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	ABSTRACT	

The worldwide use of triazines as pesticides has resulted in their widespread occurrence in

groundwater. Within the northern boreal region in Southern Finland, 30% of groundwater

sampling points contained pesticides, and acceptable drinking water limits were exceeded in 11%.

Atrazine and its degradation products were among the most common pesticides observed.

Chemical pesticide degradation in soil is slower than microbial degradation. Biodegradation often

decreases with increasing depth. Nutritional factors and soil physicochemical properties affect

microbial pesticide degradation. However, their effects on separate microorganisms, and the

genetic basis of these responses, are not well documented. The aim of this thesis was to isolate and

characterize atrazine-degrading microorganisms, and to find appropriate microbial,

physicochemical, and nutritional demands for pesticide degradation. Microbial community

composition was studied in farmland, forested farmland, and primary forest soils by

pyrosequencing and in gardens, groundwater deposits, and vadose zone sediments by cultivation

on mineral medium with atrazine or terbutryn as the nitrogen source. Atrazine dissipation

efficiency was additionally compared under stagnant and circulating water conditions. The

dominant phyla that increased in atrazine-treated farmland, gardens, deposits, and sediments were

Proteobacteria and Actinobacteria. The overlap in genera was less than in phyla, while the isolated

Pseudomonas strains only slightly overlapped between isolates from surface soils and subsurface

deposits and sediments. Atrazine dissipation was better in circulating than in stagnant water, and

aerobic microbes from genera known to have atrazine degradation genes, all from phyla

Proteobacteria and Actinobacteria, were simultaneously enriched,. Based on the results, the

application of microbial remediation of atrazine and terbutryn requires special attention to soil

physicochemical properties and selection of proper microbial strains.
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ABBREVIATIONS	

ANOVA        Analysis of variance

Atr                  Atrazine

atzA                Atrazine chlorohydrolase

atzB                Hydroxyatrazine ethylaminohydrolase

atzC N-isopropylammelide isopropylaminohydrolase

atzD                Cyanuric acid hydrolase

atzE Biuret hydrolase

atzF Allophanate hydrolase

DEA              Desethylatrazine

DEDIA Desethyldeisopropylatrazine

DIA              Deisopropylatrazine

DGGE            Denaturing Gradient Gel Electrophoresis

DNA               Deoxyribonucleic acid

DOM             Dissolved organic matter

EMBL            European Molecular Biology Laboratory

Fst                  Fixation Index-Statistics (population genetics)

HPLC             High Pressure Liquid Chromatography

Mesocosm      An experimental tool that brings a small part of the natural environment under

controlled conditions

OM                 Organic matter

OTU               Operational taxonomic unit

PCA                Principal Component Analysis
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PCR                   Polymerase Chain Reaction

PLFA                 Phospholipid fatty acid

RDP                     Ribosomal Database Project

SC                 Sequencing and cloning technology

Ter                        Terbutryn

trzD Cyanuric acid amidohydrolase

trzF Allophanate hydrolase

trzN S-triazine hydrolase

US EPA             United States Environmental Protection Agency

16S rRNA          Small subunit of the ribosomal ribonucleic acid
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1	INTRODUCTION	

The practice of agriculture first began
approximately 11 000 years ago, which was
credited as a turning point in human history.
Crop cultivation allowed for a more settled
population and became an important part of
human life (Kislev et al. 2004). Nowadays,
agricultural production is one of the largest
and most important economic activities in the
world, and especially in agricultural countries
it provides a significant impact on gross
domestic product (GDP) growth. It is clear
that farmed crops would suffer from insects,
diseases, and weeds causing a large loss in
yield (Fahad et al. 2015), e.g. weeds cause an
estimated 13% loss on the global crop yield
(Pimentel 2009). Pesticides were invented
and applied to protect crops from certain
bacteria, insects, and other potentially
damaging organisms. Pesticides include
insecticides, molluscicides, nematocides,
fungicides, and herbicides. The history of
pesticides can be tracked back 3000 years,
when  the  Chinese  used  sulfur  to  control
bacteria and fungus (National Academy of
Science, 1969). The first synthetic organic
pesticide was invented in 1939 (Swiss patent
226180, 1943). Since then most pesticides
have been synthesized by humans and their
worldwide application has grown
significantly, with approximately 2.5 million
tons of pesticides now used annually
(Alavanja 2009).

Not only do pesticides control agricultural
pests and prevent crop losses, they also
control human/livestock disease vectors and
harmful  organisms  to  human  activities  and
structures (Cooper and Dobson 2007). For
example, herbicides can control weeds in
agricultural fields and in urban or rural areas

where they can ensure that roads, railways,
and waterways are kept free of vegetation.
Though pesticides have contributed to global
agricultural growth and human well-being,
they are often harmful to more than just their
target species. The major portion of applied
pesticides does not quickly degrade at the
application point, and end up entering the
larger environment, potentially
contaminating it. Currently great interest
exists in bioremediation, particularly
concerning pesticides with high toxicity or
persistence in the environment.

1.1	Atrazine	

Atrazine (2-chloro-4-ethylamino-6-
isopropylamine-s-triazine, C8H14ClN5, Fig.
1) belongs to the group of s-triazine
herbicides. They inhibit photosynthesis by
interrupting the electron transport system.
Atrazine was invented in the 1950s and
quickly became the most popular of the
triazines, due to its effectiveness against a
wide spectrum of weeds. It has since become
one of the most widely researched herbicides
to date. Atrazine is moderately hydrophilic
with water solubility of 33 mg l-1 at  22 ℃
(Tomlin, 2000). The ideal pesticide should be
toxic only to the target weeds, and easily
biodegradable. It should not enter the
surrounding areas or leach into groundwater.
Unfortunately, this is rarely the case.
Atrazine is degraded in the soil relatively
rapidly with half-lives of 32 to 128 days
(Krutz et al. 2008). Its half-life is
considerably longer in subsurface
environments. In groundwater monitoring
pipes and well deposits, atrazine degradation
under aerobic conditions varied from rapid
(half-life 38 days) to no degradation.
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Anaerobically, atrazine half-lives were 430 to
829 days (Talja et al. 2008). Atrazine is
identified as an endocrine-disrupting agent,
which is slightly to moderately toxic to
humans and animals. The European Union
banned the sale of atrazine in 1992, due to its
persistence in groundwater and potential
threat to drinking water resources.

