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ABSTRACT

The worldwide use of pesticides (herbicides, insecticides, and fungisides)
currently amounts to 2.4 billion kilos. Only a small proportion of pesticides actually
reach the target organism, whereas the majority becomes a potent contaminant that
threatens the environment and humans. Microbes, present everywhere in the
environment, have the ability to degrade many kinds of man-made chemical
compounds, xenobiotics. By studying the degrading microbes and the optimal
conditions for microbial degradation, bioremediation techniques may be developed to
clean contaminated sites.

A metabolite of the herbicide 2,6-dichlorobenzonitrile (dichlobenil), is 2,6-
dichlorobenzamide (BAM). BAM is frequently detected in groundwater worldwide, and
thus the use of dichlobenil is nowadays banned in the EU. Dichlobenil is degraded in
soil relatively quickly, but BAM is much more persistent. Due to its high water
solubility and low sorption affinity, BAM easily leaches down to deeper soil layers and
even to groundwater where it is considered stable.

This study focused on the degradation of dichlobenil and BAM in Finnish
groundwater sedimentary deposits and topsoil. The biotic and abiotic factors associated
with effective dichlobenil  or BAM degradation were studied. The aim was to examine
how the presence of microbes and oxygen, and the chemical characteristics of soil and
groundwater deposits, affect the degradation rates of dichlobenil and BAM. In addition,
the indigenous microbes degrading these compounds were enumerated, and some were
isolated and identified.

Dichlobenil was degraded in all studied groundwater sedimentary deposits and
topsoil. The presence of microbes and oxygen, and high carbon and nitrogen contents
enhanced dichlobenil degradation. As expected, BAM was more resilient to microbial
degradation than dichlobenil. Significant aerobic microbial degradation of BAM was
detected only in one out of five deposits, and in another weak biodegradation was
observed. In these two deposits the concentrations of the elements manganese, zinc,
cobalt, lead, and nickel were high.

Aerobic bacterial strains growing in the presence of dichlobenil or BAM were
isolated from all studied groundwater sedimentary deposits and topsoil. The isolates
belonged to the phyla Proteobacteria, Actinobacteria, and Bacteroidetes,
Gammaproteobacteria being the largest group of isolates. The dichlobenil or BAM
degradation capacity of the isolates was rather low (5-46%) and not demonstrated for all
isolates.

In conclusion, the diversity of dichlobenil and BAM degrading aerobic
microbes in Finnish groundwater sedimentary deposits and topsoil was relatively high.
Especially the high number and diversity of isolated BAM degrading strains was
unexpected, as only few BAM degrading strains have been reported earlier. Due to their
low degradation capacity the potential of these isolates in bioremediation is not
considered high, but they could be used e.g. to identify the genes and enzymes involved
in the degradation of dichlobenil and BAM.



TIIVISTELMÄ

Maailmassa käytetään vuosittain noin 2,5 miljardia kiloa torjunta-aineita
rikkakasvien, tuhoeläinten ja kasvitautien torjuntaan. Arviolta vain murto-osa tästä
määrästä osuu kohteeseensa, kun taas suurin osa päätyy ympäristöön aiheuttaen sille tai
ihmisen terveydelle mahdollista haittaa. Ympäristön mikrobit käyttävät hyväkseen
monenlaisia ihmisen valmistamia yhdisteitä hajottamalla ne joko osittain tai kokonaan.
Näitä hajottajamikrobeja voidaan hyödyntää pilaantuneiden alueiden puhdistamisessa.
Puhdistusmenetelmien kehittämiseksi tarvitaan tietoa hajottajamikrobeista ja
hajotusprosesseihin vaikuttavista tekijöistä.

Diklobeniili on rikkakasvimyrkky, joka hajoaa pintamaassa melko nopeasti
2,6-diklorobentsamidiksi (BAM). BAM on hyvin stabiili, ja erittäin vesiliukoisena ja
heikosti maahan sitoutuvana se kulkeutuu helposti maaperässä alaspäin aina
pohjaveteen asti. BAM on yleinen pohjavesiä pilaava yhdiste ja siksi diklobeniilin
käyttö EU-maissa on nykyään kielletty.

Tässä väitöskirjatyössä tutkittiin laboratoriokokein diklobeniilin ja BAM:n
hajoamista suomalaisessa pintamaassa ja pohjavesisakoissa. Päämääränä oli selvittää
erityisesti niitä tekijöitä, jotka edistävät BAM:n hajoamista pohjavesiympäristössä.
Ympäristön kemiallisen koostumuksen ja mikrobiston sekä hapen vaikutusta
diklobeniilin ja BAM:n hajoamisnopeuteen testattiin. Lisäksi arvioitiin näitä yhdisteitä
hajottavien mikrobien määrää sekä eristettiin ja tunnistettiin hajottajamikrobeja.

Diklobeniili hajosi pintamaassa melko nopeasti, mutta pohjavesisakoissa
hitaammin. Mikrobit, happi ja korkeat hiili- ja typpipitoisuudet tehostivat hajoamista.
BAM:n hajoaminen oli odotetusti vähäisempää. Viidestä tutkitusta pohjavesisakasta
vain yhdessä havaittiin merkittävää mikrobiologista BAM:n hajotusta, ja toisessa
nähtiin merkkejä BAM:n hajoamisesta. Näissä kahdessa sakassa tiettyjen alkuaineiden
(mangaani, sinkki, koboltti, lyijy, nikkeli) pitoisuudet olivat korkeammat kuin sakoissa,
joissa BAM:n hajoamista ei havaittu.

Diklobeniiliä tai BAM:a hajottavia mikrobeja löytyi sekä pintamaasta että
kaikista pohjavesisakoista. Niiden määrät olivat vähäisiä, mutta eristettyjen mikrobien
lajikirjo oli yllättävänkin runsas; erityisesti BAM:a hajottavia mikrobeja on
aikaisempien tutkimusten perusteella tunnettu vain muutama. Tutkimuksessa eristetyn
ja tunnistetun laajakirjoisen, yli 50 bakteerikannan joukon kyky hajottaa diklobeniiliä
tai BAM:a oli melko alhainen. Siksi niitä ei suoraan voida käyttää pilaantuneiden
alueiden puhdistamisessa. Bakteerikantojen genomeja tutkimalla voitaisiin kuitenkin
pyrkiä selvittämään esimerkiksi diklobeniilin ja BAM:n hajotusmekanismeihin liittyviä
geenejä ja entsyymejä.
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ABBREVIATIONS AND THEIR DEFINITIONS USED IN THE
THESIS

