3.1b, black lines).
The highest mineralization rates were determined within the first two days: between 5.2% and
5.3% in radioactively contaminated soils and control soils (values are the average of
triplicates). The mineralization rate decreased continuously until day 20. Here, the
mineralization rate was between 0.8% and 0.9% and it remained below 1% until the end of
incubation. The mineralization in reinoculated soils also started without a lag phase. The
mineralization rate was highest on the second day (between 4.1% and 4.3%). It then decreased
until day eight and increased again to and increased again to reach between 3.6% and 3.9% on
day 12. From day 12, the mineralization rate decreased continuously until the end of the
experiment. After 70 days, the native soils evolved between 41.5% and 43.8%. The
reinoculated soils evolved between 47.4% and 49.8% (Figures 3.1a and 3.1b, cumulative

evolved CO,).
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Figure 3.1: Mineralization rate (left ordinate) and cumulative evolved '*CO, (right ordinate) of soil
microcosms treated with a: '*’Cs or b: *°Sr. Dashed line and bright symbols: sterilized and inoculated soils;
solid line and black symbols: native soils, ® and o: high contamination, m and o: low contamination, A and
A: control soils without radionuclides. The vertical bars refer to standard deviation of triplicates (applied '*C

radioactivity 100%).
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3.4.2 Community composition

The development of the microbial communities was compared via denaturing gradient gel
electrophoresis (DGGE). After 70 days of incubation, soil samples were taken from the
microcosms and the DNA was amplified with specific primers for 16S rDNA and 18S rDNA
respectively. Based on the results of the mineralization experiment, changes in community
structure were not expected in the less contaminated soils. Thus, DNA was compared from

control soils and the highest contaminated soils.

Figure 3.2a shows a detail of the 16S rDNA fingerprint of soils incubated for 70 days. The
lanes A, B and C represent the soils treated with radiolabeled wheat straw. A was treated with
Y7Cs (14,800 + 1,127 Bq g, n = 3), B was treated with *°Sr (4,510 + 884 Bq g, n = 3) and
C is a control soil without the application of radionuclides. D represents a further control soil
not treated with straw and radionuclides. D acted as a control for changes caused by straw
application and incubation conditions. E was the native soil taken from the Merzenhausen

field site and was not incubated or treated in any way.

The 16S band pattern is characterized by a few strong bands accompanied by numerous weak
bands (Fig. 3.2a). Two strong bands (arrows 3) appear in all lanes except from the
reinoculated control soils (lanes D and E). However, the band pattern of native and
reinoculated soils can be distinguished, even though these disparities were unclear in cluster
analysis. In the reinoculated soils, strong bands appear (arrow 1). These bands do not appear

in native soils.

According to bands appearing in native soils (arrow 2a), in reinoculated soils these bands only
occur in control soils (arrow 2b, circled). The lanes are clustered into two groups: one small
group consisting of the reinoculated control soils without straw application and the
Merzenhausen soils, and one group consisting of all the other soils. The Pearson similarity in

the former group was at least 57.7%, in the latter group at least 58.2%.
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Figure 3.2: a) Detail of 16S rDNA DGGE pattern of radioactively contaminated soils from the microcosm
study. Soils A, B and C treated with 2% '*C-labeled wheat straw. A: '*’Cs, B: **Sr, C: control. D: incubated
in microcosms: b) Cluster analysis of 16S rDNA DGGE pattern of radioactively contaminated soils from
the microcosm study. Clustered with Pearson similarity correlation and UPGMA. Scale represents %

similarity.

The 18S DGGE gel is characterized by several strong bands and a fewer weak bands (Figure
3.3a) compared to the bacterial gel. The disparities between native soils and reinoculated soils
are remarkable. Only a few bands in native soils are congruent to bands in reinoculated soils
(arrows 2, 3 and 4). Within the native soils, the band distribution is homogeneous, while in
control soils (lane C), bands appear which are missing in the radioactively contaminated soils
(circle 1). However, in reinoculated soils, the band distribution is more heterogeneous. Here,
the control soils show the most and the strongest bands. In the soils with radionuclide

application some bands are also missing.

In contrast to the 16S rDNA fingerprint, the disparities between native and reinoculated soils
are reflected in the cluster analysis (Figure 3.3b). Three groups were clustered: reinoculated
control soils without straw application (group 1, Pearson similarity 47.4%), reinoculated soils
treated with straw (group 2, Pearson similarity 56.9%), and all the native soils and the control

soil from Merzenhausen (group 3, Pearson similarity 62.2%).
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Figure 3.3: a) Detail of 18S rDNA DGGE pattern of radioactively contaminated soils from the microcosm
study. Soils A, B and C treated with 2% 14C-labeled wheat straw. A: *’Cs, B: *°Sr, C: control. D: incubated
in microcosms: b) Cluster analysis of 16S rDNA DGGE pattern of radioactively contaminated soils from
the microcosm study. Clustered with Pearson similarity correlation and UPGMA. Scale represents %

similarity.

3.4.3 DOC and TN

The sterilization had remarkable effects on the chemical soil parameters. In comparison to the
native soils, sterilized soils contained around 11 times more DOC (sterilized soil: 0.454 +
0.008 mg g'; native soil: 0.041 = 0.003 mg g', » = 3) and almost 3 times more TN (sterilized
soil: 0.089 = 0.003mg g''; native soil: 0.034 + 0.001 mg g, n = 3). The pH changed from 6.8

in native soils to 7.1 in sterilized soils.
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Table 3.1: Radioactivity (in Bq g") and dose rate (in Gy) applied to the soil microcosms. The dose rate
shows the absorbed dose within one hour (Gy h™") or within the incubation time of 70 days (Gy 70 d™").

Control soils did not contain "*’Cs or *’Sr. + mean standard deviation of n = 3.

Native Sterilized and reinoculated

Bqg' Gy h Gy 70 d* Bq g’ Gy h! Gy 704’
“Sr  254+19 1.8*¥10% 0,3 252+ 11 1.8*10% 03
Sr 4510 + 884 32%10° 5,5 2875 + 532 2.1¥10° 35
Bics 692+ 17 1.2*¥10% 0,2 727+ 14 1.3*¥10* 0,2
B7Cs 14,800+ 1127  2.7%10° 45 15,033+ 1101 2.7%10° 4.6
Control 0 0 0 0 0 0

3.5 Discussion

3.5.1 Radiation effects

Prior to incubation, the microcosms were contaminated artificially with various
concentrations of cesium nitrate and strontium nitrate. The cumulative doses over 70 days
were in the range of 0.2-5.5 Gy, respectively. The radioactivity was applied in accordance
with hotspots occurring in 10 km zone around the reactor in Chernobyl. Compared to other
experiments (Davis et al., 1956; Eriksen and Emborg, 1978; McNamara et al., 2003;
McNamara et al.,, 2007), the applied radioactivity was relatively low. However, a
contamination of (huge) agricultural areas with low doses is more probable than very high
doses of several kGy. It is therefore astonishing that the effects of such low doses on

ecosystems have not yet been investigated.

We detected no disparities in the straw mineralization between radioactively contaminated
soils and control soils. The mineralization rates of native and reinoculated soils were in the
same range. The different modes of radioactive contamination (**’Cs, **Sr, high or moderate

contamination) had no impact on straw degradation.

In our fungal DGGE patterns, as well as in the bacterial DGGE patterns (Figures 3.2a and
3.2b), population shifts were observed. Lanes of '*’Cs- and **Sr-treated soils did not contain

bands which appeared in the corresponding control soils (circles in Figures 3.2a and 3.3a).
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Interestingly, this is not consistent for native and reinoculated soils. Bands which were
missing in reinoculated soils occurred in native soils in the bacterial gel and vice versa in the
fungal DGGE gel. The observed impacts on the communities could not be related to the
mineralization of wheat straw. The DGGE method appears limited in this context, detecting
only the most abundant microorganisms (Muyzer et al., 1993). However the most abundant
microorganisms do not necessarily represent the most dominant microorganisms in function

(Torsvik et al., 1990).

There are three possible reasons for the observed effects: the microorganisms repaired DNA
damages rapidly, the radiation was insufficient to harm the microorganisms, or the
community exhibited a high redundancy of functions (Andren et al., 1995; Ekschmitt et al.,
2001; Griffiths et al., 2004). However, the shifts in microbial community structure indicate
that the latter reason applies to our soils. Small population shifts were also reported from
other authors. Fuma et al. (1998) for example found an inhibited activity of E. coli in
microcosms for short periods of time at 100 Gy, and Pitonzo (1999a) found a decrease in the
utilization of different carbon sources after short irradiation with a dose rate of minimum 98
Gy. With increasing radiation, the carbon sources utilized by bacteria were simpler in
structure. Pitonzo supposed that the limited microbial energy reserves were used for DNA
repair rather than for the production of enzymes. The impacts observed in these dose ranges
were relatively low. This suggests that the doses applied in our experiment were not enough
to hinder soil functions, which are based on microbial activities. The radiation did cause a
community shift of the bacterial and fungal population, but the mineralization of wheat straw
was not restrained due to redundancy of functions or because straw degrading

microorganisms were not affected.

3.5.2 Soil treatment effects

The mineralization of wheat straw started without a lag phase in all applications. This
indicates that the microbial community was well adapted to straw degradation and that there
was an adequate number of straw degraders (Bauer et al., 2008). For native soils, this can be
explained by the fact that the soil samples were collected from an agricultural field site where
wheat was planted periodically. The reinoculated soils were also collected from the field site,
but they were sterilized via autoclaving and reinoculated with only 1% native soil mass. That

means that the microbial soil community in these soils should have been much smaller than in
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native soils at the beginning of the incubation. It is surprising that this very small community
decomposed almost the same amount of straw as the undisturbed community in native soils.
This and the fact that the '*C-labeled wheat straw was not sterilized prior to application
suggest that the early stage of mineralization was not only performed by a pristine soil
community. Presumably the microorganisms on the straw itself participated much more in the
decomposition than expected. When the straw was added, a secondary microbial community
was inoculated into the soil microcosms. From Tester (1988), it is known that microorganisms

on the straw degrade readily available straw compounds.

Based on our experimental findings we propose the following mechanisms for straw
degradation: After depletion of the easily available compounds, such as amino acids and
sugars (Aneja et al., 2006), by the microorganisms on the straw, the more recalcitrant and
non-water-soluble components, such as lignin-encrusted cellulose (Wang et al., 2004), were
degraded by the autochthonous soil microorganisms. More energy is required for microbial
enzyme production, which causes a decrease in the release of carbon dioxide. To approve
these findings, a supplementary mineralization experiment was conducted (data not
published)’. Here combusted, autoclaved, autoclaved and reinoculated and native bulk soil
respectively were applied with '“C radiolabeled not-sterilized wheat straw. The mineralization
was determined with trapping the released '“CO, in NaOH traps and measuring the
radioactivity in the LSC. The incubation conditions were the same as in the mineralization
experiment described above. In the first two weeks the mineralization rates in the combusted
soils and the autoclaved soils have been similar to the mineralization in the native and
reinoculated soils, although the former soils did not contain additional soil microorganisms.
This suggests that the microbial population, growing on the applied wheat straw, takes a
major part on the mineralization of the readily available straw compounds. In contrast, the
native and reinoculated soils from the first mineralization experiment had much higher
mineralization rates during the same timeframe. Due to an assumed high cell density, limited
nutrient availability and a well-developed microbial community, the growth of specialized
straw degraders was hindered. In the reinoculated soils, the mineralization rate also decreased
having reached its first maximum after two days, presumably due to depletion of the readily

available straw compounds (Figures 3.1a and 3.1b). However, after day eight, the

* Supplementary experiment see Chapter 3.7
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mineralization rate increased again and almost attained the same efficiency at day twelve. In
the period between the two peaks, we can therefore assume the establishment of specialized
bacteria for straw degradation. Furthermore, it can be suggested that their growth was
positively influenced by remaining DOC from the sterilization process and the much lower
competition pressure compared to native soils (Liebich et al., 2006). After reaching a
sufficient density, the population took over the straw degradation and the carbon dioxide
release increased again, as shown by the second peak in the mineralization curves (Figures
3.1a and 3.1b). Marschner et al. (2010) showed recently that the microbial community
composition is related to water-extractable C in soil. Fast-growing bacteria species dominate
the initial mineralization of organic compounds. After the easily available compounds have
been depleted, non-soluble compounds are decomposed and slow-growing microorganisms
(fungi and K strategists), which degrade the more recalcitrant compounds, dominate at later
stages (Dilly et al., 2004; Blagodatskaya et al., 2010; Marschner et al., 2010). Chronological
changes in microbial community structures were not observed because DNA extraction was
performed after the incubation period of 70 days. However, alteration of microbial
communities caused by straw application and incubation were reflected in the bacterial and
fungal DGGE patterns. Native soils treated with wheat straw showed at least one additional
strong band compared to soils not treated with straw (Figure 3.3a, lane D). Furthermore, the
soils which were not treated with straw showed a different band pattern than the non-
incubated soils from the field site (Figures 3.2a and 3.2b, lane E). This underlines that the
incubation conditions and the straw influenced the community composition. From Holland
and Coleman (1987), it is known that organic matter amendments alter the availability of

carbon sources and thus presumably change the soil microbial community structure.