Atrazine and its degradation products e.g.
desethylatrazine (DEA), deisopropylatrazine
(DIA) and desethyldeisopropylatrazine
(DEDIA)were among the most commonly
observed compounds in groundwater in
Finland (Vuorimaa et al. 2007), due to urban
activities, not farming. The slow leaching of
pesticides and degradation products from the
clay soil into the groundwater was suggested
to be related to the long duration problem of
pesticides in groundwater reservoirs in
Finland (Mattsson et al. 2015). Although the
use  of  atrazine  is  banned  in  Finland,  it
remains the most widely and heavily used
herbicide in other nations outside the
European Union such as Brazil, China, India,
and Russia. Over 3.4 x 104 t of atrazine is
applied each year in the USA (Sadler et al.

2014). The expected amount of yearly
atrazine usage in China in 2020 is 10820t
(Zhang et al. 2014).

1.2	Terbutryn	

Terbutryn (2-t-butylamino-4-ethylamino-6-
methylthio-s-triazine, Fig.1) was invented in
the 1970s. It inhibits photosynthesis by
interrupting the electron transport system. In
addition to preventing wild grass growth,
terbutryn is also applied as a biocide in paints,
due to its ability to prevent the growth of
algae on building surfaces (Burkhardt et al.
2012). Terbutryn is moderately hydrophilic,
with a water solubility of 22 mg l-1 at  22℃
and its soil half-life is 14–50 days (Tomlin,
2000). Many commercial products
containing terbutryn are sold in more than 25
countries, including Mexico, the Ivory Coast,
Spain, Guatemala, and the United Kingdom
(LeBaron et al., 2008). Terbutryn can be
transported to surface water and subsoil by
runoff precipitation, and leach through
subsurface soil to the groundwater. The
Environmental Protection Agency of the
United States has classified terbutryn as

Fig. 1 Chemical structures of atrazine and terbutryn



10

belonging to Toxicity Class III – slightly
toxic and a possible human carcinogen.
Terbutryn has negative effects on aquatic
non-target organisms, e.g. common carps are
affected by long-term exposure to
environmental concentrations of terbutryn at
levels of 0.2–2.0 μg l−1 (Velisek et al. 2012).

As many triazine herbicides, terbutryn has a
tendency to move from the soil to surface or
subsurface waterbodies through water
runoffs and leaching (Fenoll et al. 2014). The
European Union banned terbutryn in 2003,
due to it persistence in groundwater and
potential threat to drinking water resources.
However, a sale ban does not necessarily lead
to the immediate disappearance of the banned
substance from the environment. Years after
the end of terbutryn application, its
concentration exceeded the limit of EU
legislation without a visible trend of
decreasing concentration in a river in
Germany (Quednow and Puttmann 2007),
and in wastewater treatment plants in Spain
(Matamoros and Salvadó 2013). The major
degradation product of terbutryn is hydroxy-
terbutryn (2-hydroxy-4-tert-butylamino-6-
ethylamino-s-triazine), and to a minor extent
terbutryn sulfoxide (2-methylsulfinyl-4-tert-
butylamino-6-ethylamino-s-triazine) and N-
deethylated terbutryn (2-methylthio-4-tert-
butylamino-6-amino-s-triazine). Although
the possibility of terbutryn biodegradation
was discussed a long time ago (Muir and
Yarechewski 1982), much less information
exists on the fate and degradation of terbutryn
in soil and water. Muir and Yarechewski
(1982) reported 180-day degradation half-
lives for terbutryn in river sediments under
laboratory conditions. Aerobic and anaerobic
terbutryn half-lives were 193–644 and 266–

400 days in groundwater monitoring pipes
and well deposits, respectively (Talja et al.
2008).

1.3	 Atrazine	 and	 terbutryn	
degradation	

According to Finnish authorities, based on
European Union legislation, the permitted
value of a single pesticide in groundwater is
0.10 μg l-1, and the sum of different pesticides
should not exceed 0.50 μg l-1 (European
Union, 1998). Recently 164 groundwater
samples were investigated from 23 European
countries; 20% of the samples contained at
least one pesticide contaminant that exceeded
the EU limit, and 10% exceeded the limit of
multiple  pesticides.   The  frequency  of
detected atrazine was 56% and its maximum
concentration was 253 ng l-1.  Atrazine
degradation product desethylatrazine was
detected  at  a  frequency  of  52%,  with  a
maximum concentration of 487 ng l-1, and at
six sites its concentration exceeded the
European groundwater quality standard of
0.10 μg l-1 for one pesticide or degradation
product. The results showed that the
occurrence of atrazine and its degradation
products in groundwater is not negligible in
Europe (Loos et al. 2010). Several
physicochemical technologies are available
for the cleanup of atrazine from water,
wastewater, and contaminated soil, e.g.
incineration, thermal desorption, UV,
peroxides, metal oxides, reverse osmosis, and
electrodialysis (Rodrigo et al. 2014). These
treatments are generally expensive, may
involve the formation of toxic by-products,
and in some cases the end products require
further treatment. Bioremediation is a cost-



11

effective and environmentally friendly
alternative.

The natural dissipation of atrazine in soil is
influenced by biotic and abiotic processes.
The clay and organic matter content of an
environment are related to the extent of
adsorption of atrazine in soil and sediment
particles (Nemeth-Konda et al. 2002). Such
an adsorption process enables the
accumulation of atrazine and decreases its
bioavailability. Microbes in the soil are the
primary degraders of atrazine. The
biodegradation of atrazine in soil is space-
variable, being slower in subsurface zones
than in surface soil. Under the vadose zone
and subsurface aquifer conditions, low
temperatures and a lack of degrading
organisms are likely to be primary factors

limiting atrazine biodegradation (Radosevich
et al. 1996).

Krutz et al. (2008) documented the bacterial
metabolic pathway of atrazine (Fig. 2).
Currently known atrazine-degrading isolates
are taxonomically diverse, including
members from the genera Acinetobacter
(Singh et al. 2004), Agrobacterium (Struthers
et al. 1998) Arthrobacter (Zhang et al. 2011),
Chelatobacter  (Cheyns et al. 2012), Delftia
(Vargha et al. 2005), Nocardioides (Omotayo
et al. 2012), Pseudaminobacter (Topp et  al.
2000), Pseudomonas (Hernández et al. 2008),
Rastonia (Stamper et al. 2002), Rhizobium
(Bouquard et al. 1997), and Rhodococcus
(Behki  et  al.  1993).  Of  these,  the
Pseudomonas sp. strain ADP (Mandelbaum
et al. 1995) has become a reference strain and
has been used to elucidate the sequences of
the catabolic enzymes involved in aerobic

Fig. 2 The bacterial metabolic pathway of atrazine, Krutz et al. (2008).
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degradation pathways and to develop probes
for the genes encoding these enzymes. The
characterization of atrazine-degrading
bacterial strains revealed the presence of
atzABCDEF genes in plasmid and the
encoding enzymes involved in the oxygen-
dependent degradation of atrazine (de Souza
et al. 1996; Martinez et al. 2001). Further
studies revealed that these genes were highly
conserved in different microbial genera and
their worldwide spread suggested a potential
molecular mechanism for the dispersion of
the atzABC genes to other soil bacteria (de
Souza et al. 1998). In addition, two other
atrazine-degrading genes encoding the
enzymes atrazine chlorohydrolase and
cyanuric acid hydrolase were characterized
as trzN and trzD, respectively (Karns 1999;
Mulbry et al. 2002).