ANOVA Analysis of variance

BAM 2,6-dichlorobenzamide, degradation product of dichlobenil

C:N Carbon-to-Nitrogen ratio

DGGE Denaturing Gradient Gel Electrophoresis

DNA Deoxyribonucleic acid

DCB 2,6-dichlorobenzonitrile or dichlobenil, pesticide

dwg dry weight in grams

EMBL European Molecular Biology Laboratory

HPLC High Pressure Liquid Chromatography

Kd Sorption distribution coefficient

mbs meters below surface

MPN Most-Probable-Number, a method for enumerating microbial numbers

OM organic matter

PCA Principal Component Analysis

PCR Polymerase Chain Reaction

r-K two different strategies for microbial growth

T½ half-life

US EPA United States Environmental Protection Agency

16S rRNA small subunit of the ribosomal ribonucleic acid

2,6-DCBA 2,6-dichlorobenzoic acid
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1. INTRODUCTION

1.1 Pesticides

Pesticides are defined as
substances that are used to protect crops,
humans, or animals against harmful or
unwanted living organisms. Pesticides
can be divided into herbicides (unwanted
plant species or weeds), insecticides
(insect pests), or fungicides (disease
causing fungi) according to their target
organisms (US EPA). The worldwide
annual consumption of pesticides as
active substances is around 2 400 000
tons  (2.4  billion  kg)  of  which  the  USA
market accounts for about 22% (Grube et
al. 2011). In the European Union (EU)
countries, more than 200 000 tons of
pesticides are used each year (Eurostat
2007). At the moment, 462 different
biologically active substances are
approved  as  pesticides  by  the  EU  (EU
Pesticide database).

Studies report, that less than
0.1% of the quantity of applied pesticides
reach the target organisms (Pimentel
1995; Pimentel and Burgess 2012). The
majority of the applied pesticides ends up
in the air, soil, and/or water, and becomes
a potential contaminant. Varying levels of
harmful effects have been reported on
microorganisms, fish, birds, and humans
(Hussain et al. 2009). The EU set up a
framework directive (2009/128/EC) in
2009 the objective of which is a more
sustainable use of pesticides (EU 2009).
This includes reducing the use of
pesticides,  and  replacing  them  with
substances less harmful to the
environment and to humans.

1.2 Dichlobenil and BAM

Dichlobenil (2,6-dichlorobenzo-
nitrile, DCB) is a broad-spectrum
herbicide that inhibits cell wall
biosynthesis by preventing the
incorporation of glucose into glucans. Its
herbicidal effect was first demonstrated in
1960, and soon afterwards products
containing dichlobenil were introduced
onto the global market (Koopman and
Daams 1960; US EPA 1998; Health
Canada PMRA 2005). It has been mostly
used for controlling weeds along
railroads, plant nurseries, and private
gardens by killing weed plants and their
germinating seeds (US EPA 1998).

Dichlobenil is a benzonitrile and
it has two chlorides in the ortho-positions
in relation to the R substituent (Fig. 1).
Benzonitriles can be degraded by two
different enzymatic routes: either by
nitrile hydratase to benzamide and further
by amidase to benzoic acid, or directly to
benzoic acid by nitrilase (Banerjee et al.
2002). The main metabolite of
dichlobenil is 2,6-dichlorobenzamide (
BAM), as determined by several field and
laboratory studies, (Fig. 1; Beynon and
Wright 1968, 1972; Briggs and Dawson
1970; Verloop and Nimmo 1970;
Montgomery et al. 1972; Verloop 1972;
Miyazaki  et  al.  1975;  Simonsen  et  al.
2006; Clausen et al. 2007; Holtze et al.
2007a; Sørensen et al. 2007; Holtze et al.
2008). The breakdown of BAM yields
2,6-dichlorobenzoic acid (2,6-DCBA),
which is rapidly degraded further by ring
cleavage between carbons in positions 3
and  4  (Holtze  et  al.  2007a;  Frková  et  al.
2014). The direct formation of 2,6-DCBA
from dichlobenil has not been
demonstrated, and it is considered
possible but unlikely (Holtze et al. 2008).
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The genes and enzymes related to the
degradation of dichlobenil or BAM have
not been identified yet.

1.2.1 BAM in groundwater

About three quarters of the
European population uses groundwater as
its source of drinking water. Groundwater
also has a significant environmental
value, as it is important in the overall
hydrological cycle, which inter alia
affects the surface water systems
(European Commission 2008). The EU
has  set  a  statutory  maximum  allowed
concentration of 0.10 μg/L for any
pesticide or any pesticide metabolite in
drinking water (EU 2006). If more than
one pesticide or metabolite is detected,
their total concentration must not exceed
the limit of 0.50 μg/L.

Dichlobenil rarely reaches
groundwater, but BAM is frequently
detected in groundwater samples across
Europe and also worldwide (Björklund et
al. 2011a). For example in Sweden, the
Netherlands, and Denmark BAM has
been the most common pesticide
metabolite discovered in groundwater
(Törnquist et al. 2007; Shipper et al.
2008; Thorling et al. 2013). In Finland,
BAM was detected in 14% of samples
analyzed during the years 2002-2005
(Vuorimaa et al. 2007). The concentration
of BAM exceeded the limit of 0.10 μg/L
in  3%  of  samples  and  it  was  the  second
most common contaminant found in the
Finnish groundwater samples after
atrazine.

The  EU  has  banned  the  use  of
dichlobenil in 2008 due to the widespread
occurrence of its metabolite BAM in
groundwater (EU 2008). In Sweden and

Figure 1. Degradation routes and
enzymes involved in the early steps of
dichlobenil and BAM degradation. Solid
arrows indicate experimentally
determined reactions; the direct formation
of 2,6-dichlorobenzoic acid (2,6-DCBA)
from dichlobenil has not been
demonstrated experimentally. Modified
from Cantarella et al. 2006 and Holtze et
al. 2008.

Denmark dichlobenil was banned as early
as the 1990’s.  In many other parts of the
world, though, dichlobenil is still in use.
For example several pesticide products
that contain dichlobenil are still sold in
the USA and Canada, although they are
not among the most commonly used
(Boyd 2006; Grube et al. 2011; Kegley et
al. 2014). On the other hand, BAM is not
generally included in the monitoring of
groundwater quality in those countries
and, thus, the extent of its actual
occurrence in groundwater in North
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America is not known (Toccalino et al.
2014; Environment Canada 2011).

The toxicity data on dichlobenil
and BAM has been summarized
comprehensively by Holtze et al. (2008)
and Björklund et al. (2011b). In short, the
toxicity of dichlobenil to aquatic
organisms such as zooplankton, molluscs,
amphibians, and fish varies from slight to
moderate, whereas BAM is practically
non-toxic to these organisms. Both
compounds show slight toxicity to
mammals. Moreover, dichlobenil has
been classified as a possible human
carcinogen, partly due to the insufficient
volume of actual data that exists on its
carcinogenicity in humans. The
carcinogenicity of BAM in humans has
not been studied.