3.6 Conclusions

We applied soil microcosms with various concentrations of *’Cs and *’Sr according to the
radioactivity of these radionuclides in the 10 km zone around Chernobyl. The aim was to
observe the impact of the radioactive contamination on the degradation of '*C-labeled wheat
straw and on the microbial community structure. Slight population shifts were detected in the
16S and 18S rDNA DGGE gels; but the wheat straw degradation was not affected. When soil
samples were sterilized and reinoculated with 1% native bulk soil, the DGGE pattern and the

mineralization rate changed significantly. From the findings we concluded that the heat
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treatment had a major impact on development of the microbial community and the
mineralization of the wheat straw. The radioactive contamination plays, even when it is much

higher than in the 10 km Chernobyl zone, only a minor role for these soil functions.

3.7 Supplementary experiment: Mineralization of wheat straw and impacts

on microbial population in differently heat treated soils®
Aim of this supplementary experiment was to analyze the impact of sterilization and
reinoculation on the wheat straw degradation and the microbial community structure. '*C-
labeled wheat straw was applied to a) combusted, b) autoclaved, c¢) autoclaved and
reinoculated with 1% native soil and d) native bulk soils, respectively and incubated under

the same conditions as the wheat straw mineralization experiment described above.

Material and Methods

I analyzed the effect of sterilization and reinoculation using soil microcosms with differently
heat treated soils. In all cases, an Orthic Luvisol from the field site in Merzenhausen was
used. The soils were either kept native, autoclaved three times and reinoculated with 1%
[m/m] native soil, autoclaved three times, or ashed for 24 h at 600 °C. In the latter two
instances, the soils were not reinoculated with native soil, but were kept sterile until straw
application. Each approach was performed in triplicate. The straw application, experimental
setup and environmental conditions were identical to the wheat straw mineralization study
described in Chapter 3; 100 g soil (dry weight), including 2 g wheat straw, incubated at 20 +
1 °C, water content 50% WHC, '*CO, absorbed with 2 ml 2 M NaOH solution, carbondioxide
traps changed every second day (until day 18, after that every third or fourth day). For
measuring the radioactivity in the LSC the NaOH solution was mixed with 8 ml deionized
water and 10 ml scintillation cocktail.

After 5 weeks, the soil samples were taken and the microbial communities were compared via

165 rDNA DGGE. For details of the DGGE see Chapter 3.3.5.

* Chapter 3.7 was not part of the publication “Effects of low-level radioactive soil contamination and sterilization

on the degradation of radiolabeled wheat straw”
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Results

In the wheat straw microcosm study, the heat treatment caused severe impacts on the
mineralization process. To explain this, we examined the mineralization of radiolabeled
wheat straw in four differently treated soils. Fig. 3.4 shows the mineralization rate and the
cumulative evolved *CO,. The mineralization rate of the ashed soils without the application
of additional biotic inoculum (bright triangle) was almost as high as in native soils (inverse
black triangle). The maximum mineralization was reached after 4 days for native, ashed and
sterile soils, and on day six for the reinoculated soils. Once the maximum had been reached,
the mineralization rate of all soils decreased rapidly until day 12. The highest mineralization
rate was found for reinoculated soils at 2.4%, followed by native and sterile soils at 1.5%.
The mineralization rate of the reinoculated soils on day 12 was 0.8% and it remained in this
range until the end of the experiment. After 18 days of incubation, the CO; traps were no
longer changed every second day, but rather every third or fourth day. Thus, the
mineralization rates between day 18 and 38 were interpolated from the given values.

In the 16S rDNA pattern of the differently treated soils, only the bands marked with 1 and 2
are consistent for all lanes (Figure 3.5). In the upper and middle sections of the native soil
lanes (lanes F and G), a higher number of strong bands occur. In the autoclaved and ashed
soils, the band concentration in the bottom section of the lanes is more distinct (lanes H, I and
J). In these soils, numerous bands could not be separated, resulting in a fuzzy smear (bottom).
The autoclaved and ashed soils, that were not treated with native soil inoculum (lanes I and J,
arrow 4) exhibit bands which cannot be detected in the reinoculated soils. Bands marked with
arrows 3 and 5 only appeared in the ashed soils, or were much stronger compared to
autoclaved soils. In the cluster analysis, three clusters dominated (Figure 3.5b). The first
cluster consisted of the native soils (lane F) and the reinoculated soils (lane H). The Pearson
similarity between both soils was at least 66.4%. The second cluster consisted of soils from
the Merzenhausen field site (lane G) and reinoculated soils (lane H, Pearson similarity
65.9%), and the third cluster consisted of native soils. The soils from the Merzenhausen field

site (lane G) were not incubated or treated with straw.
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Supplementary experiment: Mineralization of wheat straw and impacts on microbial population in differently
heat treated soils

Discussion

In the early stages of straw degradation (Figure 3.4, first 12 days), the mineralization rate of
ashed and reinoculated soils was almost as high as in native and reinoculated soils. However,
the former two soils did not contain autochthonous soil microbes, but microorganisms
imported with the wheat straw. After 12 days, the mineralization rate in ashed soils stagnated
presumably due to the depletion of easily available straw compounds. This suggests that the
majority of easily available compounds in ashed soils were decomposed by microorganisms
on the straw, which agrees with the findings of Tester (1988). He showed that bacteria on
straw decompose easily available compounds, but that soil microorganisms are necessary to
mineralize more recalcitrant compounds. In native and reinoculated microcosms, pristine soil
microorganisms appeared, and thus the mineralization continued more effectively. However,
the mineralization in autoclaved soils was surprisingly found to be similarly effective to
native soils from day 12 onwards (Figure 3.4). The autoclaved soils were not reinoculated
with biotic soil, but in contrast to the ashed soils, the soil organic matter was not removed.
This also suggests that the DOC content in soils could be a regulating factor in the
degradation of organic matter. Disparities between both soils also are reflected in the DGGE
gel (Figure 3.5a, lanes I and J). The ashed soils contain bands, which do not occur in
autoclaved soils (arrow 3 and 5).

From day 12 onwards, in the later stage of straw mineralization, reinoculated soils exhibited
the highest mineralization rates. On day 14, the mineralization rate was 2.4% compared to
1.5% in native soil, 1.6% in autoclaved soil and only 0.7% in ashed soil. This supports the
assumptions from the first experiment, namely that the microbial community in reinoculated
soils shifts to straw degrading specialists as a result of sufficient nutrient supply and limited
competition. These shifts can be seen in the bacterial band pattern (Figure 3.5). Lanes I and
J, which represent the non-reinoculated soils, exhibit a band pattern which is affected by
bacteria originating from straw. However in lanes F, G and H, the straw bacteria could not
resist and were replaced by recovering soil bacteria originating from biotic soil aliquots. The
competition between the straw degraders in native soils and the absence of microorganisms
originating from soil in autoclaved soils presumably restrain the straw degradation. In ashed
soils, the lack of soil microorganisms and the lack of readily available nutrients could cause

the very low mineralization rates.
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4 Do Chernobyl-like contaminations with *’Cs and *’Sr affect
the microbial community, the fungal biomass and the

composition of soil organic matter in soil?’

4.1 Objectives

The objectives of the experiment were to investigate the effects of various concentrations of
B7Cs or *’Sr on the chemical composition of the soil organic matter and on the development
of the fungal biomass. The soils were applied with wheat straw and incubated for 90 days
under controlled conditions. The fungal biomass was not determined directly, but compared
with the ergosterol content in soil. This was quantified using the HPLC. The chemical
composition of the organic matter was determined using the °C CP/ MAS NMR technique.
Despite that alterations in the microbial community structure were compared with help of the

16S rDNA and 18S rDNA DGGE.

4.2 Introduction

Since the isotopes "*’Cs and *’Sr are chemically very similar to potassium and calcium, they
behave similar in soils. This and the radioactivity make theses radionuclides very hazardous
from an ecological point of view. Both isotopes normally do not occur naturally in relevant
concentrations (Pyuskyulyan, 2006). However, due to incidents such as atmospheric nuclear
weapon tests which continued up to the 1980s, the explosion of the nuclear reactor 4 near
Chernobyl (Ukraine) in 1986 or the recent core melt in Fukushima (Japan), these
radionuclides were emitted into different layers of the atmosphere. Strong winds and
atmospheric currents distributed these radionuclides over short and long distances in varying
concentrations (UNSCEAR, 1996). Based on their long half-life ('"*’Cs: 28 and **Sr: 30 years)
and excluding dissipation mechanisms such as lixiviation or plant uptake, theoretically more

than half of the *’Cs and *°Sr emitted in the Chernobyl fallout can still be found in the

5 Adapted from Niedrée, B., Berns, A.E., Vereecken, H., Burauel, P., 2013. Do Chernobyl-like contaminations
with "*’Cs and *°Sr affect the microbial community, the fungal biomass and the composition of soil organic

matter in soil? Journal of Environmental Radioactivity 118, 21-29.
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environment. The radioactive fallout from Chernobyl contaminated huge areas all over
Europe. The level of radioactive contamination mainly depended on the wind direction and
where the clouds released their radioactive load. Large depositions in Western Europe
occurred in Southern Germany with '*’Cs contaminations of up to 60 kBq m™ (Konopleva et
al., 2009). In Austria "*’Cs contaminations of 150 kBq m™ (Bossew et al., 1996) and in central
Sweden as much as 184 kBq m™ (Rosén et al., 1999) were measured. In Eastern Europe, in
Belarus and Ukraine the deposition rates rose to 20,000 kBq m™ (Kashparov et al., 2003) or
even 40,000 kBq m™ at hotspots near the reactor (personal communication Dr. Valery
Kashparov, 2009, Ukrainian Institute of Agricultural Radiology). Beside regional disparities
depending on the wind, other factors affect the amount of radionuclides found in ecosystems.
Forest soils usually exhibit higher doses than soils from agricultural areas nearby. This is due
to the larger leaf surface in forests leading to an increased leaf adsorption. Furthermore the
different cultivation practice in forests infers a lower export of radionuclides as much less
plant material is removed on a regular basis. The radionuclides are washed into the soil with
the rain. Forest soils usually have a large content of organic matter so the radionuclides
remain mobile until they reach the clay containing horizon and are recycled between the
plants and the organic soil. On arable land the upper 20 — 40 cm is plowed intensively, which
dilutes the radionuclides in what is more or less the plow layer (Konoplev et al., 1993; Kruyts
and Delvaux, 2002; Shaw, 2007). In Europe, more than 200,000 km? were contaminated by
Chernobyl fallout (Kashparov et al., 2003), large parts of which were agricultural areas
(Korneev et al., 1988; Alexakhin et al., 2007).