Compared to the intensive studies on
microbial atrazine degradation and its
molecular mechanisms, the attention paid to
the microbial degradation of terbutryn is
limited. Only a few studies have been carried
out on the topic. The ability to degrade
terbutryn has been reported for strains from
the genus Acinetobacter (Singh et al. 2004).
Terbutryn biodegradation by strains of the
genera Arthrobacter or  Pseudomonas  in  a
lab-scale biofilm reactor was reported, but
the degradation pathway remained unclear
(Sánchez-Sánchez et al. 2013).

1.4	Herbicide	effects	on	
microbial	communities	in	soil	
and	groundwater	

Microbial communities play key roles in the
functions of natural ecosystems, such as
primary production, organic matter
decomposition, nutrient cycling, and the
natural attenuation of contaminants and they
thus contribute to soil and water purification
processes by providing essential ecosystem
services. Our estimation of microbial
community distribution has been governed
by the dictum “Everything is everywhere, but
the  environment  selects”  (De  Wit  and
Bouvier 2006). Microbial distribution is
determined almost entirely by the selection
generated by the prevailing abiotic and biotic
conditions of growth (Koskella and Meaden
2013). Selection can be a significant factor in
structuring natural microbial communities.

Many factors influence the structural
composition and diversity of the soil
microbial community, especially its
functional diversity. These factors can be
roughly divided into two categories, natural
and man-made factors. Natural factors
include vegetation, soil type, temperature,
moisture, and pH value. Man-made factors
include human management of soil, e.g.
pesticides, fertilizers, and soil tillage (Zhou et
al. 2007). Soil microorganisms are varyingly
affected by pesticides, including herbicides,
fungicides, and insecticides. They may
produce different degrees of soil microbial
inhibition, reduce microbial diversity and
biomass, and affect soil microbial community
structure  and  functional  changes.  Hu  et  al.
(2005) studied the effects of atrazine on the
soil microbial community. Results showed
that the application of atrazine (50 mg kg-1)
to soil increased the soil respiration rate
significantly and reduced bacterial
community diversity. The application of
atrazine obviously stimulated soil
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microorganisms. Atrazine could shift the
microbial community structure and function
significantly (Seghers et al. 2003). According
to the denaturing gradient gel electrophoresis
(DGGE) method, atrazine can alter bacterial
community structure (Briceño et al. 2010).
Chen et al. (2015) observed that atrazine had
significant inhibitory effects on soil net
nitrogen nitrification in a 28-day microcosm
incubation, and the soil microbial community
was significantly affected during the
incubation.

The list of atrazine-degrading bacteria is long
and bacterial degradation pathways of
atrazine are well described (Verma et al.
2014), while information of the impact of
atrazine on soil bacterial communities
remains rare. Herbicides may have
immediate or long-term toxicity effects on
bacteria. The effects of herbicides on soil
microbial communities are conventionally
studied by techniques based on microbial
cultivation. For example, the application of
atrazine can inhibit the bacterial population in
soil. Repeated field applications of atrazine
increase the rate of mineralization and may
cause an accumulation of the chemical to a
point that may have deleterious effects on soil
microbiological and biochemical activities.
Several microorganisms able to remove
atrazine from soil by degrading it have been
enriched and isolated (Singh et al. 2004;
Getenga et al. 2009). However, most of the
studies have been conducted in the temperate
and tropical zones, and more attempts to
investigate the microbial degradation of
triazine pesticides in the boreal area should
be made.

The occurrence of bacterial populations able
to remove atrazine does not exclude the risk

of chronic contamination, which can
negatively affect the most sensitive natural
populations and, consequently, decrease
bacterial diversity and to some extent
ecosystem functioning. The high atrazine
input can induce the spread of degradation
genes in the soil microbial community
(Udiković-Kolić et al. 2011). Long-term
application of atrazine can induce some soil
microbial adaptation. These microbial
populations can utilize atrazine as carbon and
nitrogen sources, and the high concentrations
of atrazine can provide more carbon and
energy  for  their  growth  (Smith  et  al.  2005;
Shapir et al. 2007).

Groundwater environments lack light, have a
low availability of organic carbon and
nutrients, and low constant temperature and
oxygen levels. These factors are among the
most important to surface soil and aquatic
microbial communities. Physical and
chemical conditions in the subsurface
environment strongly influence not only the
microbial community but also the behavior of
herbicides (Park et al. 2009; Nousiainen et al.
2015). Herbicides are usually present at low
concentrations in groundwater. Low organic
content and a shortage of degrading microbes
are the main reasons for the low natural
mineralization rate of triazine herbicides.
Nousiainen et al. (2015) claimed that natural
mineralization of atrazine does not occur in
Finnish subsurface soils, because the
nutritional conditions do not favor
degradation. The concentration of atrazine
present in boreal groundwater is low.
Atrazine concentration in groundwater
deposits is positively correlated with organic
matter, nitrogen, and lead (Talja et al. 2008).
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1.5	 Data	 from	 cultivations	 and	
advanced	approaches	

Selective enrichment favors bacteria with the
capacity to grow under special conditions,
e.g. certain bacteria can grow in the presence
of carbon and/or nitrogen sources such as
triazine pesticides. Carbons and nitrogens of
the aminoalkyl groups and nitrogens of the
triazine rings can theoretically be utilized as
growth substrates for bacteria during
biodegradation (Bichat et al. 1999). There is
a very long history of “plating technology” in
the isolation of bacteria from environmental
samples. Although many bacterial species
grow on media, the majority remain
uncultivable even under optimized
conditions. For this reason properly studying
the bacterial diversity of environmental
samples has been very difficult (Youssef et
al. 2015).