The  actual  risk  of  BAM  to  the
environment and humans seems to be
very minor as the concentrations of BAM
measured in groundwater are commonly
in the range of nanograms to micrograms
per liter. However, the further
degradation of BAM in groundwater can
produce compounds that are more toxic.
For example, the partial dechlorination of
BAM can yield 2-chlorobenzamide,
which is a potential carcinogen
(Guoguang et al. 2001; Holtze et al.
2007a). Information on the long-term
effects  of  BAM  and  also  the  possible
joint  effects  of  BAM  with  other
groundwater pollutants is lacking.
Therefore, the concern over the
groundwater contamination by BAM is
justified.

1.2.2 Physico-chemical
characteristics of dichlobenil and
BAM

The behavior of a chemical in
the environment is very much dependent
on the physico-chemical properties of the
compound and the surrounding
environment (Arias-Estevez et al. 2008).
Dichlobenil is volatile due to its relatively
high vapor pressure (88 mPa at 20 °C),
and it has been detected in air and
rainwater (Fig. 2; Tomlin 1997;
Björklund et al. 2011b). The water
solubility of dichlobenil is around 20
mg/L, which is considered to be low
(Tomlin 1997). This concentration is,
however, well above the EU threshold
limit of 0.10 μg/L for a pesticide in
drinking water (EU 2006). Dichlobenil
has a rather high sorption affinity,  which
varies depending on the soil or sediment
composition. The most influential factors
on the sorption characteristics of
dichlobenil are the organic matter and
clay  contents  of  the  soils  (Briggs  and
Dawson 1970; Li et al. 2003; Clausen et
al. 2004; Liu et al. 2008). Sorption
distribution coefficient (Kd) values that
range from 1.5 to 17.4 L/kg have been
determined for dichlobenil in topsoil,
whereas Kd varies from 1.34 to 126 L/kg
in subsurface sediments (highest in
unoxidized clay), and only from 0.20 to
1.27 L/kg in aquifer sediments (Fig. 2;
Briggs and Dawson 1970; Verloop 1972;
Tuxen et al. 2000; Clausen et al. 2004).
Dichlobenil is more frequently detected
in topsoil than in subsurface sediments or
groundwater, due to its relatively high
sorption affinity (Fig. 2).

The properties of BAM are in
many ways opposite to those of
dichlobenil. BAM has low volatility (0.4-
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Figure 2. Fate of dichlobenil (DCB) and 2,6-dichlorobenzamide (BAM) in the
environment. Maximum measured concentrations, half-lives (T½) and distribution
coefficients (Kd) of dichlobenil and BAM. Modified from Björklund et al. 2011b.

4 mPa at 25 °C), high water-solubility
(2700 mg/L), and a low sorption affinity
(Kd value 0-0.93 L/kg) (Fig. 2; Geyer el
al. 1981; Clausen et al. 2004; Tuxen et al.
2000; Björklund et al. 2011a). Due to
these characteristics, BAM is easily
dissolved and transported by water from
topsoil  to  subsurface  and  even  to
groundwater.

1.2.3 Degradation rates of
dichlobenil and BAM

Although dichlobenil is adsorbed
onto the soil particles effectively,
desorption of dichlobenil also seems to

occur at a high level, which places
dichlobenil again available for
degradation (Clausen et al. 2007). In the
uppermost layer of soil dichlobenil is
degraded mainly to BAM. Dichlobenil
half-life (T½) in topsoil (0.0-0.30 meters
below surface, mbs) varies greatly, from a
few weeks (Fig. 2; Beynon and Wright
1968;  Sheets  et  al.  1968;  Holtze  et  al.
2007a) to months (Briggs and Dawson
1970; Verloop and Nimmo 1970;
Montgomery et  al.  1972; Simonsen et  al.
2006) or even years (Beynon and Wright
1968; Clausen et al. 2007). Some studies
reported no detectable degradation of
dichlobenil in topsoil (Simonsen et al.
2006; Holtze et al. 2007a). Soils with no
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history of herbicide exposure and also
soils previously exposed to dichlobenil
have been compared in studies, but no
clear relationship between degradation
rates of dichlobenil and the history of
land use has been observed.

The degradation of BAM, on the
other hand, is generally more rapid in
soils that have been exposed to
dichlobenil (and hence to BAM)
compared to uncontaminated sites. The
BAM half-lives that range from two
weeks to four months in contaminated
topsoils have been reported (Fig. 2;
Simonsen et al. 2006; Clausen et al. 2007;
Holtze et al. 2007a; Janniche et al. 2011).
In pristine surface soils BAM has had a
much longer half-life of 5-26 years
(Clausen et al. 2007; Janniche et al.
2011), and often no degradation at all has
been detected (Simonsen et al. 2006;
Holtze et al. 2007a).

The degradation of dichlobenil
and BAM in subsurface sediments (0.3-
7.7 meters below surface, mbs) is slower
than in topsoil (Fig. 2). Estimations of
dichlobenil half-life in subsurface have
varied from few months to decades or
even no degradation, whereas the
degradation of BAM has been reported to
be  even  slower  (T½  1.3-8  years)  and  in
many cases no degradation at all has been
reported (Albrechtsen et al. 2001;
Simonsen et al. 2006; Clausen et al. 2007;
Janniche et al. 2011). However, rapid
BAM degradation has also been observed
in BAM-contaminated subsurface
sediments: Simonsen et al. (2006)
reported 6-36% of BAM being
mineralized within 50 days at 0.7-2.0
mbs, while Janniche et al. (2011) detected
40% mineralization of BAM in six
months at 0.75-1.0 mbs. In aquifer
sediments that had been collected below

the groundwater table (1-17 mbs), the
degradation of both dichlobenil and BAM
has been insignificant (Fig. 2; Tuxen et
al.  2000;  Broholm  et  al.  2001;  Tuxen  et
al. 2002; Clausen et al. 2007). So far only
one study has reported a complete
mineralization of BAM in aquifer
sediments within 100-400 days (Janniche
et al. 2011).

1.2.4 Microbial degradation of
dichlobenil and BAM

The breakdown of pesticides can
occur via biotic or abiotic processes. The
abiotic processes include photo-
degradation by sunlight, and also
chemical degradation that occurs through
reactions between the pesticide and soil
minerals (Topp et al. 1997). Not much is
known about the possible abiotic
degradation mechanisms of dichlobenil or
BAM. The photodegradation of
dichlobenil is found to be negligible, but
dichlobenil hydrolysis by alkalis can take
place (Tomlin 1997; Millet et al. 1998).

Biotic degradation, on the other
hand, refers to reactions catalyzed by soil
bacteria or fungi. Pesticides can serve as a
carbon, nitrogen, and energy sources for
microbes. As a consequence of the
metabolic reactions the chemical is
broken down, occasionally all the way to
carbon dioxide. The properties of the
surrounding environment, including soil
type, temperature, moisture, pH, the
concentrations of organic matter, oxygen,
and pesticide itself, have a great influence
on the efficiency of the microbial
degradation (Häggblom 1992; Gavrilescu
2005).