The highest microbial activity is generally found in the upper soil layer due to its high organic
matter content, warmer temperatures, changing soil moisture and exchange of gases with the
atmosphere, e.g. removal of excess carbon dioxide, which could inhibit growth (Scheffer et
al., 2002; Jones et al., 2004). According to the literature, the migration of *’Sr and especially
7Cs into deeper soils layers is rather slow (Zhu and Shaw, 2000; Kruyts and Delvaux, 2002;
Konopleva et al., 2009) and both radionuclides usually remain in the upper soil layer for
several decades (Drissner et al., 1998; Rafferty et al., 2000). Especially "*’Cs is highly
absorbed in clay particles. Hence, in contaminated soils microorganisms in the upper soil
layers (e.g. the plow layer on agricultural fields) are greatly exposed to radioactivity.
Microorganisms are vital key elements in soils as they degrade organic material, such as litter

in forests or crop residues in agricultural soils and by doing so return nutrients to the soil and
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produce humic substances. The latter are fundamental for fertile soils as they enhance the
cation exchange capacity, serve as nutrient carriers and are able to bind heavy metals.
Furthermore, humic substances improve the soil structure, the water-holding capacity and
influence color of the soil surface and thus the heat balance of soils (Scheffer et al., 2002).
Through the excretion of small organic compounds such as polysaccharides, microorganisms
add to the aggregation of the different soil components (Griffiths and Burns, 1968; Berns et
al., 2008) and hence influence soil functions such as water-holding capacity or cation-
exchange capacity. Aside from degrading natural organic matter, the microbial communities
are also able to degrade man-made compounds such as pesticides (Burauel and Bafimann,
2005) and are therefore indispensable for an effective remediation of xenobiotics in soil.
Changes in the microbial communities thus could have a massive impact on some or all of

these soil functions.

To our knowledge, no data are yet available, on how radioactive contaminations in a realistic
order of magnitude affect the microbial community structure in soil and hence may have an
effect on the degradation of crop residues or the composition of humic substances in soils.
McNamara et al. (2007) showed in irradiation experiments with gamma rays that fungi are
usually more sensitive to ionizing radiation than bacteria. However, the y-doses applied were
considerably above those occurring in normal environments, even higher than the doses found

in the Chernobyl zone.

The objectives of the present study were to determine the impact of Chernobyl-like soil
contaminations (i) on the structure of the bacterial and fungal population, (ii) on the fungal
biomass and (iii) on the formation of humic substances. To this end we used the 18S rDNA
and 16S rDNA DGGE finger-print technique, the quantification of the ergosterol content and
13C-CP/MAS NMR. Ergosterol is an essential ingredient of most fungal cell membranes. It
does not exist in animal and plant cells, so it is a useful indicator for the development of

fungal biomass (West et al., 1987; Eash et al., 1996).
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4.3 Material and methods

4.3.1 Soil characterization

Soil samples were taken randomly from the plow layer of an arable Gleyic Cambisol (FAO)
from a field site at Kaldenkirchen—Hiilst (51°18°40°°N, 6°12°10°’E), Germany. The soil
texture was determined as sandy loam (sand 73%, silt 23%, clay 4%); Cor, content was 1.12%
and Fe-content 0.7%. The C, and Fe contents of the soil samples were determined on a Leco
CHNS-932 analyzer (LECO Corp., St Joseph, MI, USA) and an inductively coupled plasma
optical emission spectrometer (ICP-OES, IRIS Intrepid, Thermo Elemental Ltd., Winsford,
UK), respectively, at the Central Division of Analytical Chemistry, Forschungszentrum
Jiilich. The soil was sieved (< 2 mm) to remove coarse organic components and stones prior

to use.

4.3.2 Soil sterilization and reinoculation

Half of the microcosms were set up with sterilized soil and subsequently reinoculated with a
small aliquot of native bulk soil. In the sterilized soils reinoculated with a microbial
community, we expected an intensified growth. The subsequent treatment with radionuclides
possibly affected the microbial community structure in the early stage of development
resulting in disparities compared to native soils in the DGGE analysis. To eliminate fungal
spores, sterilization was performed by threefold autoclaving with a mean time of 24 h. After
cooling to room temperature, the sterilized soils were reinoculated with 1% [m/m] native,
non-sterilized soil and mixed thoroughly. Due to the fact that autoclaving changes the
chemical and physical properties in soil (Marschner and Bredow, 2002; McNamara et al.,
2003; Berns et al., 2008), the contents of water-soluble carbon (dissolved organic carbon,
DOC) and total nitrogen (TN) as well as the pH were determined in some of the samples
before and after autoclaving. To this end, 20 g of field moist soil and sterilized soil (dry
mass), respectively, were suspended in 160 ml of purified water (MilliQ, Millipore) and
shaken for 12 h at 150 rpm on a horizontal shaker. After centrifuging (90 min, 10,000 x g),
the supernatant was filtrated (0.45 pm) and analyzed on a TOC-V CPH total organic carbon
analyzer (Shimadzu Scientific Instruments, Japan) equipped with a total nitrogen analyzer
(TNM-1 unit). The pH values of the supernatants were determined with a S20 SevenEasy pH
(Mettler Toledo, Greifensee, Switzerland).
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4.3.3 Microcosm setup

The microcosms consisted of 500 ml glass bottles, filled with 196 g soil (dry weight) and 4 g
wheat straw. The water content was adjusted to 50% of the water-holding capacity (WHC)
(OECD, 2002; Rocha et al., 2006) with purified water (MilliQ, Millipore). To compensate the
swelling of the wheat straw, 8 ml deionized water was added as a supplement. The
microcosms were incubated at 20 = 1 °C for three months and checked for water loss by

weighing on a weekly basis.

4.3.4 Application of wheat straw and radionuclides

The wheat straw (cultivar: Taifun) contained 39.4% C and 1.31% N. Prior to application the
straw was ground to less than 500 um in an ultracentrifugal mill at 15,000 rpm (Retsch,
Germany). Microcosms were set up in different combinations of radionuclide and straw

application as shown in Table 1.

The radionuclides *’Cs and *°Sr were supplied as nitrate salts (Ritverc, St. Petersburg,
Russia). The pure radionuclides were dissolved in deionized water and added to previously
ashed soil aliquots (5 g). Prior ashing was applied to remove hydrophobic humic substances
to allow the absorption of water without lump formation. After drying, the soil aliquots were
ground, added to the soil microcosms and thoroughly mixed in an end-over-end shaker for 45
min. The radioactivity and dose rates were determined at the Central Division of Research
Reactors and Nuclear Service at Forschungszentrum Jiilich. The radioactivity of cesium was
determined with n-type high-purity germanium detectors (Eurisys Mesures, France). Three
aliquots were taken randomly from each '*’Cs-treated microcosm and measured as one pooled
sample. The *°Sr activity was measured with the beta counter FHT 770R (Thermo Electron
Corporation, Waltham, Massachusetts, USA). Due to the high sensitivity of the detector, the
%Sr samples had to be rather small. Three aliquots were measured to avoid inaccuracies
caused by local hot spots. The absorbed dose [Gy; Gray] was calculated using a particle track
calculation and a Monte Carlo simulation (MCNP5, Los Alamos National Laboratory, USA).
The radioactivity applied in the microcosms ranged from 10,347 Bq g™ (°°Sr) to 15,900 Bq g”'
(**’Cs). This corresponds approximately to 30 to 50-fold of the hotspots in the exclusion zone

near Chernobyl, which is 40 MBq m™. Assuming a soil density of 1.3 g cm™ and a
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homogeneous distribution of the radionuclides in the upper 10 cm, the contamination relative

to the soil mass in the hotspots is about 307 Bq g™

Table 4.1: Radioactivity (in Bq g) and dose rate (in Gy h™") applied to the soil microcosms. Control soils
not treated with "*’Cs or *Sr (Ctrl*) or not treated with radionuclides and wheat straw (Ctrl**). Cesium
samples were measured as one pooled sample, strontium samples were measured in triplicate (£ mean

standard deviation of n = 3). x: applied, —: not applied with wheat straw or radionuclides, respectively.

Native Sterilized and reinoculated Wheat straw
Bqg' Gyh’ Bqg' Gy h
Sr 10,347  + 7.45%107 11,167 £ 531*107 x
BCs 14,700 2.6%107 15,900 2.9*107 x
Ctrl* - - - - x

Ctrl** — - - - -

4.3.5 Denaturing gradient gel electrophoresis

After an incubation time of 13 weeks, the DNA was extracted with the extraction kit
“FastDNA Spin Kit for Soil, BIO101” from Qbiogene, Carlsbad, USA. The amplification was
performed with a Thermocycler (iCycler 1Q from Bio Rad Laboratories, USA) running the
PCR program as follows: activation of the hotstart polymerase for 10 min at 95 °C,
polymerase chain reaction (PCR) in 35 cycles, each cycle consisting of 1 min at 94 °C, 1 min
at 54 °C and 1 min at 72 °C, followed by a single period of 10 min at 72 °C. The chemicals
for the amplification mixture were purchased from Thermo Scientific (Waltham,
Massachusetts). The 16S amplification mixture consisted of: 5 pl reaction buffer (750 mM
Tris-HCIL, pH 8.8 at 25 °C, 200 mM (NH4)>SO4, 0.1% (v/v) Tween, 15 mM MgCly), 2.5 ul
DMSO, 2 U hotstart polymerase and 20 pmol of each primer. The 18S amplification mixture
consisted of 5 pl reaction buffer (750 mM Tris-HCI, pH 8.8 at 25 °C, 200 mM (NH4),SO4,
0.1% (v/v) Tween, 15 mM MgCly), 3 pul 25 mM MgCl,, 1.5 pl DMSO, 2 U hotstart
polymerase and 14 pmol of primer NS1 and 8 pmol of primer GCFung. The primers for
eubacterial 16S rDNA genes were L1401 (5’- CGG TGT GTA CAA GAC CC -3’) and
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U968GC (5’- CGC CCG GGG CGC GCC CCG GGC GGG GCG GGG GCA CGG GGG
GAA CGC GAA CCTTAC -3°). The primers for fungal 18S rDNA genes were NS1 (5’-GTA
GTC ATA TGC TTG TCT C -3°) and GCFung (CGC CCG CCG CGC CCC GCG CCC GGC
CCG CCG CCC CCG CCC CAT TCC CCG TTA CCC GTT G-3°). Both are known to amplify
fragments of 350 bp in length (Muyzer et al., 1993; May et al., 2001). Primer GCFung
included a 40-base GC clamp for enhancing the melting stability of the PCR products in the
DGGE (Ferris et al., 1997). The primers were purchased from Eurofins MWG Operon
(Ebersberg, Germany).

The Denaturing gradient gel electrophoresis was carried out in a Dcode Universal Mutation
Detection System (BioRad, USA) in 1 x TAE [Tris-acetate-ethylenediaminetetraacetic acid]
buffer with a current voltage of 100 V for 16 h (16S) or with a current voltage of 60 V for 20
h (18S). In the case of 16S rDNA, the gels consisted of a 6% polyacrylamide gel (6% [w/v]
acrylamide, 0.1% [v/v] TEMED [N,N,N’,N'-tetramethylethan-1,2-diamine], 0.1% [w/V]
ammonium persulfate), the gradient ranged from 30% to 70% denaturant; 100% denaturant
corresponds to 7 M urea and 40% formamide. In the case of 18S rDNA, a 7% polyacrylamide
gel was used (7% [w/v] acrylamide, 0.1% [v/v] TEMED [N,N,N’,N'-Tetramethylethan-1,2-
diamin], 0.1% [w/v] ammonium persulfate in 1 x TAE [Tris-acetate-

ethylenediaminetetraacetic acid] buffer). The gradient ranged from 5 to 40%.

Bands were stained with silver nitrate. Gels were analyzed with GelCompar II Version 3.0
(Applied Maths, Sint-Martens-Latem, Belgium). Prior to calculating the similarity by the
unweighted pair group method with arithmetic mean (UPGMA) and Persons product-moment
correlation coefficient, the band patterns were normalized and the background was subtracted

by the rolling ball method.