The development of chemical and molecular
technologies, such as phospholipid fatty acid
(PLFA) and 16S rDNA DGGE enables us to
examine the world of uncultivable bacteria.
Microbial ecology can be studied by
comparing profiles of bacterial communities,
which is not as precise as species-based
ecological diversity. In recent decades,
Sanger DNA sequencing technology has
developed rapidly (Sanger and Coulson
1975; Nyrén 2007; Liu et al. 2012). As a
result, the number of bacterial 16S rDNA
sequences in databases is increasing
exponentially. The Ribosomal Database
Project (RDP) II databases host a collection

of 10244 bacterial rRNA gene sequences in
the training set Version 14 released in May
2015 (Cole et al. 2005). The classification of
bacterial colonies on medium plates has
become easier and more precise with Sanger
DNA sequencing of 16S rDNA. Visualizing
bacterial diversity and community structure
was possible for the first time with Sanger
sequencing and cloning technology (SC), and
bacterial 16S rDNA libraries containing
thousands of sequences could be obtained.
However, due to the low efficiency of Sanger
sequencing, SC was very expensive to use. In
2005, Roche developed the first next-
generation sequencer (454 Life Sciences,
Roche Diagnostics, CT, USA) based on
pyrosequencing technology. Since then, it
has become widely used in microbial ecology
studies. In 2015, the newest Roche 454 GS
FLX+ System was able to read sequence
lengths up to 1000 bp, and generate
approximately one million sequences per run
with a consensus accuracy of 99.997% in 23
hours.

The fast development of next-generation
sequencing technology does not mean that
Sanger sequencing and plating is useless. The
sequencing technology only gives
information of DNA. Plating is the only way
if isolating and cultivating bacteria is
necessary. Only isolated bacterial strains with
Sanger sequencing of 16S rDNA can be
considered reliable when adopted by e.g.
RDP databases. In addition, if the full length
of 16S rDNA is needed, Sanger sequencing is
the only convenient method eligible, as none
of the next-generation sequencing
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technologies are able to reach accuracies of
1400 bp, which is the accuracy level
achievable with Sanger sequencing.
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2	Objectives	of	the	study	

This thesis focused on studying the microbial
ecology of degradation of the pesticide 2-
chloro-4-ethylamino-6-isopropylamine-s-
triazine (atrazine) and 2-t-butylamino-4-
ethylamino-6-methylthio-s-triazine
(terbutryn). The pesticide problem in
groundwater in Finland is mainly due to
urban  activities,  and  surface  soils  and
groundwater sedimentary deposits were
collected in the city of Lahti and studied in a
laboratory. The influences of water flow,
indigenous microbes, additional carbon
source, and physicochemical conditions of
soils and deposits on the degradation of
atrazine and terbutryn were studied. Several
bacterial strains degrading atrazine or
terbutryn were isolated and identified. The
aim was to find the optimal conditions for the
microbial degradation of atrazine and
terbutryn, and to isolate bacterial strains with
possible potential in bioremediation.

The overall objective of the research is to use
information obtained for the microbial

remediation of groundwater resources
contaminated with triazines, using atrazine
and terbutryn as model compounds.
Microbial community compositions were
determined and compared in atrazine-
contaminated environments including
farmland, atrazine-treated reforested
farmland, primary forest, garden surface
soils, and subsurface sediments/deposits
from drilling sediments and groundwater
monitoring pipes. The effects of
environmental physicochemical composition
on atrazine dissipation were determined. The
results of this thesis will provide information
on optimizing biotic and abiotic conditions
for pesticide bioremediation.

The hypotheses of this thesis are 1) Microbial
community compositions differ between
clean and contaminated environments, and
between surface and subsurface
environments. 2) Environmental
physicochemical composition can be related
to microbial community composition and
pesticide bioremediation.
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3	MATERIALS	AND	METHODS	

3.1	 Origins	 of	 studied	 soils,	
sediments,	and	deposits	

Samples for the mesocosm experiments were
collected from the city of Lahti (60° 58' 0" N
/ 25° 40' 0" E, Finland) with approximately
100 000 inhabitants. (i) Surface soils were
collected from railway C, gardens E and F,
and flowerbed G., Simazine was used two
years prior to sampling in garden point F and
flowerbed G, and garden point E was located
100 m from point F. (ii) The subsurface
deposits below the groundwater table were
collected from groundwater monitoring pipes
A,  B,  C,  and  D  using  a  Waterra  pump  HL
21507 (Ontario, Canada) equipped with an
aggregate power 2601 BV (2.5KW, Hollola,
Finland). The sediments at the bottom of the
groundwater well were collected using an
Ekman grab sampler (Duncan and
Associates, Cumbria, UK). Sampling pipes B
and C contained atrazine in groundwater,
while the water in pipes A and D was clean
(Talja et al., 2008). The water-deposit slurries
were allowed to settle, the water was
removed, and the deposits were transferred to
plastic bags (article II). (iii) The drilling
sediments were collected from a depth of
13.6 m (groundwater table 14.0 m) using a
drill of 4.8 cm in diameter (Tieliikelaitos,
Finland), and the sediments were transferred
to plastic bags (article III). The drilling place
was located close to pipe C, which contained
atrazine in groundwater.

The study sites in China were located on a
forested plain in Wuying (article I), north-

eastern China (129° 11' 16.42" E, 48° 09'
47.24" N). Soil samples were taken from (i) a
conifer and broadleaf mixed primary forest,
(ii) a secondary forest that was a reforested
agricultural field with mainly Korean pine
planted in the early 1990s; and (iii) farmland
mainly used for the cultivation of corn.
Atrazine has been applied to the farmland
annually (1500–1875 g ha-1)

	3.2	Experimental	setup	

3.2.1	 Isolation	 of	 Pseudomonas	
fluorenscens	group	strains	

The 15-g (dry weight) sample or sterilized
counterpart in a 100 ml flask was
supplemented with atrazine (100 μg g-1) and
terbutryn (67 μg g-1, not in drilling
sediments), all in triplicate (Table 1 article II).
Surface soil moisture was adjusted to 60% of
the saturated soil, and groundwater
deposits/sediments were supplemented with
50 ml of water. Approximately 100 mg
samples were collected at  intervals from the
soil mesocosms, and 100 μl samples were
collected from the slurries. To isolate
Pseudomonas spp., 100 μl was cultivated on
mineral agar (Pukkila et al., 2009; atrazine,
33 mg l-1; or terbutryn, 20 mg l-1) from 100
mg of soil in 1.2 ml of water;
deposit/sediment slurry; and serially diluted
drilling sediment slurry
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Analysis Purpose of the method Manufacture/Reference Article

NH4-N, NO3-N,
Total-C, Total-N,
Total-P, Total-K

To determine nutrient levels
in soils, groundwater
deposits, and drilling
sediments

Parkinson and Allen, 1975

Bremner and Tabatabai, 1972

SFS 5505, SFS-EN ISO
10304−1, SFS-EN ISO
10304−2.