The results of numerous
laboratory and field studies suggest that
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the degradation of both dichlobenil and
BAM is mediated predominantly by
microbes (Verloop 1972; Holtze et al.
2008; Janniche et al. 2011). Table 1 lists
the dichlobenil degrading bacterial
isolates reported in the literature, and
these belong to the phyla Actinobacteria
(genera Arthrobacter and Rhodococcus),
Bacteroidetes (genus Flavobacterium),
Firmicutes (genus Bacillus), and
Proteobacteria (genera Aminobacter,
Rhizobium, Pseudomonas, and
Variovorax) (Heinonen-Tanski 1981;
Vosáhlová  et  al.  1997;  Miyazaki  et  al.
1975; Layh et al. 1997; Holtze et al.
2006; Sørensen et al. 2007; Veselá et al.
2012). In contrast, only three BAM
degrading strains have been reported: two
Aminobacter (Alphaproteobacteria)
strains that mineralize BAM completely,
and one Rhodococcus strain that
hydrolyzes BAM into 2,6-DCBA (Table
1; Simonsen et al. 2006; Sørensen et al.
2007; Veselá et al. 2012). All the reported
dichlobenil or BAM degrading microbes
have been isolated from soil; only one
Arthrobacter strain  was  isolated  from
pond water (Miyazaki et al. 1975). All the
isolates originate from the temperate
region (Denmark, Germany, Czech
Republic,  UK,  New  York  USA,  Japan)
except for the dichlobenil degrading
strains from the genera Arthrobacter,
Flavobacterium and Bacillus studied by
Heinonen-Tanski (1981) in Finland.
Different (aromatic) nitriles have been
used as the nitrogen or nitrogen and
carbon source in the enrichment of the
isolates (Table 1). Only the BAM
mineralizing Aminobacter strains have
been isolated using BAM as the carbon
and nitrogen source (Simonsen et al.
2006; Sørensen et al. 2007).

Most of the earlier studies on the
degradation of BAM have been
conducted in Denmark, where BAM is
one of the most frequently detected
pesticide or metabolite in groundwater
(Thorling et al. 2011). About 1.2% of
pesticides used in the EU are consumed
in Denmark and 0.5% in Finland
(Eurostat 2007). Agriculture and the use
of pesticides are more intensive in
Denmark than in Finland, and microbes
in  Danish  soils  are  therefore  exposed  to
compounds such as BAM more
frequently and in greater quantities. Thus,
microbial adaptation towards BAM
degradation can also be expected in such
soils.

1.3 Microbes in the groundwater
environment

The groundwater environment is
dark, cold, and low in available organic
carbon and nutrients (Griebler and
Lueders 2009). Microbes that belong to
diverse functional groups have been
detected in subsurface sediments and
groundwater, and they use either organic
carbon or carbon dioxide as the carbon
source, and organic substances or various
inorganic components (e.g. Mn2+, Fe2+,
H2S, CH4)  as  the  energy  source.  In  the
absence of oxygen, other terminal
electron acceptors (e.g. NO3, MnO2,
FeOOH, SO4

2-, CO2) are used by
microbes (Goldscheider et al. 2006).

In comparison to the microbial
numbers in the upper layers of soil  of up
to 108-1010 cells/g, the cell counts in
subsoil and groundwater are lower (Gans
et al. 2005). The microbial cell counts in
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groundwater range from around 102 to
107 cells/mL, and in groundwater
sediments from 104 to 108 cells per cm3 or
per g, the microbial abundance usually
decreases with increasing depth
(Männistö et al. 2001; Griebler and
Lueders 2009 and references therein; Lin
et  al.  2012a).  Microbes  prefer  to  live  on
surfaces of rocks and sediment mineral
grains where they can form biofilms,
which in turn enhances nutrient uptake
and increases the cell numbers (Griebler
et al. 2002; Or et al. 2007).

The early studies on microbial
diversity in groundwater environment
were solely based on cultivation, and the
detected bacterial species were similar to
those observed in surface soils (Griebler
and Lueders 2009). Following the
development of molecular techniques,
also uncultivable and even previously
unknown phylogenetic lineages have
been detected (Danielopol and Griebler
2008; Lin et al. 2012a). Nevertheless, the
most dominant phyla in subsurface seem
to be mainly the same as those that occur
in surface soil, namely Proteobacteria,
Actinobacteria, Firmicutes, and
Bacteroidetes (Fields et al. 2005;
Alfreider and Vogt 2007; Griebler and
Lueders 2009; Hemme et al. 2010).

Contamination by chemicals
affects the microbial numbers and
diversity in sediments and groundwater
(Danielopol et al. 2003). If the pollutant
is relatively easy to degrade and is
present in high enough concentrations,
the microbial abundance and diversity
would be expected to increase, since the
pollutant can be used as a carbon,
nitrogen, and/or energy source. The
opposite effect can also occur, especially
in the case of highly toxic compounds
such as some heavy metals (Goldscheider

et al. 2006; Danielopol and Griebler
2008; Hemme et al. 2010). Exposure to
even low pesticide concentrations has
changed the microbial community
functions and diversity in a shallow
aquifer (de Lipthay et al. 2003). Another
study reported that a variety of pesticide
degrading bacterial populations were
detected within one community
(Gözdereliler et al. 2013). The bacterial
groups of that same study were separated
by their ability to degrade lower or higher
pesticide concentrations.

1.4 Bioremediation of
contaminated groundwater

Bioremediation takes advantage
of the capability of microbes to degrade
or detoxify a variety of chemicals that
pollute the environment. Bioremediation
can be used in situ, in which
bioremediation is done at the
contaminated site, or ex situ, when the
contaminated soil or water is removed
and treated elsewhere (Vidali 2001).
Several bioremediation methods have
been developed. The in situ methods can
utilize the indigenous microbes that are
able to degrade the pollutant (natural
attenuation), or microbes with a known
degradation capacity can be added to the
contaminated site (bioaugmentation).
Sometimes the addition of nutrients or
oxygen is needed to fuel the growth of
indigenous degrader microbes
(biostimulation or bioventing) (Vidali
2001; Nessner Kavamura and Esposito
2010).

For treating groundwater
contaminated with for example
pesticides, chlorinated solvents, aromatic
hydrocarbons, or heavy metals, different
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bioremediation techniques have been
developed. Permeable reactive barriers
are walls built of various reactive
materials, which are placed crosswise to
the flow direction of contaminated
groundwater. The natural groundwater
flow moves the contaminants through the
barrier, where the contaminants are
adsorbed, precipitated, degraded
chemically or converted by microbial
metabolism into harmless compounds
(Obiri-Nyarko et al. 2014). Microbes can
be used in the barriers to degrade organic
contaminants. Suitable terminal electron
acceptors, often preferably oxygen, must
be present to activate the microbial
metabolism (Obiri-Nyarko et al. 2014).