4.3.6 Extraction and quantification of ergosterol
Once a week the ergosterol was extracted from soil aliquots according to a simplified method

of Eash et al. (1996), which was modified in some points after Liebich et al. (2003):

3 g soil, suspended in 18 ml cold methanol (-20 °C) and 6 ml KOH (4% KOH (w/v) in 95%
ethanol), was placed in pressure-resistant centrifugation tubes and homogenized on a vortex
shaker for a few seconds. After sonification for 1 min, the samples were incubated in a water

bath at 85 °C for 30 min. After cooling to room temperature, 5 ml deionized water (MilliQ)
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was added and the samples were mixed on the vortex shaker again for a few seconds. The
extraction mixture was filtered through a 0.45 pm membrane filter (cellulose acetate filter
porafil CA, Macherey und Nagel, Diiren, Germany) and flushed with 5 ml methanol. The
filtrate was transferred to sterile 50 ml reaction tubes and extracted three times with 6 ml n-
hexane. Between each extraction step the reaction tube was shaken for 2 min. The hexane
phases were removed with a pipette and transferred into a 20 ml glass vial. The hexane was
evaporated under nitrogen flow and with an external heat supply (60 °C). 5 ml methanol was
added and the samples were measured directly in the HPLC. If measurements were first made
on day later, the samples were stored in the dark in a freezer (-20 °C). To prevent decay
caused by ultraviolet radiation, all extraction steps were performed in a darkened laboratory.

The chemicals used were HPLC grade.

Ergosterol quantification was done in an HPLC-UV/VIS at room temperature on a
LiChrospher 60RP Select B Sp-column and a precolumn filled with the same material. To
separate the matrix from the ergosterol the eluent and the flow rate alternated. Beginning with
1 ml min" acetonitrile, the eluent was changed after 5 min to 0.5 ml min™' methanol for 15
min and then back to 1 ml min™ acetonitrile. The ergosterol retention time was approximately
15 min. The measurement was performed with a diode array detector (Dionex UV-D340s) at
282 nm. The injection volume was 100 pl. The limit of detection (LOD) was 0.025 mg 17;
limit of quantification (LOQ) was 0.1 mg 1"'. The mean values of the two measured replicates

are shown in Fig. 2.

4.3.7 NMR sample preparation

To eliminate paramagnetic elements such as iron, the samples were treated with hydrofluoric
acid as described in Berns et al. (2008). Briefly, 3 g dry soil was shaken with 30 ml 2% HF
(v/v) for 24 hours. The samples were then centrifuged for 1 hour at 48,000 x g and the
supernatant was discarded. This procedure was repeated five times. The samples were
subsequently washed with 30 ml of distilled water to remove residual hydrofluoric acid and

then freeze-dried.

4.3.8 Solid state NMR spectroscopy
General conditions. Spectra were obtained on a 7.05 T Varian INOVA™ Unity (Varian Inc.,
Palo Alto, CA, USA) equipped with an HX Apex probe (75.4 MHz for '°C). The temperature
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was set to 25 + 0.1 °C and magic angle spinning was carried out at 7500 + 1 Hz. Samples
were packed in zirconium Pencil® rotors (diameter 6 mm) with Vespel® drive tips and
custom-made boron nitride inlays to position the samples in the homogeneous region of the
sampling coil (Berns and Conte, 2010). All spectra were recorded with a sweep width of 25
kHz and an acquisition time of 20 ms. Decoupling was done with a SPINAL sequence (4.51°

phase; 11 ps pulse width).

B H)Cross-Polarization. A 90° 'H pulse of 3.6 ps was applied followed by a cross-
polarization (CP) spin lock pulse of 1 ms. During CP, the radio-frequency field applied to '*C
was kept constant, while the 'H field was set up with an ascending ramp to account for

inhomogeneities of the Hartmann-Hahn condition (Berns and Conte, 2011).

Longitudinal 'H relaxation (T;H). The T\H relaxation was determined with an inversion-
recovery sequence, which consisted of inserting a 180° pulse on 'H and a recovery time ¢
before the regular CP sequence. The recovery time ¢ was incremented from 0 to 1 s in 10
steps. Depending on the available spectrometer time, 16k or 32k transients (nt) with a recycle

delay (d1) of 1.5 s were acquired.

Evaluation. The arrayed experiments were evaluated with MestreNova Version 6.2.1
(MestreLab, Santiago de Compostela, Spain). Fourier transformation was done with a 50 Hz
line broadening and baseline correction through a manual multipoint correction. The spectral
shift regions were integrated according to Wilson (1987): region I, 0-43 ppm (alkyl C); region
11, 43-90 ppm (substituted O- and N-alkyls); region III, 90-110 ppm (anomeric C), region IV,
110-160 ppm (aromatic C) and region V, 160-190 ppm (carboxylic C) (Wilson, 1987). The
relaxation curves were fitted with a stretched exponential (Eq. 1) in OriginPro 8G SR6

(Version 8.0988, OriginLab Corporation, Northampton, MA, USA):

I=1, (1 - 2 exp[-(#/TH)"]) (Eq. 1)

Where [y = I (=), 1/T|H is the relaxation rate, T{H is the relaxation time and the stretching

exponent b is in the range 0<b<I. The errors reported result from the fitting procedure.
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4.4 Results

4.4.1 Microbial community

The development of the microbial community structure was compared with the DGGE
fingerprint technique. After three months of incubation, the DNA was extracted and amplified
with primers specific for 16S and 18S rDNA. Native soils were treated with 14,700 Bq g
B7Cs or 10,347 + 532 Bq g *°Sr. 15,900 Bq g" "*'Cs or 11,167 + 1328 Bq g *°Sr was
applied to the reinoculated soils. Ctrl* represents the control soils treated with wheat straw,
but not treated with radionuclides. Ctrl** soils were treated with neither straw nor

radionuclides (Table 4.1).

Fig.4.1 shows a detail of the bacterial DGGE gel. A clear-cut differentiation of the DGGE
bands is hindered by the remarkably high density of the latter. The native and the sterilized
and reinoculated soils produced a different band distribution in the DGGE gels. The Pearson
similarity between the two groups is 14%. Within the group of native soils, the Pearson
similarity is at least 26%. Except for the Ctrl** lanes, the similarity is 59%. Within the
reinoculated soils, the Pearson similarity is at least 56%. The reinoculated Ctrl** lanes form a
unique group and have and have only 11% to the other lanes. In control soils (Ctrl*) strong
bands were either absent (arrow 3) or present (arrow 1), which is contrary to the
corresponding positions in the radionuclide-treated soils (Fig. 4.1a). The Ctrl** lanes exhibit
a deviating band distribution. Strong disparities between the straw-treated soils are
highlighted by arrows 4 and 2. In the fungal band pattern (Fig. 4.1b), the density of bands is
much lower compared to the bacterial DGGE gel. The band distribution of the native soils
differs distinctly from that of reinoculated soils. Except for Ctrl** soils, the band distributions
of all lanes in the native soil group are congruent to each other. The Pearson similarity of the
native soils is, excluding Ctrl**, at least 84%. Within the group of the reinoculated soils, the
Pearson similarity between the lanes except for the Ctrl** soils, is at least 85%. The control
soils (Ctrl* and Ctrl**) exhibit bands which are absent at the corresponding position in
radionuclide-treated soils (Fig. 4.1b, arrow 6). At the positions of arrows 5 and 7 in Ctrl**

soils, the bands are absent which appear in the other soil lanes at the corresponding position.
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Figure 4.1: Detail of a) the bacterial 16S rDNA and b) fungal 18S rDNA DGGE pattern of soils from the
microcosm study. Cs, Sr and Ctrl* treated with 2% wheat straw, Cs and Sr treated with ¥7Cs and *Sr,

Ctrl*: control with wheat straw, Ctrl**: control without wheat straw.

4.4.2 Development of the fungal biomass

Relative changes in the fungal biomass were determined by quantifying the ergosterol content
using HPLC. One day after the start of incubation, the ergosterol content in the native soils is
between 2.1 and 4.3 pg g (Fig. 4.2, week 0). Except for the native control soil without straw
treatment (Fig. 4.2, black stars), the ergosterol content in the reinoculated soils is lower (0.4 -
1.2 ug ) than in the native soils. Up to week three, the ergosterol content of the native and
reinoculated soils decreases. The ergosterol content in the native soils shows a fluctuating
course; it increases with a maximum at week 5 and decreases again up to week 10, whereas
the ergosterol content of all native treatments persists in the range lower than 0.6 pg g, At
week 8, the ergosterol content in the native control soils reaches 1.7 ug g, whereas the other
native soils exhibit only 0.9 pg g” at maximum. Between week 10 and the last sampling at

week 13, no samples were taken from the soil microcosms. During that period the ergosterol
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content in native soils increases slightly up to 0.7 pg g, the native Ctrl* soil even increases
up to 1.5 ug g The reinoculated soils remain on a constant level between 0.1 and 0.5 pg g™
up to the end of incubation. The ergosterol content in the Ctrl** soils (asterisks, no straw
treatment) is lower than the corresponding values from the native and reinoculated soils and
does not fluctuate so intensively. From the third week on, the values for the ergosterol content

of the reinoculated soils are below the limit of quantification of the HPLC.

Ergosterol [ug g‘1]

o 2 4 6 8 1'0 12
Incubation time [weeks]

Figure 4.2: Ergosterol content [ug g'] in soils treated with 17Cs [m and 0], °°Sr [A and A] or control soils

with [@ and O] and without [* and *] straw application. Black line and symbols: native soil; dashed
line and empty symbols: sterilized and reinoculated soil. First soil sampling at week 0 was conducted one

day after beginning of incubation.

44.3 DOC, TN and pH
Before autoclaving the DOC content was 0.059 + 0.002 mg g (# = 3) and the TN was 0.019
+0.001 mg g” (n = 3), pH was 6.2. After autoclaving the DOC increased to 0.547 + 0.035 mg
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g" (n = 3) and the TN increased to 0.106 + 0.001 mg g (n = 3). The pH was not affected and
remained at pH 6.2.

4.4.4 Composition of the soil organic matter

Figure 4.4 presents °C CP/ MAS NMR spectra of samples taken from native and reinoculated
soils. All the spectra are typical soil spectra with dominant shift regions I (0-43 ppm), II (43-
90 ppm) and V (160-190 ppm). In the native soil samples (Fig. 4.3a), only small and
insignificant changes can be observed. The spectrum of the native soil incubated with 14,700
Bq g of *'Cs displayed a slightly lower aromatic region IV after 9 weeks. After the same
incubation time the aliphatic region (region I) in the native soil incubated with 10,300 Bq g
of ?Sr appeared somewhat slenderized. The spectra of the sterilized and reinoculated soils
(Fig. 4.3b) showed a few more differences. The aliphatic region increased in all spectra after 9
weeks of incubation. In the case of soils treated with '*’Cs and *°Sr the shape of the aliphatic
signal also broadened. The first half of the carbohydrate region showed a higher and more
resolved methoxy peak at 56 ppm after 9 weeks. Also the carboxyl region V increased with

time.
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Figure 4.3: a) C CP/MAS spectra of the native soils treated with straw sampled one week (black line),
five weeks (gray line) and nine weeks (dashed line) after application of the radionuclides. b) *C CP/MAS
spectra of the reinoculated soils treated with straw sampled one week (black line), five weeks (gray line)
and nine weeks (dashed line) after application of the radionuclides. All spectra are graphically normalized

to the signal at 72 ppm.