I, II

Elements

Cd, Co, Cr, Cu, Fe,
Mn, Ni, Pb, and Zn

To specify the type of
elements present in soils,
groundwater deposits, and
drilling sediments

SFS-EN ISO/IEC 17025 II

Dry weight and
organic matter

To determine the amount of
water in the soils

SFS-EN 13040

SFS-EN 13039

I,II,III

pH To determine the acidity or
alkalinity of soils

Metler Toledo MP220 pH
meter

I

Temperature To monitor the temperature
of a laboratory for different
mesocosms

II,III

Atrazine/ terbutryn
extraction

To extract herbicides Liu et al. (2015) I,III

Atrazine/ terbutryn
concentration

To determine atrazine /
terbutryn concentration in
soils, groundwater deposits,
and drilling sediments.

HPLC I,II,III

Table  1.  Physical  and  chemical  analyses  to  determine  the  experiment  conditions  used  in  this
thesis.
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3.2.2	 Atrazine	 degradation	 in	
stagnant	 and	 circulating	 water	
sediments	

To test the effects of physical, chemical, and
microbial factors on atrazine degradation in
drilling sediments, atrazine dissipation was
studied (a) in sediment slurries (modeling
stagnant groundwater), and (b) during water
flow through sediment columns (modeling
groundwater flow through sediments). Both
experiments consisted of eight different
treatments as presented in article III. (a) In the
sediment slurries, atrazine dissipation was
followed for ten days in experiments
performed in triplicate. Sediments (15.0 g dry
weight) in 50 ml of sterilized water were
shaken in 100-ml flasks (150 rpm,
Laboshake, Gerhardt, Königswinter,
Germany).  (b)  In  the  sediment  column
samples collected in duplicate, atrazine
dissipation was followed for ten days during
water circulation through the saturated
sediment columns. To prepare the columns,
10 ml sterilized syringes were filled with 14.7
g  (dry  weight)  of  sediments,  and  160  ml  of
liquid was circulated through the sediment
columns at a flow rate of 16.7 ml min-1 using
pipes connected to a multichannel pump
(ISM 404B, Ismatec, Germany). The liquids
in the flasks were shaken at 150 rpm (Unimax
1010, Heidolph Instruments).

3.3	Analyses	

Soil properties including pH, temperature,
organic matter, total-K, total-P, total-N, NH4-
N, NO3-N, dry weight, and elements (Mn, Zn,
Pb, Cd, Co, Cr, Ni, Cu, and Fe) were analyzed
as presented (Table 1). Concentrations of
atrazine and terbutryn were analyzed using
high performance liquid chromatography
(HPLC). More precise methods for pesticide
analyses are presented in articles I, II, III.
Bacterial cultivation, identification of
microbes by 16S rDNA sequencing, and
sequence analyses were performed as listed
in Table 2.

DNA was extracted from soil or bacterial
strains for the DNA-based analyses, and then
used as a template to amplify the 16S rDNA
sequence by polymerase chain reaction
(PCR) with general bacterial 16S rRNA gene
primers (Edwards et al. 1989). Bacterial
strain sequences were compared with
databases using the FASTA program, and
phylogenetic clustering was determined. The
DNA sequences generated by 454-
pyrosequencing were analyzed using
MOTHUR (v1,35,0, 64-bit for Windows)
according to standard operating procedures
(Schloss et al. 2011). Phylogenetic diversity
was determined in MOTHUR based on a
phylip-formatted distance tree of unique
sequences.
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3.4	Calculations	

Rarefaction, Chao 1 diversity index,
Shannon's diversity index, and evenness
(Simpson’s complement) were estimated for
each sample using Estimates (version 8.2,
Colwell, 2006). An indicator species analysis
was performed based on the 200 most
frequent operational taxonomic units (OTUs)
using the multipatt function in the
indicspecies package (De Caceres and

Jansen, 2015) in R. The SPSS Statistical
package for Windows (SPSS Inc., Chicago,
IL, USA) was used to calculate the Pearson
two-tailed correlation analyses (II, III),
analysis of variance (ANOVA) (II), and
principal component analysis (PCA) (II).
ANOVA was followed by the Tukey’s test or
the nonparametric Kruskal-Wallis test (p<
0.05), followed by pairwise comparisons
using the Mann-Whitney test (Kruskal and
Wallis 1952; Mann and Whitney 1947; II,
III).
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Table 2. Microbial and molecular methods used in this thesis. PCR, polymerase chain reaction.
More precise descriptions of methods are presented in articles I–III.

Analysis Purpose of the method Equipments/ materials reference

Enrichment culture To enrich microbes in
mesocosms

Shaker (120 rpm; Unimax 1010,
Heidolph Instruments,
Schwabach, Germany)

II

Microbial cultivation To grow microbes on a
selective medium as
the primary step in
isolating microbes

I,II,III

DNA-extraction To extract DNA from
a microbial culture as
the first step in
characterizing
microbes

UltraClean™ Microbial DNA
Isolation Kit (MO BIO
Laboratories, Carlsbad, CA,
USA)

I,II,III

PCR To amplify microbial
DNA

DNA Engine DYAD Peltier
Thermal Cycler (Bio-Rad,
Hercules, CA, USA)

I,II,III

Electrophoresis To detect PCR
products and estimate
DNA concentration

Chemi Imager 5500 (Alpha
Innotech Corporation, San
Leandron, CA, USA)

Phylip package To conduct
phylogenetic analyses

Felsenstein 1989 II

Fatty acid analyses To determine the fatty
acid composition of
bacteria from
mesocosms

(Suutari et al. 1990; Suutari and
Laakso 1992)

II

Staden package To assemble, edit and
analyze DNA
sequences

(Bonfield et al. 1995) II

Sequencing  and
DNA sequence
analyses

To identify the
microbe based on the
16S rRNA genes

DNA Sequencing Laboratory
(Institute of Biotechnology,
University of Helsinki, Helsinki,
Finland)

I,II,III
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Table 3. Programs used in this thesis for statistical analyses and microbial diversity analyses. More
precise descriptions of methods are presented in articles I–III.