Drinking-water treatment plants
use several different processes including
sand or activated carbon filtration to
improve the quality of drinking water.
Biologically active sand filters have been
developed in order to remove even
relatively low levels of groundwater
contaminants such as pesticide residues
(Benner et al. 2013). This approach
involves the use of microbes that are able
to degrade the contaminant and which are
integrated into the microbial community
that exists within the sand filter.
Experiments with the BAM mineralizing
Aminobacter sp. strain MSH1 have
yielded promising results: the MSH1 cells
adhere to different filter materials and
retain their BAM mineralizing capacity,
reducing BAM concentration below the
threshold limit of 0.10 μg/L (Albers et al.
2014).

2. AIMS OF THE STUDY

This thesis focused on studying
the degradation of the pesticide 2,6-
dichlorobenzonitrile (dichlobenil) and its
metabolite 2,6-dichlorobenzamide
(BAM). The metabolite BAM is a
common groundwater contaminant
worldwide. Topsoil and groundwater
sedimentary deposits were collected from
BAM contaminated areas and studied in
the laboratory. The influences of
indigenous microbes, oxygen, and the
chemical compositions of soil or deposits
on the degradation were studied. The
numbers  of  dichlobenil  or  BAM
degrading microbes in soil and deposits
were enumerated, and some of the
bacterial strains degrading dichlobenil or
BAM were isolated and identified. The
aim  was  to  study  the  conditions  under
which the degradation of dichlobenil and
BAM is most effective, and to isolate
bacterial strains with possible potential in
bioremediation.

The specific aims were to study,
in topsoil and groundwater sedimentary
deposits from the boreal region, Finland,
1. the chemical and microbiological

degradation rate of dichlobenil and
BAM (II),

2. the biotic and abiotic factors that
affect degradation of dichlobenil and
BAM (II, III), and

3. the quantities and identity of
microbes that are able to degrade
dichlobenil or BAM (I, III).
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3. MATERIALS AND
METHODS

An overview of the experiments
included in this study is presented in the
text below and in Figure 3. More detailed
descriptions of the materials and methods
are presented in papers I-III.

3.1 Sites and sampling

The study sites were selected
based on the survey ‘Occurrence of
pesticides in groundwater - TOPO’,
which was conducted by the Finnish
Environment Institute in years 2002-2005
(Vuorimaa et al. 2007). Five aquifers in
southern  Finland  (A,  B,  C,  D,  and  E)
were selected on the basis of BAM
concentration exceeding the EU threshold
limit  of  0.10  μg/L  in  untreated
groundwater. The environmental samples
were  collected  during  May  and  June  of
2005 (I). The sedimentary materials i.e.
groundwater well sedimentary deposits
from the bottom of the groundwater wells
A,  B,  and  E  were  collected  using  an
Ekman grab sampler (Duncan and
Associates, Cumbria, UK). The fine-
grained fractions of subsurface deposits,
accumulated to the bottom of
groundwater monitoring pipes through
sieves with a 0.3 mm pore size, were
collected  from pipes  A,  C,  and  D with  a
hosepipe and a pump (Waterra HL 21507,
Waterra, Ontario, Canada). The
sedimentary deposit collected from pipe
D was small in volume, and only the
MPN enumeration was conducted with
this deposit. Topsoil sample was collected
from a depth of 0-20 cm from a footpath
in a garden situated upstream from well

B. Dichlobenil had been used in the
garden in the previous years to prevent
the growth of weeds on the footpath.

In laboratory, the topsoil sample
was  sieved,  and  groundwater  well  and
pipe sedimentary deposits were allowed
to settle overnight. The excess water was
then removed, and used for the
determination of pH and dichlobenil and
BAM concentrations. From topsoil and
groundwater sedimentary deposits, dry
weight, organic matter content, and the
concentrations of total carbon, total
nitrogen, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb,
Zn,  and  water  soluble  NH4

+, NO3
-, and

NO2
-, were determined as described in

paper I. Groundwater well and pipe
sedimentary deposits and topsoil were
stored  at  +4°C  for  3-7  days  prior  to
setting up the laboratory experiments. All
topsoil incubations described below were
carried out at 21±2 °C, and groundwater
sedimentary deposit incubations at 16±2
°C (I, II, III).

3.2 Analysis of dichlobenil and
BAM concentrations

The concentrations of
dichlobenil and BAM in the water phase
of the groundwater well and pipe
sedimentary deposits were determined by
Ramboll Analytics (Lahti, Finland) using
an accredited method (I). Dichlobenil and
BAM concentrations in the samples from
the laboratory experiments - MPN
enumeration (I), degradation capacity of
isolates (I, III), and dichlobenil and BAM
degradation experiment (II) - were
determined by high pressure liquid
chromatography (HPLC). Two different
HPLC instrumentation and analysis
methods were used. In paper I, the
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Figure 3. An  overview  of  the  laboratory  experiments  performed  in  this  thesis.  Stars
indicate sampling sites: topsoil, and groundwater sedimentary deposits from three wells
(A, B, E) and three monitoring pipes (A, C, D).  The articles in which the experiments
are reported are indicated by Roman numerals I, II, and III.
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instruments used were manufactured by
Waters  (Waters  712  WISP  sample
processor, model 6000A pumps, SunFire
Column C18), and the mobile phase was
acetonitrile and 10mM phosphate buffer
pH 7.0 in the following gradient profile:
the acetonitrile concentration increased
from 30% to 70% during 12 min, stayed
at 70% for 1 min, reduced back to 30%
during 5 min, and stayed at 30% for a
further 5 min. In papers II and III, the
equipment used was Shimadzu
Prominence, the column was SunFire
C18, and the mobile phase was
acetonitrile and filtered water in the
following gradient profile: acetonitrile
concentration at 30% for 2.5 min, then at
65% for 5 min, and again at  30% for 3.5
min.

3.3 Most-probable-number (MPN)
enumeration

The numbers of dichlobenil or
BAM degrading microbes in topsoil and
in groundwater well and pipe sedimentary
deposits were enumerated using the most-
probable-number (MPN) method with
three parallels (Fig. 3; I). From topsoil
and groundwater deposits, a dilution
series  of  10-1 to  10-8 was  prepared  in  the
MPN medium containing 75 mg/L of
dichlobenil and 75 mg/L of BAM, after
which 1 ml of each dilution was
transferred to a new tube containing 5 ml
of the MPN medium. A detailed
description of the MPN medium is given
in paper I. After one month of incubation
under aerobic and anaerobic conditions,
dichlobenil and BAM concentrations in
the MPN medium were analyzed by
HPLC as described in I.