Figure 4.4 displays the proton relaxation times T;H (Fig. 4.4a) as determined by a stretched
exponential fit and the respective stretching factors (Fig. 4.4b). The behavior of the relaxation
times did not show a clear trend. The increase in T;H observed in the 9™ week for most of the
samples and chemical shift regions was also seen in the native control and partly also in the
sterilized and reinoculated control. Within one sample, the longest relaxation times were
always detected in regions I to III. The stretching factors b were all located between 0.5 and 1

and no significant differences could be identified among them.
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Figure 4.4: a) Longitudinal relaxation times (T,H) in native and sterilized soils treated with straw sampled
one week (black), five weeks (dark gray) and nine weeks (light gray) after application of the radionuclides.

b) Corresponding stretching factors (b) of the stretched exponential fitting (see Eq. 1).
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4.5 Discussion

4.5.1 Development of the microbial community

The distinct disparities between the microbial population in native soils and soils which were
sterilized and reinoculated (Fig. 4.1a and 4.1b) were presumably caused by changes of the
nutrition support (e.g. the content of DOC and TN), which was pointed out in a previous
publication (Niedrée et al., 2012). The high temperature (121 °C) and pressure (2 bar) during
autoclaving affects the physical and chemical structure of the soil and liberates dissolved
organic carbon (DOC) (Marschner and Bredow, 2002; McNamara et al., 2003; Berns et al.,
2008). Due to the sterilization procedure, the content of DOC that is water-soluble, and thus
readily available for microorganisms, increases 9-fold and the total nitrogen content increases
5-fold. This circumstance and the lack of pressure from an established microbial community
presumably allow the growth of species that do not usually constitute a dominating population

in these soils.

Population shifts caused by the applied radionuclides could be seen in the bacterial as well as
in the fungal DGGE patterns. In the bacterial DGGE gel (Fig. 4.1a), there were two different
behaviors of bacterial strains. At the position marked with arrow 3, the bacterial species seem
to benefit from radiation. The bands occur much more strongly in the contaminated soils
compared to the control soils. This pattern is coincident for the native as well as the
reinoculated soils, although the population shift is less pronounced in the native soils. This
behavior can be explained by interspecific competition. The contamination with '*’Cs or *°Sr
inhibits or Kkills specified species and the corresponding competitors benefit from larger
nutrient support and less competition. A similar effect was shown by El-Sayed and Ghanem
(2009) and McNamara et al. (2007), although the dose rates of the external gamma sources
they used, were much higher, around 4 kGy and 10 kGy, respectively. However, at position 1
(Fig. 4.1a) the radiation presumably inhibits the bacterial growth in the native soils. In

contrast to the control soils, the contaminated soils do not exhibit bands at that position.

The population shifts displayed at arrow 6 (Fig. 4.1b) seem to be the only visible impact of
the radiation on the fungal community structure. In the reinoculated control soils (Ctrl*),
bands occur which are not found at the same position in the contaminated soil lanes. This
effect is in line with the results from the ergosterol measurements. After 13 weeks of

incubation, the fungal biomass of the control soils (Ctrl*) increases and reaches almost double

53



Do Chernobyl-like contaminations with *’Cs and *Sr affect the microbial community, the fungal biomass and
the composition of soil organic matter in soil?

that of the contaminated soils (Fig. 4.2). At that time, i.e. directly after the last soil sampling
for ergosterol measurement, the DNA was extracted and prepared for the DGGE analyses.
Possibly at that late stage of straw degradation, some fungal strains recover and mineralize the
remaining recalcitrant compounds, which are not available for bacteria. This process may be
hindered in the radioactively contaminated soils. However, it is not possible to draw a
conclusion from the bands on DGGE gels with respect to species functions and the rDNA
DGGE fingerprinting technique is limited in describing the whole microbial community. Only
the most abundant species appear as bands, less abundant ones fail to appear (Muyzer et al.,

1993).

The straw application seems to have an immense impact on the bacterial and the fungal
community. The similarity between the Ctrl** soils and the straw-treated ones, particularly in
the bacterial band pattern, is quite small (Fig. 4.1a and 4.1b). This effect is also reflected in
the ergosterol quantification, where the straw-treated soils exhibit a much larger fungal

biomass than those not treated with straw (Fig.4.2).

4.5.2 Development of the fungal biomass

The growth of the fungal biomass in the microcosms was estimated with help of the
ergosterol content. Studies have shown that the ergosterol production correlates to the decay
of organic material (Gessner and Schwoerbel, 1991). However, quantification of the biomass
still seems to be problematic by this method, because the ergosterol content varies depending
on the fungal species and their metabolic states (Bermingham et al., 1995; Stahl and Parkin,
1996). We therefore decided only to compare the relative changes of the fungal biomass

between radioactively contaminated and non-contaminated soils.

In the first two weeks of incubation the ergosterol content in the native and the reinoculated
soils is quite high compared to the ergosterol content several weeks later (Fig. 4.2). Ergosterol
measurements began one day after the beginning of incubation, so no data for day 0 are
available. However, due to similar conditions at the beginning and thorough mixing prior to
incubation, we assume ergosterol contents in all microcosms comparable to the Ctrl** soils,
namely between 0.4 and 0.8 pug g (Fig. 4.2, stars). Here the conditions never change (no
straw, no radionuclides) and the ergosterol content remains constant for the whole incubation

time.
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The high ergosterol concentration after one day and the strong variations in the native soil
group presumably result from an intense fungal growth. The lack of a lag phase indicates that
the microbial population in the agricultural soils was adapted to regular wheat straw

application due to crop residues (Bauer et al., 2008).

In both the native and the reinoculated soils, the rapid decrease of the ergosterol content
between the first and the third week is remarkable. The values decrease from the maxima 4.3
pg g (native) and 1.2 pg g (reinoculated) at the beginning of incubation to lower than 1 pg
g at week three. Two circumstances could be responsible for this: the periodical disturbance
of the soil microcosms due to extraction of soil samples and the two-phase degrading
behavior of wheat straw. Bardgett et al. (2001) concluded that in disturbed soils bacteria
dominate in the decomposer food web, whereas in undisturbed soils fungi are more abundant.
The periodical sampling of approximately 3 g soil possibly disturbed the growth of the fungal
community and inhibited a larger formation of ergosterol. This assumption is supported by the
increase of the ergosterol content after week 10 (Fig. 4.2). Between the 10" and the 13™ week
no soil aliquots were taken and the microcosms remained undisturbed for three weeks.
Probably the fungal population was able to recover and the ergosterol content in soil
increased. Despite that, fungi are known to dominate the second phase of straw degradation.
After depletion of the readily available and water-solvent organic compounds by the bacteria,
the remaining more recalcitrant compounds were decomposed by fungi and K-strategists

(Dilly et al., 2004; Blagodatskaya et al., 2010; Marschner et al., 2010).

Effects possibly caused by the ionizing radiation can be seen at week 8 and 13 in the native
soils. The Ctrl* soils exhibit significantly larger ergosterol contents than the radioactively
contaminated soils. It is remarkably that this effect is not coincident for all sampling dates.
General, knowledge is sparse about the effects of ionizing radiation on fungi, particularly at
low doses. From fungal species isolated from radioactively contaminated areas it is known
that they can leverage from the ionizing radiation in a kind of radiotropism (Zhdanova et al.,
2004; Tugay et al., 2006). However, this behavior is presumably peculiar to fungi which are
adapted to radioactive contaminations. That these effects also occur in previously

uncontaminated soils has not been observed so far.

According to the literature, the doses usually affecting fungal species seem to be relatively
high. The lowest doses impacting fungi are described by Kimura (2006). The gamma and X-

ray irradiation of isolated yeast cells led to an up- and down-regulation of functional genes.
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The applied acute dose was 50 Gy. In contrast, the calculated dose rate in our experiment was
7.45%107 Gy h'; in three months 16 Gy was accumulated. Compared to the literature, this
dose seems to be too low to affect fungal species. Therefore we assume that the observed

effects at week 8 and 13 were presumably not induced by the applied radionuclides.

4.5.3 Composition of the soil organic matter

The low dose rate, compared to dose rates applied for sterilization purposes, was not expected
to have any immediate effects on the chemical composition of the soil organic matter (SOM)
(Berns et al., 2008). Conversely, we expected the applied dose rates to have an impact on the
microbial community structure with possible indirect effects on the degradation and alteration
of the organic compounds. However, as described above, the NMR spectra revealed only
marginal changes during the incubation. Although the necessary HF treatment might remove
soluble components, the content of the latter is proportionately low and hence the loss of
dissolved organic matter (DOM) is usually negligible (Knicker and Luedemann, 1995; Berns
et al., 2008).

The degradation of wheat straw is typically described in two degradation stages: in the first
stage the water-soluble and readily available compounds are degraded and in the second stage
non water soluble compounds are utilized by microbial species. The most important
decomposition occurs in the first stage and usually takes a few days (Knicker and
Luedemann, 1995; Blanco and Almendros, 1997). This stage is characterized by a decrease of
the carbohydrates (NMR-shift region II, 43-90 ppm) (Knicker and Luedemann, 1995).
However, the NMR spectra did not show a major loss of carbohydrates, neither in the native
soils nor in the sterilized and reinoculated soils. This may be due to several reasons. The first
sampling took place one week after the start of incubation. Hence, the first stage of straw
decomposition was probably not captured. Furthermore, the HF treatment and the subsequent
washings most likely removed solid straw residues as a floating fraction, which caused the

loss of part of the carbohydrate fraction.

As reported above, autoclaving and reinoculation permanently affects the composition of the
microbial communities. Compared to the native soils, the spectra of the sterilized/reinoculated
soils show a few changes during incubation with radionuclides such as increases in the

aliphatic region I (0-43 ppm) and the carboxyl region V (160-190 ppm). However, the
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changes were also noted in the control samples, which indicate that these changes were
mainly due to the sterilization process and the subsequent recovery. On the whole, the spectra
did not differ greatly from the spectra of the native soils and the process of soil organic matter
turnover appeared not to be affected on the long term. The same holds true for the effect
caused by the radionuclide treatments. The '*C-spectra gave no indication for changes caused

by the radionuclides applied.

Relaxation time measurements were performed to monitor changes in the relaxation behavior
of the different chemical structures (Fig 4.4a). As the organic matter in soil is composed of a
large range of compounds, each chemical shift region in the NMR spectrum corresponds to a
multitude of connatural structures, which, although having similar electronic shieldings (i.e.
chemical shift), may well differ in their relaxation behavior due to different degrees of
crystallinity (e.g. cellulose) or different mobility (e.g. long vs. short chains). The stretched
exponential fit, however, provides only an averaged relaxation time. A shift from shorter to
longer relaxation times may hence either be due to an overall change in mobility of the
respective chemical structures or, more likely, to a residual accumulation of the slower
relaxing components. This slight tendency to longer relaxation times was, however, also seen

in the control samples and was most likely not related to the presence of the radionuclides.

The stretching factors b (Fig. 4.4b) all ranged from 0.5 to 1 with a slight, but not significant,
tendency to increase over time. According to Bakhmutov (2012), stretching factors ranging
from 0.5 to 1 can either be due to “a ‘diffusion-limited’ relaxation mechanism via random
paramagnetic impurities” or “a superposition of several mono-exponential decays in the
presence of smooth relaxation-time distribution”. Both explanations may be applicable to soil
samples. The HF treatment removed the major fraction of the mineral paramagnetic
compounds, such as iron or manganese. However, a second source of paramagnetism may
originate from organic radicals. Hence, the relaxation mechanism through paramagnetic
impurities is most likely not completely repressed. As described above, each chemical shift
region is composed of several chemically related compounds, which will display individual
relaxation behavior. Assuming superposed exponentials, an increase of the stretching factor
would correspond to a narrower distribution of relaxation times (a Gaussian distribution

would correspond to b = 0.67; Bakhmutov, 2012).
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4.6 Conclusions

The applied dose rates, ranging from 5.31%10™ to 7.45*10° Gy h™", influence the bacterial and
the fungal community structure in the soil microcosms of the present study. We observed an
inhibition as well as an enhancement of microbial species in the DGGE gel patterns.
However, we did not detect any effects on the degradation of wheat straw or the chemical
composition of soil organic matter and the findings in the ergosterol content could not be
ascribed to the application of radionuclides. The sterilization/reinoculation procedure and the
application of wheat straw had much stronger effects on the microbial community structure
than the applied radionuclides. Recurring disturbances of the soil matrix by temperature and
moisture changes, fertilization, pesticide treatment and mechanic impacts such as plowing
will have an even more pronounced impact. As our microcosms were conducted under
controlled laboratory conditions, extrapolation of our findings to the field scale will require
further validation. Contaminations with "*’Cs or **Sr up to 50-fold that of the hotspots
occurring in Chernobyl led to minor changes in soil microbial functions suggesting a strong

resilience of natural soils to radioactive contamination.
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5 Radiation induced impacts on the degradation of 2,4-D and the

microbial population in soil microcosms®

5.1 Objectives

The objectives of this experiment were to investigate the effects of radioactive soil
contamination on the microbial mineralization of 2,4-D. To obtain the effects on specialized
2,4-D degraders the 2,4-D was labeled with "C in the recalcitrant phenoxy ring. The
mineralization rates were determined by analyzing the released '*CO,. Changes in the

microbial community structure were investigated with help of the DGGE.