Program Purpose Reference Article

Arlequin To analyze population
genetics data of isolated
microbes

(Excoffier and Lischer
2010)

II

SPSS, Kruskal-Wallis
test, Mann-Whitney’s
test

To conduct principal
components analysis

IBM 2013 I,II,III

Mothur To analyze all sequences
generated by 454-
pyrosequencing

v1,35,0, 64-bit for
Windows

I

Estimates To estimate Rarefaction, Chao
1 diversity index, Shannon's
diversity index, and evenness
(Simpson’s complement)

version 8.2, Colwell,
2006

I

Unifrac To calculate phylogenetic
diversity of bacterial
community in soils

I
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4	RESULTS	AND	DISCUSSION	

4.1	Bacterial	community	
composition	in	surface	soils	

The ecological effect of reforesting the
atrazine-treated farmland was determined by
means of massive DNA sequencing
technology. Using 454-pyrosequencing we
retained 10 225, 13 326, and 11 981 bacterial
16S rRNA gene sequences from farmland,
forest soils, and reforested farmland in
northeast China, respectively. The obtained
pyrosequencing data set represented a diverse
soil bacterial community of 1536 OTUs
(excluding 4989 global 235 singletons).
Bacterial OTUs representing Proteobacteria
were the most abundant group, covering
approximately 37.6% of total sequence
frequency. Apart from the unclassified
bacteria, other major detected phyla were
Acidobacteria (11.3%), Bacteroidetes
(11.1%), Actinobacteria (10.2%), Firmicutes
(8.2%), Planctomycete (2.6%), and
Verrucomicrobia (2.5%) (Table 2, article I).
Bacterial community shifts were observed in
the atrazine-treated farmland compared to
forest soils (reforested farmland and primary
forest), largely attributable to responses of
the following taxa: an increase in
Actinobacteria, β-proteobacteria, and
Firmicutes and a decrease in Acidobacteria
and Verrucomicrobia (Table 2, article I).
Other major taxonomic groups either
remained unchanged across the different land
uses or were not frequent enough to be
analyzed. The effects of pesticides on soil
microorganism communities have been
previously documented (Dewey et al. 2012).
Soil microbial biomass and enzyme activities
decreased significantly, affected by atrazine
in agricultural soils at concentrations of 2mg

g-1. An atrazine load of 10 mg kg−1 reduced
microbial diversity, the Shannon-Wiener
index (H) values were reduced to 2.23
compared with the control (H = 2.59), within
the 28-day incubation time (Chen et al.
2015). However, during this study we were
unable to detect any significant diversity
level differences in atrazine-treated farmland
soils compared to forest soils. The reason
behind this might be the low concentration of
atrazine (18.32 ± 8.59 μg kg-1) in the studied
farmland (article I).

The frequencies of Actinobacteria and
Proteobacteria showed positive correlations
with atrazine concentrations in soils. These
two phyla have also been reported as the most
abundant phyla in soils containing
agrochemicals (Udiković-Kolić et al. 2010;
Godoi et al. 2014). Indeed, many bacterial
atrazine degraders are from these two phyla
(Udiković-Kolić et al. 2012). In this thesis,
we assumed that the degrading
microorganisms were initially present in the
farmland  soils  and  that  they  were  able  to
metabolize atrazine. This assumption was
based on the fact that the studied farmland
sites had been previously treated with
atrazine under normal agricultural practices.
Land use history has a strong impact on the
soil bacterial community (Jangid et al. 2011).
It is usually admitted that the exposure of soil
to a herbicide promotes the abundance and
activity of atrazine-degrading
microorganisms (Martin-Laurent et al. 2003).
The repeated application of atrazine may
have led to growth-dependent atrazine
degradation and population increases of
selected OTUs capable of metabolizing the
contaminant. The observed trend was that
atrazine-treated farmland soil was enriched in
bacterial groups that were reportedly to
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tolerate or utilize atrazine, while the growth
of several acidobacterial OTUs appeared to
be inhibited. The natural attenuation for 20
years is not enough to degrade atrazine
completely in soil (Article I).

4.2	Microbial	isolation	from	soils	
and	subsurface	
sediments/deposits	under	
pesticide	stress	

4.2.1.	Atrazine	and	terbutryn	
degradation	in	surface	soils	and	
subsurface	deposits/sediments	

Degradation experiments were performed
with atrazine and/or terbutryn as nitrogen
sources to enrich a bacterial consortium
capable of degrading atrazine (Fig. 3).
Microbial atrazine degradation was observed
in surface soils from gardens E and F, and
flowerbed G (Fig. 3a). On day 189, these

three soils contained less atrazine than their
sterilized counterparts. In subsurface
deposits, atrazine degradation was only
observed in pipe A deposits, in which
atrazine was completely degraded after 176
days, while the degradation of atrazine was
negligible in sterilized pipe A deposits (Fig.
3c and article II).

The differences in terbutryn degradation
between sterilized and non-sterilized samples
were clear. In the soils from garden F and
flowerbed G, most of the added terbutryn was
dissipated in 189 days, while barely any
degradation was observed in the sterilized
samples (Fig. 3b). Deposits from pipe A and
pipe C showed terbutryn degradation during
400 days (Fig, 3d). Both atrazine and
terbutryn degradation was observed in pipe A
deposits. An adapted microbial population
able to degrade these herbicides may have
developed. Terbutryn was reported to be
degraded more rapidly than atrazine in the

Fig. 3 Atrazine and terbutryn enrichment cultures of (i) surface soils from garden E, garden F,
and flowerbed G. (ii) subsurface deposits from pipe A and pipe C.
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subsurface deposits (Talja et al. 2008). The
C−S bond of terbutryn may break more easily
than the C−Cl bond of atrazine. Cl-triazines
such as atrazine have formed bonds with
organic matter, which were stronger than
those of S-triazines such as terbutryn,
indicating that sorption may inhibit atrazine
degradation more than terbutryn degradation
(Abdelhafid et al. 2000).  The
photodegradation of terbutryn has also been
faster than that of atrazine (Lányi and Dinya
2003). The complex, poorly degradable
humic substances, typical for the northern
boreal region, may form interactions with
pesticides and prevent both chemical and
microbial degradation.