The minimum level for positive
degradation in the MPN enumeration was
25%. The numbers of MPN tubes scored
as positive were converted into numbers
of dichlobenil or BAM degrading
microbes in the respective original
environmental samples according to the
tables given by de Man (1983). The
enumerations of both dichlobenil and
BAM degrading microbes were
performed in the same MPN tubes. The
possible formation of BAM from its
precursor dichlobenil during incubation
was taken into account when evaluating
the percentage of degraded BAM. The
actual determined BAM concentration
was compared to the theoretical total
concentration of BAM, which was
derived by the initial BAM concentration
plus  the  quantity  of  dichlobenil  that  was
assumed to have been metabolized into
BAM. When the difference between the
analyzed and theoretical BAM
concentrations was ≥25%, the tube was
scored positive.

3.4 Isolation and characterization
of dichlobenil or BAM degrading
microbes

After the MPN enumeration was
conducted, 100 μL aliquots of aerobic 10-

1 dilution  MPN  tubes  of  all  the
groundwater sedimentary deposits, and
also  from  aerobic  10-6 dilution  MPN
tubes of well E deposit, were cultivated
on  agar  plates  (Fig.  3;  I,  III).  The  plates
contained the MPN medium and either 20
mg/L of dichlobenil or 100 mg/L of BAM
as the only nitrogen source. When visible
microbial growths were observed,
morphologically distinct colonies were
picked and re-plated several times to
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obtain pure cultures. The 16S rRNA gene
of each isolate was sequenced after PCR-
amplification as described in I. The
obtained partial 16S rDNA sequences
were compared to those recorded in the
EMBL database and the isolates were
identified at the genus level (Altschul et
al. 1990).

The  dichlobenil  or  BAM
degradation capacities of selected isolates
were determined when cells were
cultivated in the MPN medium containing
dichlobenil or BAM until visible growth
was  observed,  after  which  dichlobenil  or
BAM concentration in the medium was
analyzed. The percentages of compounds
degraded were calculated by comparing
to non-inoculated controls (I, III).

3.5 Degradation experiment of
dichlobenil and BAM

To study the degradation rate of
dichlobenil and BAM, a degradation
experiment in mesocosms was conducted
(II). To 100 ml flasks, 15 gdw (grams, in
dry weight) of groundwater sedimentary
deposits,  50  ml  of  sterile  water,  14.6
mg/L of dichlobenil (48.7 μg/gdw), and
14.6 mg/L of BAM were added (Fig. 3;
II). Similarly, 15 gdw of topsoil was
measured to 100 ml flasks and the water
content was adjusted to 25% (w/w), after
which 48.7 μg/gdw of dichlobenil and
48.7 μg/gdw of BAM were added. Three
replicates of each sedimentary deposit or
topsoil under aerobic and anaerobic
conditions with sterile controls were
incubated for 1 to 1.5 years in a shaker
(120 rpm). To prepare the sterile controls,
deposits/topsoil were autoclaved for 1
hour at 121°C (101 kPa) on three
successive days. The sterility of the

autoclaved groundwater well and pipe
deposit controls was tested at the end of
the experiment by inoculating onto
mineral medium plates containing either
dichlobenil or BAM, and by growing the
obtained pure cultures for 4 weeks. After
that the dichlobenil/BAM concentration
was analyzed by HPLC and compared to
non-inoculated controls (II). The sterility
of the topsoil autoclaved controls was not
tested.  From  topsoil,  0.1  g  was  sampled
monthly, and dichlobenil and BAM were
extracted as follows: on three successive
days, 1.5 ml of methanol-water 3:1
(vol/vol) was added, and the sample was
incubated for 15 min in an ultrasonic
bath, and then overnight in a shaker.
Dichlobenil and BAM concentrations in
the pooled extracts were analyzed
according to the protocol given in paper
II. From groundwater deposits, 0.1 ml
was sampled every other month, and
dichlobenil and BAM concentrations
were determined as given in paper II.

Dichlobenil and BAM half-lives
in topsoil and groundwater deposits were
calculated with the first-order rate
equation  ln  C(t)  =  -   kt  +  ln  (C0),  C0
being the initial concentration,  C(t) the
concentration at the time t (days), and k
the rate constant. Only regression curves
with r≥-0.54 and p<0.05 were presented
(II). BAM half-lives were first calculated
in  two  ways,  either  by  using  only  the
analyzed  BAM  concentrations,  or  by
taking into account the possible formation
of BAM from dichlobenil during
incubation. The results were similar for
both methods of calculation, which led to
the  conclusion  that  the  soil  or
sedimentary deposit properties had the
main effect on BAM concentration.
Therefore, the results presented in paper
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II are based on the analyzed BAM
concentrations only.

3.6 Statistical analyses

The SPSS Statistical package for
Windows (SPSS Inc., Chicago, IL, USA)
was used to calculate the Pearson two-
tailed correlation analyses (I, II, III),
analysis of variance (II), and principal
component analysis, PCA (III). The
analysis of variance (ANOVA) was
performed by the parametric ANOVA
followed by the Tukey’s test (when data
were homogenous according to Levene’s
test and normally distributed according to
Kolmorov-Smirnov’s test), or by non-
parametric Kruskal-Wallis test (p<0.05)
followed by pairwise comparisons using
Mann-Whitney test (Kruskal and Wallis
1952; Mann and Whitney 1947).
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4. RESULTS AND
DISCUSSION

4.1. General characteristics of
study sites

The key characteristics of the
study sites and the sampled topsoil and
groundwater sedimentary deposits are
summarized in Table 2. The
concentration of BAM in the water phase
of deposits was below the quantification
limit (0.02 μg/L) in well A, below the EU
threshold limit (0.10 μg/L) in pipes A and
C, and above the EU threshold limit in
well  B,  pipe  D,  and  well  E.  Thus,  at  the
time  of  sampling  the  deposits,  the  EU
limit was exceeded in three out of five
aquifers, though much higher
concentrations had been measured in
these aquifers earlier (Vuorimaa et al.
2007). The organic matter content and the
concentrations of inorganic ions varied
significantly between the groundwater
deposits, and were related to the fate and
degradation rate of dichlobenil and BAM.
Therefore, the effects of OM, carbon and
nitrogen concentrations, inorganic ions,
and the presence of microbes on the
degradation of dichlobenil and BAM are
discussed separately in the following
sections.

4.2 Groundwater sedimentary
deposits

4.2.1 The effects of organic matter,
carbon and nitrogen on the
degradation of dichlobenil and
BAM

The effects of high organic
matter, carbon and nitrogen
concentrations on the fate of dichlobenil

and  BAM  were  the  most  prominent  for
well  A  deposit.  Well  A  was  two  meters
deep and the water table was on the same
level  as  the  bottom  of  the  well.  In
addition, tree leaves had fallen into the
open well, which made the deposit highly
organic. The organic matter concentration
in well A deposit was 25%, which was
significantly higher than in the other
deposits, 0.8-5.8% (Table 2). The total
carbon, total nitrogen, and NH4

concentrations were also higher in well A
deposit compared to those of the other
deposits. The total-C concentration was
100 mg/gdw, total-N 7 mg/gdw, and
NH4 263 μg/gdw in well A deposit,
whereas in other deposits the
concentration of total-C was 4-7 mg/gdw,
total-N 0.8-1.6 mg/gdw, and NH4 0-3
μg/gdw (Table 2 in I).