5.2 Introduction

The explosion of reactor 4 in the nuclear power plant near Chernobyl in 1986 raised public
awareness of the usage of nuclear power in Western Europe. However, in Eastern Europe it
was necessary to evacuate the population and to create an exclusion zone around the reactor.
The accident also affected agriculture. As a consequence of the deposition of radioactive fall-
out large quantities of crops and cow milk had to be destroyed, even in Western Europe.
Besides fuel particles, the most important radionuclides deposited were several isotopes of
iodine (amongst others BT and 1), ¥7Cs, **Cs and *°Sr (UNSCEAR, 2000). Iodine-131 has
a half-life of only 8 days, but it is responsible for the increased occurrence of thyroid diseases
as a consequence of the accident (Brenner et al., 2011). Today the emitted radioactive iodine,
except 2’1, no longer has any effect due to physical decay. However, due to the long half-life
and the chemical similarity to potassium and calcium, the residence time of '*’Cs and *°Sr in
the upper soil can amount to several decades (Gastberger et al., 2000; Rafferty et al., 2000;
Konopleva et al.,, 2009). Due to the large input of nutrients, organic matter, warmer
temperatures and the sufficient exchange of gases (such as carbon dioxide and oxygen) in
upper soil layers, the amount and activity of microorganisms is high. As yet, it is not clear
how radionuclides in soil affect the microbial activity, e.g. the degradation of agricultural

chemicals. From irradiation studies with high dose rates up to several kGy (Gy, Gray:

6 Adapted from Niedrée, B., Vereecken, H., Burauel, P., 2013. Radiation induced impacts on the degradation of

2,4-D and the microbial population in soil microcosms. Journal of Environmental Radioactivity 115,168-174.
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absorbed dose in J kg™) it is known that the higher the radioactivity the lower the ability of
microorganisms to metabolize complex organic compounds (McNamara et al., 2007).
However, the naturally occurring doses and even the dose rates caused by accidents in nuclear

facilities are much lower, so an extrapolation to realistic conditions is quite difficult.

In this study, we investigated the effects of "*’Cs and *’Sr, respectively, on the mineralization
of the I4C—ring-labeled herbicide 2,4-dichlorophenoxyacetic acid (2,4-D). 2,4-D is one of the
herbicides most frequently used for broad-leaved weeds worldwide, it is the chlorinated form
of a natural plant hormone, an auxin (Lerch et al., 2007). 2,4-D is well suited as a substrate
and carbon source for microorganisms since it consists of the easily available acetic side chain

and the more recalcitrant phenyl ring.

The microcosms were artificially contaminated with '*’Cs and *Sr corresponding to the
radioactivity caused by *’Cs in the exclusion zone around reactor 4 in Chernobyl. The formal
threshold for the exclusion zone is 1.48 MBq m? (Bq: Bequerel, decay s™), which is
transferred to soil mass as 11.4 Bq g (assumed soil parameters: soil density: 1.3 g cm™,
depth of homogeneous radionuclide distribution: 0.1m). The lowest artificial contaminations
were in the range from 20 to 50 Bq g”'. Hotspots in the exclusion zone exhibit up to 40 MBq
m™, which was considered in the experiment by the medium contamination ranging from 490

to 980 Bq g”'. The highest radionuclide treatments were between 8150 Bq g (**’Cs) and 9610
Bq g’ (°°Sr) (Table 1).

The aim of this study was to investigate whether radioactive contamination with '*’Cs and
%Sy corresponding to the Chernobyl exclusion zone has an impact on i) the degradation of the
agriculturally used herbicide 2,4-D and ii) the bacterial and fungal community structure in

agricultural soils incubated in microcosms.

5.3 Material and methods

5.3.1 Soil sampling and sample preparation

Soil samples were collected randomly from the plough layer (5-20 cm) at the field site
Merzenhausen near Forschungszentrum Julich. In previous years, the field had been
cultivated alternately with barley, rape and winter wheat. The soil was characterized by a
sand, silt and clay content of 3, 79 and 18%, respectively. The pH was 7 (measured in 0.01 M

CaCly), cation exchange capacity (determined from exchange with NH4Cl solution) is 12.0

60



Material and methods

cmol kg'1 and C,g was 1.04% (Kasteel et al., 2005). Coarse organic components and roots
were removed and the field-moist soil was sieved (< 2 mm) and mixed thoroughly. To obtain
more significant results in the analysis of the community structure, in half of the microcosms
the soil was sterilized and reinoculated with 5% biotic bulk soil. The reproductive rates of
microorganisms in soil are more sensitive to environmental changes than metabolic or death
rates (Morris and Blackwood, 2007), thus a larger radiation impact on freshly sterilized and
reinoculated coommunities was expected, resulting in strong disparities in the DGGE gel
patterns. Fungal spores were eliminated by autoclaving three times in succession with a mean

time of 24 hours.

5.3.2 Application of 2,4-D and radionuclides

Prior to application, the 14C-ring—labeled 2,4-D (American Radiolabeled Chemicals, Inc., St.
Louis, Missouri, USA, specific activity 2035 GBq mol") was diluted with non-radioactive
analytical grade 2,4-D (Sigma-Aldrich, St. Louis, Missouri, USA). After dissolution in
ethanol (100pg mL™"), the 2,4-D was applied to soil aliquots (5 g dry weight) which had
previously been ashed at 600 °C for 24h. The combustion removed hydrophobic humic
substances to allow better absorption. Immediately after 2,4-D application, '*’Cs and *Sr
were applied as aqueous solutions (concentration depending on the final radioactivity between
2 kBq mL™" and 1000 kBq mL™"). After drying, the aliquots were added to the soils and mixed
thoroughly in an end-over-end shaker for 45 minutes. The final concentration of 2,4-D was
100 pg g, "C activity was 101 Bq g'. The radioactivity and the dose rates of '*’Cs and *’Sr
can be seen in Table 1. The cumulative dose rates for 30 days of incubation ranged from
5.2%107 Gy to 4.39 Gy. The "*’Cs and *°Sr were purchased as nitrate salts from Ritverc, St.

Petersburg, Russia.

The radioactive contamination of the soils was determined in the Central Division of
Research Reactors and Nuclear Service at Forschungszentrum Jiilich. The absorbed dose [Gy;
gray] was calculated by the Central Department of Radiation Protection at
Forschungszentrum Jiilich by using a particle track calculation and a Monte Carlo simulation
(MCNPS5, Los Alamos National Laboratory).

Table 5.1: Radioactivity (in Bq g"") and dose rate (in Gy h™ and Gy 30 d™') applied to the soil microcosms.

Control soils do not contain '*’Cs or *’Sr. Radioactivity measured in triplicate (+ mean standard deviation

of n=23).
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Native Sterilized and reinoculated

Bqg' Gy h Gy 30d” Bqg" Gyh Gy 30d”
Sy 20+ 1.6 1.4%¥10°  0.01 20+2.4 1.4¥10°  0.01
%Sy 500 + 28 3.6%10"  0.26 490 + 40 3.5%10°% 025
PGy 8150+£250  5.9%10° 4.5 8410+553  6.1*¥10° 439
Blcs 50+1.9 9.0¥10°  0.01 40+ 1.4 7.2%10°  0.01
Bics 940 +21 1.7¢10*  0.12 980 + 31 1.8*¥10*  0.13
Bcs 9610 +264  1.7%10°  1.22 9410+ 866  1.7¥10° 1.22
Control 0 0 0 0 0 0

5.3.3 Microcosm setup

The microcosms were performed in triplicate. The microcosms consisted of 500 mL lab
bottles filled with 100 g soil dry weight. The '*CO, respired from the 2,4-D mineralization
was adsorbed in 1 mL 1.5 M sodium hydroxide. The CO,; traps were replaced each other day,
filled with 3 mL deionized water and 10 mL scintillation cocktail (Insta-Gel Plus, Perkin-
Elmer, Waltham Massachusetts, USA) and measured with a liquid scintillation counter (LSC,
Liquid Scintillation Analyzer 2500 TR, TriCarb, Packard). The cumulative values were
calculated by the stepwise addition of the mineralization rates measured each second day to
the rates from the previous days. The mineralization rate is defined by the measured '*CO, per
elapsed time period divided by the totally applied '*C radioactivity as 2,4-D (data not shown).
While changing the CO; traps the microcosms were flushed with fresh air from a peristaltic
pump. Soil moisture was set to 50% of water-holding capacity (WHC) (OECD, 2002; Rocha
et al., 2006) with purified water (MilliQ, Millipore). Water loss was controlled weekly and

water was added as necessary. The microcosms were incubated for 30 days at 20 + 1 °C.

5.3.4 Denaturing gradient gel electrophoresis

DNA was extracted with the extraction kit “FastDNA Spin Kit for Soil, BIO101” from
Qbiogene, Carlsbad, USA. The DNA was amplified with the Thermocycler iCycler IQ by Bio
Rad Laboratories, USA. In the case of the 16S rDNA DGGE, the primers L1401 (5’- CGG
TGT GTA CAA GAC CC -3’) and U968GC (5’- CGC CCG GGG CGC GCC CCG GGC
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GGG GCG GGG GCA CGG GGG GAA CGC GAA CCTTAC -3’) were chosen. In the case
of 18S rDNA DGGE, we used the primers NS1 (5’-GTA GTC ATA TGC TTG TCT C -3°)
and GCFung (CGC CCG CCG CGC CCC GCG CCC GGC CCG cCG cee cea cec AT
TCC CCG TTA CCC GTT G-3’). The denaturing gradient in the eubacterial 16S gel ranged
from 5 to 40%, running time was 20 h at 60 °C with a current voltage of 50 V. The gel
contained 6% polyacrylamide. In the 18S fungal gel, the denaturing gradient ranged from 5 to
40%, 100% denaturant corresponded to 7 M urea and 40% foramide. Running time was 20 h
at 60 °C with a current voltage of 50 V. The gel contained 7% polyacrylamide. A detailed
description of the method can be found in Niedrée et al. (2012). Due to limited space in the
DGGE gels, from most of the soils only 2 or 3 amplification products were applied to the gel.
Bands were visualized by silver staining. Gels were analysed with GelCompar II Version 3.0
(Applied Maths, Sint-Martens-Latem, Belgium). After normalizing the gels and substracting
the background by the rolling ball method, the Pearson product-moment correlation was
calculated. Pearson’s correlation coefficient compares the densiometric curves of the
fingerprint. The clustering of the patterns was calculated using the unweighted pair group

method with arithmetic mean (UPGMA).

5.3.5 Statistical analyses
Mineralization data were analyzed using one-way analyses of variance (ANOVA). Statistical

analyses were carried out using free software GNU R version 2.15.0.