A laboratory-scale model system of
groundwater sediments/deposits was
constructed. Atrazine dissipation and related
microbial growth were followed in short-

term ten-day experiments using two
subsurface sediment systems: the stagnant
sediment slurries and water circulation in
sediment columns. In addition to (1) control
sediments (no additives), the following
amendments were included in the study
arrangements: (2) Pseudomonas ADP; (3)
four microbes; (4) atrazine; (5) atrazine and
Pseudomonas ADP; (5) atrazine,
Pseudomonas ADP, and citrate; (7) atrazine
and four microbes; (8) atrazine, four
microbes, and citrate (article III, Table 1).
The concentrations of organic matter and
inorganic  elements  in  the  sediments  were
low, with NH4-N and NO3-N levels below the
limit of detection (Table 3, article III).
According to the two-factor Kruskal-Wallis
test (p< 0.05), the mode of system
(slurry/column) and treatments significantly
affected both atrazine dissipation and
microbial growth.
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Fig. 4 Atrazine degradation in stagnant sediment and circulated water.
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The atrazine concentration decreased from
53.4–63.8 mg l-1 in the sediment slurry down
to 10.3–17.5 mg l-1 in the circulating water of
columns (article III, Fig. 4). At the end of the
experiments, no atrazine was detected in the
extraction of the column sediments. The
addition of Pseudomonas ADP, four
microbes, or citrate had minor effects on the
atrazine concentration and cell numbers of
slurries during the ten-day experiment. At the
end of the experiment, the quantity of
atrazine extracted from the atrazine-amended
sediments in the slurries was 50.1±25.8 μg
(equivalent to 1.0±0.5 μg l-1 of  slurry  and
3.3±1.7 μg g-1 of  sediment).  The
physicochemical conditions of groundwater
are very different from soil. The microbial
population is approximately 104-fold less
than in topsoil. The water temperature
remains constantly below 10 ºC. Oxygen and
the amount of dissolved organic matter
(DOM) are low. All these are essential factors
for bacterial growth, and consequently
bacterial activity and growth are extremely
limited in groundwater environments.

4.2.2	Microbe	isolation	from	surface	
soils	and	subsurface	
deposits/sediments	

In  this  thesis,  microbes  possibly  related  to
atrazine or terbutryn degradation were
enriched in a laboratory, and similar phyla
were also increased in atrazine-treated
farmland  (article  I).  A  total  of  37
Pseudomonas strains were isolated from
mesocosms on mineral agar with atrazine or
terbutryn as a nitrogen source (Table 1). The
mesocosms were prepared from (i) surface

soils, (ii) groundwater deposits slurries, and
(iii) drilling sediment slurries. In addition,
mesocosms included (iv) sterilized surface
soils (indoor soils) and (v) sterilized
groundwater deposit slurries (indoor
deposits), which were self-colonized indoors
during long 599–625-day incubation periods.
Atrazine-degrading strains were also isolated
from mesocosms to evaluate their potential
role in atrazine dissipation. Fifteen strains
were isolated from a mineral medium
containing terbutryn, and 22 strains were
isolated from a mineral medium containing
atrazine.

According to pairwise FST values,
Pseudomonas communities growing under
atrazine stress in five study mesocosms were
equivalent to those under terbutryn stress.
Further, a total of 17 microbes were isolated
from the degradation experiment (article III)
on a medium with atrazine as the sole
nitrogen source. These isolates represent
aerobic strains able to grow as major
cultivable bacteria under atrazine stress in the
studied subsurface sediment systems with
low concentrations of organic matter, NH4-N,
NO3-N, and elements (Tables 2 and 4 in
article III). Zhou et al. (2002) found that
carbon plays an important role in shaping soil
microbial communities. The observed
microbial communities differed between
surface and subsurface soils in low carbon
conditions, but showed a uniform diversity
pattern in high carbon conditions, regardless
of depth. The isolated Pseudomonas strains
from surface soils and subsurface
sediments/deposits differed despite
belonging  to  the  same genus  (Table  4).  The
distribution of these isolates was determined
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by organic matter, NH4-N, NO3-N, and
elements, regardless of whether they were
enriched in atrazine or terbutryn (Article II).
Understanding the forces that shape soil
microbial communities should help in

properly maintaining soil communities and in
the wise use of microbial strains in
remediation.

Surface
soils

Sterilized
surface soils

Sterilized
groundwater
deposits

Groundwater
deposits

Drilling
sediment

P. mandelii
CIP 105273T

AF058286 Atr Atr

Ter Ter

P. marginalis
ATCC 10844T

AB021401 Atr

P.veronii CIP
104663T

AF064460 Atr Atr Atr Atr

Ter Ter

P. sp. IC038 U85869 Atr

Ter Ter

P.sp.LAB-23 AB051699 Atr

Ter

Of the isolates gathered from the drilling
sediments, three strains were Gram-positive
Actinobacteria from the genera Rhodococcus
(ATR50), Streptomyces (ATR42), and
Williamsia (ATR44), and the rest were from
the phylum Proteobacteria (Table 5). The
isolates from class alphaproteobacteria
belonged to the genera Methylobacterium
(ATR47, ATR52) and Sphingomonas

(ATR64); isolates from class
betaproteobacteria belonged to the genera
Burkholderia (ATR49)  and Variovorax
(ATR46, ATR63), and isolates from the class
gammaproteobacteria belonged to the genera
Acinetobacter (ATR55) and Pseudomonas
(ATR41, ATR45, ATR51, ATR53, ATR54,
ATR56, ATR62). Actinobacteria and
Proteobacteria were also the dominant phyla

Table 4. Isolated strains from surface soils, groundwater sediments/deposits
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in the atrazine-treated farmland based on the
bacterial community analyses (article I). All
of the isolates in this thesis gathered from
Finnish urban soils and subsurface
sediments/deposits belonged to the same two
phyla. The sampling sites in China and

Finland are both located in the boreal region,
and the black soils in northeast China and
Finland are rich in nutrients and organic
matter  (Liski  and  Westman  1997).  Similar
conditions may uphold similar microbial
communities.