The degradation of dichlobenil
and BAM in groundwater sedimentary
deposits was studied in a 1.5-year
mesocosm  experiment  that  is  reported  in
paper II. Groundwater deposits were
spiked  with  dichlobenil  and  BAM,  and
samples were taken regularly to follow
the changes in concentrations (Fig. 3). A
remarkable decrease in concentrations
was detected in all groundwater deposits,
as the initial concentrations of dichlobenil
and BAM had dropped from 14.6 mg/L to
the range of 1.03-6.34 mg/L (dichlobenil)
or 2.99-11.26 mg/L (BAM) before the
first sampling commenced on day 56
(Tables 2 and 3 in II). This decline in
concentrations was the greatest in well A
deposit, and in general greater in
dichlobenil concentration compared to
that of BAM. A study conducted by
Janniche et al. (2011) found a similar
initial decrease in aquifer sediment
incubations.
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The most likely explanation for the
decrease found in their study and in the
present study is sorption. The same
explanation was given by Janniche et al.
(2011) to explain their results. In
addition, microbial and chemical
degradation may have occurred. Organic
matter and organic carbon are among the
main factors controlling the sorption of
dichlobenil and BAM, and the carbon
content in well A deposit was
substantially higher than in the other
sedimentary deposits (Table 2; Briggs
and Dawson 1970; Verloop 1972;
Clausen et al. 2004; Liu et al. 2008).
Furthermore, the manifold higher
sorption distribution coefficient (Kd) of
dichlobenil compared to that of BAM
might explain the lower dichlobenil
concentrations (Tuxen et al. 2000;
Clausen et al. 2004). Due to the general
decline in dichlobenil and BAM
concentrations during the first 56 days,
only the concentrations measured
between days 56 and 527 are considered
in the following sections. The dichlobenil
and BAM half-lives presented in Table 2
and in paper II were calculated from
concentrations measured between days 56
and 527.

On day 56, the concentrations of
dichlobenil and BAM in well A deposit
mesocosms were significantly lower than
in the other groundwater deposit
mesocosms (Fig. 4; Tables 2 and 3 in II).
Dichlobenil concentration continued to
decrease slowly towards the end of the
experiment (day 527) under aerobic
conditions in well A deposit. BAM
concentration, on the other hand,
remained unaltered between days 56 and
527, which led to the conclusion that
BAM was not degraded in well A deposit
(Fig. 4). The decrease in dichlobenil

concentration in well A deposit was not
related to microbial activity, as
dichlobenil concentration and thus its
half-life  were  the  same  with  or  without
the  presence  of  microbes  (Fig.  4;  Table
2). Oxygen, on the other hand, enhanced
dichlobenil degradation in well A deposit
(Fig. 4).

In conclusion, the lowest
dichlobenil concentrations among the
studied groundwater sedimentary deposits
were measured when the amounts of
carbon and nitrogen compounds were
very high and the conditions were
aerobic. Under these conditions, however,
the dissipation of dichlobenil was not
significantly related to degradation by
microbes but most probably to sorption
and other abiotic chemical reactions, even
though degrading microbes were detected
by the MPN enumeration.

4.2.2 The effects of inorganic ions
on the degradation of dichlobenil
and BAM

There was a great variation in
the concentrations of the inorganic ions in
the groundwater deposits, particularly in
those of heavy metals (Table 2 in I). The
estimation of the normal variation in the
concentrations of these compounds in
Finnish groundwater sedimentary
deposits is difficult to determine.
However, when the groundwater well or
pipe deposits were compared with the
deposits  collected  in  the  city  of  Lahti
(located in southern Finland), the
inorganic ion concentrations were found
to be very low in well B deposit and very
high  in  the  other  deposits  of  this  study
(Talja et al. 2008).

Throughout the 1.5-year
degradation experiment, BAM
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Figure 4. Dichlobenil (DCB) and 2,6-dichlorobenzamide (BAM) concentrations in the
degradation study on days 56 (triangles) and 527 (circles) under aerobic and anaerobic
conditions (black triangles and circles) with sterilized controls (white triangles and
circles). Topsoil results are not included.

concentration in well B deposit
mesocosms was significantly higher than
in the other deposit mesocosms (Fig. 4;
Table  3  in  II).  The  very  low  quantity  of
organic matter and inorganic ions can be
one reason for the lack of microbial BAM
degradation in well B deposit, as many of
these components are sources of nutrients
or important trace elements for microbes.
Generally, the enzymes involved in
benzamide degradation are assumed to be
more specialized than the enzymes
converting benzonitriles into
corresponding benzamides (Frková et al.
2014). Therefore it is possible, that
enzymes related to BAM degradation are
sensitive to low levels of certain trace
elements.

The degradation of BAM was
the best in pipe A deposit mesocosms, in
which the concentrations of manganese,
zinc, cobalt, lead, and nickel were among
the  highest  (Fig.  4;  Table  2  in  I).  A
tendency towards high manganese, zinc,
lead, and nickel concentrations was also
detected in pipe C and well E deposits. In
pipe C deposit mesocosms slow BAM
degradation was measured, although the
degradation was not significant and
reliable half-lives were not calculated
(Table 3 in II). A correlation between
high zinc and lead concentrations in the
deposits, and low BAM concentrations in
the mesocosms, was thus observed (r-
0.60, p<0.05). Lead has no known
biological role and is considered highly
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toxic, but zinc is a trace element and
might function for example as an enzyme
cofactor (Bruins et al. 2000).
Unfortunately, the BAM degrading
amidase enzyme has not yet been purified
nor has it been characterized, and the
possible role of zinc in the enzymatic
degradation of BAM is unknown.

The concentrations of chrome,
copper, and cadmium correlated with
each other and with organic matter in the
groundwater deposits (r0.54, p<0.05).
High concentrations of cadmium, copper,
and chrome were characteristic to well A
deposit, and also in well E deposit high
copper and chrome concentrations were
measured (Table 2). Though chrome and
copper are trace elements and needed by
microbes in low amounts, at high
concentrations they can be toxic to
microorganisms. Cadmium does not have
any identified biological function (Vig et
al. 2003). Since both copper and
cadmium have a strong affinity to organic
matter, they were probably mostly bound
to OM and thus not bioavailable, at least
in  the  case  of  the  highly  organic  well  A
deposit (McBride et al. 1997; Brandl
2004). These heavy metals did not seem
to  affect  the  numbers  of  dichlobenil  or
BAM degrading microbes, as the MPN
counts in deposits of wells A and E were
the  highest  (Table  1  in  I).  On  the  other
hand, even though the (bioavailable)
concentrations of heavy metals would be
nontoxic, they can affect the microbial
community structure for example by
decreasing the diversity and increasing
the frequency of resistant strains
(Griffiths et al. 1997; Brandt et al. 2006).
This could in part explain the low number
of isolates from well A deposit; only two
Stenotrophomonas strains were isolated
(Table 1 in III). Strains from this genus

have been shown to tolerate high
concentrations of heavy metals, such as
cadmium, lead, cobalt, and zinc (Alonso
et al. 2000; Pages et al. 2008).