5.4 Results

5.4.1 Mineralization of 2,4-D

Figures 5.1a to 5.1d show the percentage of evolved '*CO, (cumulative) of the uniformly "*C-
ring-labeled 2,4-dichlorophenoxyacetic acid in the microcosms treated with *’Cs and *°Sr,
respectively. The native "*'Cs (Fig. 5.1a) and *°Sr (Fig. 5.1c) treated soils show a similar
course of mineralization. After a lag phase of at most 2 days mineralization in low (m) and
medium (4) contaminated soils as well as the control soils (A) started and reached the plateau

at day 10 accounting for 69 to 76% of the originally applied '*C radioactivity. Up to day 30
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the evolved '*CO, raised slightly to 79 to 84%. Just the high contaminated soils (Fig. 5.1a and
5.1c, ®) show a different mineralization pattern. The mineralization started after a lag phase
of at most 6 ("*'Cs) and 4 (*’Sr) days and reached the plateau after 16 days ('*’Cs: 73%, *°Sr:
76%) only rising up to 77% (**’Cs) and 80% (*°Sr) at day 30. From day 2 to 12 (Fig. 5.1a) the
soils with the highest contamination of '*’Cs exhibit a mineralization significantly lower
compared to other soils. In case of the *’Sr treatment, the mineralization of the highly
contaminated soils is lower for all days of incubation (Fig. 5.1c). The half-time of 2,4-D

mineralization is 10 days for the most highly and 6 days for the lower contaminated soils.

The mineralization pattern of the sterilized and reinoculated soils (Fig. 5.1b and 5.1d) was
comparable to the highly contaminated native soils. The lag phase in this case was 6 days; the
plateau was reached after 18 days and accounted for 74 to 77% (Fig. 5.1b, '*’Cs) and 77 to
82% (Fig 5.1d, *°Sr). The totally evolved '*C after 30 days was between 81 and 82% (Fig.
5.1b, *'Cs) and 82 and 86% (Fig 5.1d, *°Sr). From day 2 to 6 (Fig. 5.1b and 5.1d) addressing
the highly contaminated reinoculated soils the mineralization is significantly lower compared
to the lower contaminated soils. 50% of the totally applied "*C were emitted as '*CO, after 11

days in all reinoculated soil treatments.
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5.4.2 Community composition

The development of the microbial community structure was compared using denaturing
gradient gel electrophoresis. After 30 days, when the amounts of absorbed '*CO, remained
stable and most of the 2,4-D was mineralized, incubation was stopped and the extracted DNA
was amplified with primers for 16S and 18S rDNA. Bacterial band patterns can be seen in
Figures 5.2a and 5.3a, fungal band patterns in Figures 5.2b and 5.3b. Cs1 and Srl represent
the soils with lower contamination, Cs2 and Sr2 the medium contaminated and Cs3 and Sr3
the most highly contaminated soils. Ctrl are control soils to which neither '*’Cs nor *’Sr were
applied, but rather '*C-labeled 2,4-D. Mzh represents pristine control soils from the field site

Merzenhausen, these soils were neither incubated nor treated with '*C-2,4-D or 1*’Cs / *°Sr.

The bacterial DGGE gel of the native soils (Fig. 5.2a) was characterized by numerous strong
bands and numerous faint bands in between. The soils with medium contamination (Cs2 and
Sr2) as well as Sr soils with the lowest contamination (Sr1) were very similar. This was also
represented in the cluster analysis. These soils formed a single group with a Pearson similarity
of at least 65%. The next group was clustered by the most highly contaminated soils (Cs3 and
Sr3) with a Pearson similarity of at least 56%. There is considerable disparity between them
and the other, less contaminated soils in the lower part of the gel (circle 1). Here the bands are
lacking which appear in the other lanes. The control soils (Ctrl) exhibited the greatest
similarity to the soils with low '*’Cs contamination. Both treatments exhibited bands at
position 2. The Pearson similarity in this latter cluster was at least 67%. The last group was
formed by the completely untreated Merzenhausen soils. Here the Pearson similarity was at
least 84%. However, the similarity to the closest group was less than 20%. Further remarkable

disparities between the lanes were highlighted by positions 3 to 7.

In the bacterial band pattern produced from the reinoculated soils (Fig. 5.2b), the disparities
were rather small. The Pearson similarity between all incubated soils was at least 69%. This
cluster can be divided in two larger groups, soils with low and medium contamination
(Pearson similarity at least 81%) and the most highly contaminated and the control soils
(Pearson similarity at least 83%). The non-incubated soils (Mzh), as well as one lane of the
most highly contaminated soils, formed a distinct group. The latter did not exhibit any visible

bands.
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Figure 5.2: DGGE pattern and cluster analysis made from a) the 16S rDNA and b) the 18S rDNA of the
native soil microcosms. Cs1 and Srl low, Cs2 and Sr2 medium and Cs3 and Sr3 high contamination. Mzh
native soil from sampling site, not incubated, M markers. Denaturing gradient range 30 - 70%, acrylamide
concentration 6%. Clustered with Pearson similarity correlation and UPGMA. Scale represents %

similarity.

The 18S rDNA DGGE gels were characterized by a few strong gels with numerous faint
bands in between (Fig. 5.3a). The lanes were clustered into four larger groups, whereas only a
few disparities could be detected (Fig. 5.3a). One group was formed by low-, medium- and
non-contaminated soils (Csl, Srl, Cs2, Sr2 and Mzh) with a Pearson similarity of at least
59%. The next group consisted of highly contaminated soils (Sr3 and Cs3) and non-

contaminated control soils (Ctrl), respectively. The Pearson similarity here was at least 70%.
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Two groups were formed by the most highly contaminated '*’Cs treated soils (Cs3) and soils
with low contamination (Srl and Cs1), respectively. In the latter two soils, bands appeared at
the position labelled with circle 1 which were absent in the other lanes. Remarkable
disparities between control soils (Ctrl) and the radionuclide-treated soils are highlighted with

arrows at position 2 and 3.

Similar to the native fungal gel, in the reinoculated fungal gel most of the bands were located
in the upper part (Fig. 5.3b). In one of the strontium-treated soils with medium contamination
(Sr2) bands according to bands in the marker lanes (M) appeared (circle). The similarity
between the lanes was relatively high. However, slight disparities occured at the positions
labeled with arrow 1 and arrow 2. The '*’Cs-treated soils with low contamination (Csl)
exhibited bands which were absent in the *’Sr-treated soil (Srl). The cluster analysis of the
fungal band pattern of the reinoculated soils (Fig. 5.3b) was characterized by a heterogeneous
lane distribution. Only a few lanes were congruent, such as Srl (97%), Mzh (81%), Sr3 (96%)
and Cs3 (90%). The Pearson similarity is given in brackets. The other lanes were distributed
and clustered irregularly. In one group, for example, control soils (Ctrl) and *’Sr-treated soils
with medium and high contamination (Sr2 and Sr3) were clustered with a Pearson similarity

of at least 71%.
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Figure 5.3: DGGE pattern and cluster analysis made from a) the 16S rDNA and b) the 18S rDNA of the
sterilized and reinoculated soil microcosms. Cs1 and Srl low, Cs2 and Sr2 medium and Cs3 and Sr3 high
contamination. Mzh native soil from sampling site, not incubated, M markers. Denaturing gradient range
30 - 70%, acrylamide concentration 6%. Clustered with Pearson similarity correlation and UPGMA. Scale

represents % similarity.

5.5 Discussion

5.5.1 Mineralization of 2,4-D
The turnover of herbicides in soil depends, amongst other aspects, on the agricultural
treatment of the soil. In recent years, the field was not treated with 2,4-D, but other herbicides

were applied periodically, such as Carfentrazone-ethyl, Terbuthylazine, Triclopyr, Diuron,
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Metazachlor, Quinmerac, Triasulfuron and Dicamba. The latter two are phenoxy herbicides,
as is 2,4-D. Soil microorganisms are able to adapt to phenoxy herbicides, which results in an
adaptation of the pristine microbial community and enhances and accelerates the degradation
process (Loos et al., 1979; Smith and Aubin, 1994; Merini et al., 2007). This results in a short
lag phase and fast turnover in native soils. Similar fast mineralization and short half-lives of
2,4-D are known from the literature; e.g. Shaw and Burns (1998): 50 - 60% of 20 ug g 2.4-
D, Stott et al. (1983): 66-74% of 25 pg g 2,4-D or McCall (1981) 50% in an average of 4
days, 90% in an average of 11 days. The degradation of 2,4-D is performed typically by
special 2,4-D degraders or by the co-metabolizing population (Soulas, 1993). In the latter case
no lag phase is expected (Gonod et al., 2003). The occurrence of a lag phase in combination
with high mineralization rates suggests that 2,4-D degraders were initially present, but

reduced in number (Gonod et al., 2003).

Considering the reduction of the microbial community and a release of dissolved organic
carbon (DOC) and total nitrogen (TN) due to sterilization and reinoculation (McNamara et al.,
2003; Berns et al., 2008; Niedrée et al., 2012), the course of 2,4-D mineralization in the
reinoculated soils can be assumed to be as follows. The supply of nutrients remobilized by
autoclaving and the lower competition for space and nutrients supports the growth of the
microbial community. Within the first days of incubation, the DOC and the acetic acid side
chain of the 2,4-D became utilized and delivered carbon for the assimilation of microbial
biomass (Forster and McKercher, 1973; Roberts et al., 1998). The microbial activity increased
and after 6 days the microorganisms began to utilize the more recalcitrant radiolabeled
dichlorphenyl ring (Tiedje and Alexander, 1969; Smith and Aubin, 1991; Roberts et al., 1998;
Shaw and Burns, 1998; Young and Oh, 2006; Merini et al., 2007). Due to exclusive Hc
labeling of the phenyl ring, initially the mineralization of the acetic side chain did not result in
a discharge of "*C labeled carbon dioxide and visible mineralization did not begin until day 6.
Moreover, the intensely growing microbial population incorporated some of the radiolabeled
C or CO; (Santruckova et al., 2005; Feisthauer et al., 2008; Nowak et al., 2011), which could
also reduce the release of '*CO,. Gonod (2006) reported that during the lag phase the
microbial community increased up to 12% of the initially applied radioactivity. With the
beginning of mineralization and detectable release of '“CO,, the population decreased again
and stabilized at 5% of the initially applied radioactivity. Gonod applied 7.8 pg g'1 2,4-D in
aqueous solution. Forteen days after the first emissions of perceptible amounts of '*CO,, the

major proportion of the applied 2,4-D was mineralized in native and in reinoculated soils. The
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further release of very low amounts of '*CO, was presumably caused by the mineralization of
microbial storage polysaccharides and the mineralization of recalcitrant metabolites (Ward,

1985; Soulas, 1993).

Potential impacts caused by ionizing radiation could be seen in the mineralization of the
native (Fig. 5.1a and 5.1¢) and to a lesser extent, in the mineralization of the reinoculated soils
(Fig. 5.1b and 5.1d) contaminated with high concentrations of "*’Cs and *’Sr. The maximum
mineralization and the lag phase were delayed for 2 to 4 days compared to less contaminated
native soils. This was presumably caused by inhibition of the metabolic activity of 2,4-D
degraders. We assume that after a few days, either the phenyl ring degraders adapted to the
radiation or competing species, which also are able to degrade the dichlorophenyl ring,
benefited from better substrate availability. In contrast to the sterilized soils, in native soils
97Cs and *°Sr were applied to the pristine microbial community. This certainly affected the
development of the microbial community. In native soils, the microbial community was
established and was consequently not able to adapt to changes of environmental parameters as

fast as in sterilized soils.

5.5.2 Community composition

In contrast to the untreated and unincubated Merzenhausen lanes, in the lanes where 2,4-D
was applied and in the incubated soil lanes more and stronger bands appear in native gels as
well as in reinoculated lanes. This indicates that species benefited from the 2,4-D treatment
and the incubation conditions (Figures 5.2 and 5.3). Assuming that the size of a functional
group is related to its metabolic activity (Soulas, 1993), the recovery of the mineralization in
the reinoculated soils (Fig. 5.1b and 5.1d) also supported these findings. A growth of
microbial community after application of 2,4-D was also reported by Ou (1984), Cullimore
(1981) and Robertson and Alexander (1994). Macur et al. (2007) concluded from their
experiments that 2,4-D application may provide a temporary selective advantage for

organisms which are able to utilize 2,4-D as a carbon source.