Atrazine-treated farmland surface
soils

Urban surface soils and subsurface
sediments/deposits

Phylum Genus Phylum Genus

Actinobacteria Arthrobacter Actinobacteria Williamsia

Actinobacteria Streptomyces Actinobacteria Streptomyces

Actinobacteria Rhodococcus Actinobacteria Rhodococcus

Proteobacteria Methylobacterium Proteobacteria Methylobacterium

Proteobacteria Pseudomonas Proteobacteria Pseudomonas

Proteobacteria Ralstonia Proteobacteria Acinetobacter

Proteobacteria Rhodanobacter Proteobacteria Burkholderia

Proteobacteria Sphingomonas

Proteobacteria Variovorax

Members of the genus Arthrobacter have
been reported to be dominant among clones
in  the  16S  rRNA  gene  clone  library  of
atrazine-mineralizing bacterial communities
originating from the contaminated soils of an
agrochemical factory (Udikovic-Kolic et al.
2010). In addition, one Arthrobacter strain
was isolated from farmland in Heilongjiang,

China. It contained the degrading genes trzN,
atzB, and atzC,  which  enable  the  strain  to
decompose atrazine to cyanuric acid (Zhang
et al., 2011). These atrazine degradation
genes are generally highly conserved and
located on a plasmid, which increases the
probability of spreading the gene cluster
between bacteria independent of their genera

Table 5. Comparison of phyla and genera of the 54 isolated bacterial strains (surface soil,
subsurface deposits/sediments, and cultivation) and indicator species of atrazine-treated
farmland bacterial communities based on analysis of the 200 most frequent OTUs using 454-
pyrosequencing.
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(Sajjaphan et al. 2004; Martin-Laurent et al.
2006; Liu and Parales 2009). The isolated 54
bacterial strains belonged to Actinobacteria
and Proteobacteria. These two phyla were
also detected in atrazine-treated farmland.
The genera Rhodococcus, Pseudomonas,
Streptomyces, and Methylobacterium were
found  among  the  isolates  from  Finland  and
16S rDNA sequences from China (Table 5).
Isolating potential pesticide degradation
strains from these genera appears promising.
However, isolate diversity within the same
genus was high (Table 4). Degradation
activity and capability do not assure
successful practical application in sediments.
The four microorganisms inoculated to the
sediments did not grow among the major
cultivable microorganisms as in the
degradation experiment (article III). Two
strains were bacteria (Pseudomonas sp.
ATR18/2; Janthinobacterium sp. ATR17/2)
and two were fungi (Acremonium sp,
ATR16/2; Penicillium sp. ATR18/2b). These
four microorganisms were isolated from
groundwater deposits on selective medium
containing atrazine (33 mg l-1). They are
indigenous microbes in groundwater
deposits,  yet  they  were  not  among  the
cultivable strains either in the stagnant or in
the water-circulated sediments.

4.3	 Remediation	 of	 atrazine	 in	
soils	and	groundwater	sediments	

In this study, atrazine was detected (4.64 ±
2.02 μg kg-1) in reforested farmland
approximately 20 years after reforestation,
indicating that the contaminant was not

completely degraded by natural attenuation.
The active farmland soil was annually treated
with large amounts of atrazine to control
weeds, and was unsurprisingly found to
contain 18.32 ± 8.59 μg kg-1 of atrazine.
Studies showed the presence of atrazine in
the soil over 20 years after the last application
(Jablonowski et al. 2008).

Atrazine-containing groundwater has been a
global problem for a long time (Mirgain et al.
1993). The high persistence of atrazine ring
carbon is not completely understood and
could be due to a combination of binding to
the soil matrix in unavailable forms or lack of
metabolic capability. The accumulation of
the parent compound in soil may represent a
long-term source of dissolved or colloid-
bound atrazine and its metabolites to
groundwater or surface waters. The
bioavailability of pesticides adsorbed to soils
is an important factor in determining their
environmental fate. Generally, soil-adsorbed
atrazine is considered to have low
bioavailability for biodegradation (Park et al.
2003). Atrazine can bind to soil, sediment,
and/or DOM, consequently reducing its
bioavailability (Akkanen et al. 2001). In this
thesis, water circulation enhanced atrazine
degradation, possibly because the mechanic
force produced by flowing water can release
atrazine from its bind in sediment particles
(article III). Water circulation increases the
amount of dissolved oxygen, and
consequently the supported organisms grow
aerobically (article III). An enhanced
biodegradation of triazine may be achieved
by increasing the oxygen content in
groundwater sediments with pumping
strategies.
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Many factors have been reported to advance
the degradation of triazine herbicides,
including previous exposure (Fenoll et al.
2014) and nitrogen scarcity (Sinkkonen et al.
2013).  The effects of carbon amendment on
triazine degradation are contradictory. The
addition of glucose has negatively affected
the growth of atrazine-degrading bacteria
(Xie et al. 2013), however, atrazine
dealkylation was enhanced in treatments with
100 and 1000 μg g−1 of sucrose (Ngigi et al.
2012). Little is known of how carbon impacts
the added degraders performing
bioremediation of soils with high
concentrations of s-triazine herbicides.

Additional citrate as the major source of
carbon and energy did not result in increased
atrazine degradation in our study. Fenner et
al. (2007) has suggested that increasing
organic carbon contents could result in
inhibited atrazine degradation rates, most
likely due to an enhanced extent of atrazine
sorption and hence lower bioavailability.
Organic carbon affected the distribution of
Pseudomonas strains in the soil layers (article
II). Organic carbon therefore needs to be
adjusted well to provide an optimal microbial
chemical condition for pesticide degradation
in practical microbial remediation.
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5	CONCLUSIONS	

The microbial dissipation of atrazine and
terbutryn in soils and groundwater
sediments/deposits was observed in our
laboratory study. Bacterial strains growing in
the presence of atrazine or terbutryn were
isolated from the studied groundwater
sediments/deposits and surface soils. The
diversity of atrazine- and terbutryn-degrading
microbes in surface soils and groundwater
sediments/deposits was relatively high. The
isolates belonged to the genera
Acinetobacter, Burkholderia,
Methylobacterium, Pseudomonas,
Rhodococcus, Sphingomonas, Streptomyces,
Variovorax, and Williamsia.   By  means  of
DNA sequencing, soil bacterial diversity in
atrazine-treated surface soils remained
unchanged compares to untreated soils, but
the bacterial community structure differed
from the nearby reforested soil and primary
forest. The same phyla were observed by both
cultivation-based and DNA sequencing -
based methods. They present the potential
atrazine degraders.

The long-term 20 years of natural attenuation
did not completely degrade soil atrazine
residues. In our short-term ten-day laboratory
degradation experiment, the atrazine
degradation rate in groundwater sediment
was 36.2–89.7%. Atrazine bioavailability
seems to be the limiting factor for
biodegradation. Mechanical forces caused by
flowing water in sediments released atrazine
for microbial degradation, resulting in
improved atrazine degradation. The
difference in the microbial communities of
surface soils and subsurface sediments/
deposits is significant. By studying the
degrading microbes and the optimal
conditions for microbial degradation,
bioremediation techniques may be developed
to clean contaminated sites. In this thesis
atrazine and terbutryn were studied as models
of the triazine group, where group members
shared similar chemical structures. The
information obtained can be used in future
research to develop solutions for the
bioremediation of triazine-contaminated
sites.
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