The radiation-induced impact on the 2,4-D mineralization over time was not reflected by
visible shifts in the community structure. The DGGE method seemed to reach its limits. It
only detects the most abundant species (Muyzer et al., 1993) and the bands do not necessarily

represent the most functionally dominant microorganisms (Torsvik et al., 1990). Functional
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shifts in the background population cannot be detected by the DGGE method (Kisand and
Wikner, 2003). However, the bacterial shift in the native soils (Fig. 5.2a, arrow 1) is
presumably forced by radiation impact. In the '*’Cs-treated lanes with the lowest
contamination (Cs1) and in the control lanes (Ctrl), bands appear which are absent in the more
highly contaminated soils (Fig. 5.2a, arrow 1). Indeed the radioactivity of the *°Sr-treated
soils was lower compared to the '*’Cs-treated soils (Cs1: 50 + 1.9 Bq g'; Sr1: 20+ 1.6 Bq &
1. Nevertheless, due to the higher decay energy of *°Sr (Keller, 1993) the dose rate affecting
the microorganisms in *Sr-treated soils was also higher compared to the '*’Cs-treated soils
(Table 5.1). The band distribution marked by circle 3 (Fig. 5.2a) also seemed to be radiation-
induced. In the lanes with medium and highest contamination, bands were stronger compared
to less or uncontaminated soils. A similar phenomenon was observed by McNamara et al.
(2007). They assumed a competitive outgrowth by radiation-resistant bacteria. Indeed, they

used external gamma radiation with much higher dose rates of up to 10 kGy.

The band distribution in the control soils (Ctrl) of the native fungal band pattern (Fig 5.3a)
deviated from the other radionuclide-treated soils, even the least contaminated ones. Bands
were absent or present in contrast to the other lanes (arrows 1 and 4). These findings suggest
that even relatively low contaminations with '*’Cs and *°Sr may affect the fungal community

structure.

5.6 Conclusions and Outlook

It is not yet clarified whether the Chernobyl radionuclides '*’Cs and *°Sr deposited in
relatively low concentrations in Western Europe and in much higher concentrations in the
Chernobyl exclusion zone influence the microbial community and its functions in soil. One
important function is the decomposition of organic compounds, such as organic pesticides
used in agriculture. In our study, we observed the mineralization of one representative
herbicide, 2,4-dichlorophenoxyacetic acid, exposed to various doses of ionizing radiation. In
addition to the mineralization of the '*C-ring-labeled 2,4-D, the changes in microbial
community were investigated using the bacterial and fungal tDNA DGGE. The uniformly
C-ring-labeled 2,4-D was found to be readily mineralized in all microcosms. In the soils
with low contamination ranging up to 980 Bq g (1.8%10” Gy h™) no effects on the
mineralization rate could be seen. The highest soil contaminations of up to 9610 Bq g

(1.7%107 Gy h™") delayed 2,4-D mineralization in native soils temporarily. The lag phase was
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extended for 4 days. The 2,4-D mineralization in the reinoculated soil was not affected. The
bacterial and the fungal community shifted due to the radioactive contamination. However,
the application of 2,4-D as well as the sterilization/reinoculation procedure affected the
community structure much more strongly than the ionizing radiation. We assume that the
¥7Cs and *Sr deposited in Belorussia, Ukraine and Russia and in Western Europe do not
affect the mineralization of 2,4-D and possibly pesticides with a generally high mineralization

potential.
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6 Final remarks

6.1 General conclusions

During numerous accidents at nuclear power plants (NPP) and other nuclear facilities and due
to nuclear bomb tests large amounts of various radionuclides were ejected into the
environment. In case of damages to the fuel rods or even core melts, numerous artificial
radionuclides appear. Most of these radionuclides have relatively short half-lifes, which
means several weeks or years later only residues of these radionuclides can be found.
However, their risk potential should not be neglected, as for example numerous people died
by thyroid deseases caused by isotopes of iodine also blown out during the Chernobyl
accident (Brenner et al., 2011). The half-life of "*'I is only 8 days. Other radionuclides have
much longer half-lives. Two of them, which are typical for accidents at nuclear power plants
are *’Cs and *’Sr. They were released in huge amounts from reactor 4 in Chernobyl in 1986
and distributed across Ukraine, Belarus, Russia and the European countries. The chemical and
physical properties of both isotopes make them very interesting in various perspectives. Due
to high temperatures caused by the burning moderator material (graphite) the '*’Cs rose into
high altitudes, was transported with wind streams and was precipitated with the rain. Direct
consequences to the human population were manifold, including relocation of the population
and disposal of agricultural crops. Due to its half-life of 30.2 years and its high similarity to
potassium, '*’Cs is still present in our environment. Upper mineral soil fixed much of the
deposited cesium which accumulated in the fungi and subsequently in game, particularly wild
boars (Fielitz, 2005; Konopleva et al., 2009). Thus, even almost 30 years after the Chernobyl
accident, '*’Cs may end up in the human food chain. As it was mainly bound to larger
particles, *°Sr was not distributed across large distances (UNSCEAR, 2000). However, its
half-life is about 28.8 years and even today strong contaminations around the reactor in

Chernobyl can be measured (Kashparov et al., 2001).

Against the background of direct or indirect effects on humans, the radioecological research
after the Chernobyl accident mainly focused on transport of radionuclides into plants, animals
and the human food chain. Only a few studies considered radiation effects on ecological
processes itself. The effects of radioactive contaminations on microorganisms and soils for
example is almost unknown. For this reason a series of experiments were accomplished to

obtain further knowledge on the impact of radionuclides on microbial communities and
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microbial functions. All experiments were conducted at lab scale in soil microcosms. Soil,
artificially contaminated with various concentrations of *’Cs or *’Sr (as nitrates) were applied
with '*C-labeled substrates and incubated under controlled laboratory conditions. The
radionuclide treatment was intended to simulate the contamination appearing in the 10 km
zone around Chernobyl. The lowest radionuclide treatment (~ 15 Bq g') corresponded to the
threshold for the exclusion zone, which starts at 12 Bq g”'. However, applications in this range
did not result in effects and thus were not considered further. The hotspots of '*’Cs
contamination near Chernobyl exhibit values of about 320 Bq g, which corresponded to ~
500 Bq g'1 in the experiments. The highest applications in the experiments were about 15,000
Bq g'. For comparison: *’Cs hotspots caused by the Chernobyl catastrophe in Germany are
about 0.5 Bq g . To obtain most significant results in the DGGE method, the microcosms
were treated with native soil or with soil which was previously sterilized and reinoculated
with a small aliquot of native soil. The process of the sterilization itself had a strong impact
on the community structure and the microbial activities. The comparison of shifts in bacterial
communitis was conducted with the 16S rDNA DGGE, while, in case of fungi the 18S rDNA
DGGE was used.

In the first experiment the focus was on the impact of the radionuclides on the degradation of
'C labeled wheat straw. 2% straw was applied to the microcosms and incubated for 70 days
at 20 °C with a water content of 50% of the water-holding capacity (WHC). The radioactive
contamination showed minor effects on the bacterial as well as the fungal community
structure. In both bacterial and fungal DGGE gel patterns in contaminated soils bands
disappeared, which is an evidence for negative effects on dominant microbial species.
Although the community structure was affected, no impact on the mineralization of the wheat
straw occurred. In agricultural practice wheat straw regularly remains on the field after the
harvest or is used as a fertilizer. Thus the microbial community is adapted to this substrate
and the mineralization starts immediately or without a lag phase. Presumably the lack of some
negative effects is caused by a functional overlap. Hence, numerous different species
participate in the degradation of the wheat straw and compete for the same nutrients, the
inhibition of some species does not affect the turnover rates of the straw. Moreover, the
DGGE method has a limited resolution. Only the most abundant microorganisms in number
are represented in the gel patterns. The amount of the microorganisms bearing the

investigated functions can be much smaller, so they possibly fade into the background.
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In the second experiment the shift of the fungal biomass and the chemical composition of the
soil organic matter under the influence of radionuclides was investigated. Native as well as
sterilized and reinoculated microcosms were applied with wheat straw, various concentrations
of *'Cs or *°Sr and were incubated for 3 months at 20 °C and a water content of 50% of the
WHC. The fungal biomass was compared with help of the ergosterol content, extracted from
soil. The formation of the humic substances was compared by using the solid state nuclear
magnetic resonance spectroscopy (°C CP/ MAS NMR). In both investigations no effects
caused by the radiation could be observed. Conversely, in the community structure, shifts
caused by the radioactive contamination occurred. In the fungal gel pattern these shifts were
much more pronounced than in the bacterial gel. Interestingly, the radiation did not result only
in inhibition, but also in an enhancement of fungal species. This effect is probably caused by
indirect radiation effects: The radiation inhibits particular species, which results in a better

nutrient supply and less competition for other species.

In the third experiment the effects of the applied radionuclides on the mineralization of the
"C-labeled herbicide 2,4-D were observed. The experimental setup was similar to the first
experiment conducted with radio-labeled wheat straw. The mineralization of the 2,4-D was
inhibited for 4 days, which could be ascribed to the contamination with B7Cs or 9OSI‘,
respectively. These effects only occurred in the native soils with the highest concentration
from 8150 to 9610 Bq g', which is approximately 30-fold that of the maximum
contamination near Chernobyl. The 2,4-D was uniformly labeled with '*C in the phenylic ring
structure, which is more recalcitrant than the acetic side chain. It is assumed that only a small
group of specialized microorganisms is able to degrade this ring structure. Thus a functional
overlap can be excluded. However, after a few days the mineralization of the 2,4-D recovers
and the mineralization rates align with the control soils without radioactive contamination. As
in the other experiments here also slight shifts in the microbial community structure were

observed which could be related to the applied radioactivity.

Considering the fact that agricultural treatment is prohibited in the Chernobyl exclusion zone,
which is relatively low contaminated compared to our microcosms, it is suggested that
microbial functions are not affected by accidently released '*’Cs and *Sr in a realistic order of

magnitude.
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6.2 Outlook

It can be concluded for all experiments that '*’Cs and *’Sr affect the bacterial and the fungal
community structure. Several species were reduced in their amount, others were enhanced.
Microbial functions were not affected, or only affected temporarily. B7Cs and °Sr
concentrations in the experiments accounted for at maximum 30 to 50-fold that of the highest
hotspots occurring near Chernobyl and more than 1300 more than the threshold value for the
exclusion zone. Compared to the '*’Cs concentrations which can be found in Western Europe

(e.g. Sweden, 184 kBq m™), the maximum applied concentration exceed the factor 9700.

All experiments were conducted under controlled conditions in the laboratory; the soil water
content as well as the temperature were known and kept constant and except for soil sampling
in the NMR experiment and changing of the NaOH traps, the microcosms were not disturbed
during incubation. For agricultural soils under realistic conditions this is different, as these
soils are disturbed recurringly by plowing, fertilizing, pest treatment, crop growing and
changing weather conditions. Regular plowing for example leads to a further dilution of the
radionuclides and fertilizing and remaining crop residues promote the growth of the microbial
biomass exceedingly. Thus it is expected, that the slight effects visible in our laboratory
experiments are diminished or overlaid by other biotic and abiotic effects under real field

conditions.
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Figure 8.1: Schematic design of a soil microcosm. The microorganisms in the soil degrade the '*C-labeled
substrate and release '*CO,. This will be absorbed in the NaOH and measured in the liquid scintillation

counter (LSC). The measured '*CO, divided by the totally applied '*C radioactivity of the wheat straw

results in the mineralization rate.

Figure 8.2: Soil microcosm array. a) Soil microcosms in the incubator. b) Soil microcosms tempered in a

heated water bath. During incubation the microcosms were shaded.
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Figure 8.3: Example chromatogram of Ergosterol measured with HPLC-UV/VIS.
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Figure 8.4: Improved construction of the NaOH traps used in the experiments. The silicone septum seals
the microcosms and fixes the stainless steel spring wire. CO, traps: LSC vial filled with NaOH for
absorbing the '*CO, evolving from the degradation of '*C-labeled substrate in the soil microcosms. The
traps were replaced each second day by new ones, filled with scintillation cocktail and measured for

absorbed radioactivity in the LSC.
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Figure 8.5: "*C-U-ring-labeled 2,4-Dichlorophenoxyacetic acid (2,4-D). Red star: '*C labeling position in
the phenyl ring
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