In  pipe  C  deposit,  the  iron
concentration was 5 to 90-fold higher
than in the other groundwater deposits.
Pipe C deposit was the only deposit
where anaerobic microbial degradation of
dichlobenil  was  observed  (Fig.  4).  In
addition, pipe C deposit had the highest
MPN counts of anaerobic dichlobenil
degrading microbes (Table 1 in I). Pipe C
was the deepest groundwater monitoring
pipe studied, and as the water table in
pipe C was relatively high, the collected
deposit was anaerobic (Table 2). Iron can
be used as a terminal electron acceptor by
microbes, and it might therefore have an
important role in the anaerobic
sedimentary deposit of pipe C (Weber et
al. 2006). Alternatively, iron could
attenuate BAM degradation in pipe C, as
the most striking difference between the
chemical compositions of pipe A and pipe
C was  the  iron  concentration  (Table  2  in
I).

4.2.3 Microbial degradation of
dichlobenil

The degradation of dichlobenil
was slow in the groundwater sedimentary
deposits, and after 1.5 years of incubation
1-28% of the initially added dichlobenil
still remained in the mesocosms (Table 2
in II). The lowest dichlobenil
concentration was measured in well A
deposit, but as discussed above, this was
probably due to sorption and was not
enhanced by microbes. In addition to well
A deposit, in aerobic pipe A, well B, pipe
C, and well E deposit mesocosms
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significant dichlobenil degradation was
detected between days 56 and 527, and
half-lives varying from 157 to 308 days
were calculated (Table 2). In contrast to
the sterilized controls of well A deposit,
in the sterilized controls of aerobic pipe
A,  well  B,  pipe  C,  and  well  E  deposits,
dichlobenil concentration did not
decrease significantly. This indicated that
under aerobic conditions dichlobenil
degradation was mediated by microbes in
these deposits. Under anaerobic
conditions, dichlobenil was degraded
microbiologically in pipe C deposit, and
chemically in the sterilized controls of
well B and well E deposits (Table 2 in II).

When the sterility of the
autoclaved controls was tested at the end
of the mesocosm experiment, microbial
growth was detected in two thirds of the
controls. These microbes were not,
however, able to grow on either
dichlobenil  or  BAM  as  the  N-source
when  grown  as  pure  cultures.  The
contamination of the sterilized controls
might therefore have only slightly
influenced dichlobenil concentration
during the 1.5 year-incubation. The biotic
effect in these controls must have been
only very minor, as the changes in
dichlobenil concentration between days
56 and 527 were generally small (Table 2
in II).

Among the generally low MPN
counts of dichlobenil degrading microbes
in the groundwater deposits, the microbial
numbers were the highest in deposits with
the highest organic matter concentration,
i.e. in well A, well E, and pipe C deposits
(Tables 1 and 2 in I). The MPN counts of
aerobic dichlobenil degrading microbes
correlated  with  OM  and  ammonium
concentrations in the groundwater
deposits, indicating that carbon and

nitrogen increased the quantities of
aerobic dichlobenil degrading microbes
(r≥0.59, p<0.05). The aerobic MPN
counts of dichlobenil degrading microbes
also correlated with dichlobenil
concentrations measured at the end of the
mesocosm experiment under aerobic
conditions (r=-0.80, p<0.001). In other
words,  a  suitable  amount  of  carbon  and
nitrogen enhanced the growth of
dichlobenil degrading microbes (MPN)
and further the biodegradation of
dichlobenil in mesocosms under aerobic
conditions. Links between the quantity or
the ratio of carbon and nitrogen, and
degradation rates of other pesticides have
been found earlier (Gonod et al. 2003;
Rasmussen et al. 2005). However, the
effect of OM on pesticide degradation is
not always positive (Jacobsen et al. 2001;
Talja et al. 2008). Other nutrients, such as
phosphorous, can also affect dichlobenil
biodegradation rate and the microbial
growth in general, especially in
subsurface  (Qui  et  al.  2009;  Mattsson  et
al. 2015). The correlation between the
MPN counts of degrading microbes and
the pesticide degradation rates has been
reported in previous studies (Bending et
al. 2003; Sjøholm et al. 2010).

A total of 19 bacterial strains
growing in the presence of dichlobenil
were isolated from all groundwater
deposits, except for well A deposit (Table
1 in III). The dichlobenil degradation
capacity of the isolates varied greatly (5-
46%) and was not tested for 12 isolates
(Table 2 in III). In addition, five isolates
needed an additional nitorgen source
when grown on liquid medium. When
using dichlobenil as the sole nitrogen
source, dichlobenil degrading microbes
would have to degrade also BAM in order
to get nitrogen (Fig. 1). Unfortunately,
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the degradation products of the isolates
were not analyzed and the degradation
routes of the isolates were not studied in
detail.

The dichlobenil degrading
bacterial strains reported earlier have
been almost exclusively isolated from
soil, and include the genera Aminobacter,
Arthrobacter, Bacillus, Flavobacterium,
Pseudomonas, Rhizobium, Rhodococcus,
and Variovorax (Heinonen-Tanski 1981;
Vosáhlová  et  al.  1997;  Miyazaki  et  al.
1975; Layh et al. 1997; Holtze et al.
2006; Sørensen et al. 2007; Veselá et al.
2012). In this study, dichlobenil
degrading strains belonging to the genera
Rhodococcus, Pedobacter,
Sphingomonas, Zoogloea, Pseudomonas,
and Xanthomonas were isolated from
groundwater deposits. In addition, two
dichlobenil degrading Microbacterium
strains were isolated, but the degradation
capacity of these isolates was not tested
(Table 2 in III). A benzonitrile degrading
Microbacterium has been reported
previously, but no references about
Pedobacter, Sphingomonas, Zoogloea, or
Xanthomonas strains capable of
degrading benzonitriles were found
(Cantarella et al. 2006). The isolates that
were identified in this study indicate that
groundwater microbes also have the
potential to degrade dichlobenil.
However, any substantial contact between
groundwater microbes and dichlobenil is
unlikely to occur as dichlobenil is usually
degraded in topsoil and is therefore rarely
detected in groundwater (Björklund et al.
2011b).

4.2.4 Microbial degradation of BAM

Among the studied groundwater
deposits, only in pipe A deposit

mesocosms a significant degradation of
BAM was detected between days 56 and
527, resulting in a BAM half-life of 314
days  (Fig.  4;  Table  3  in  II).  The  BAM
degradation in pipe A deposit was
microbial and occurred only under
aerobic  conditions  (Fig.  4;  Table  2).  By
day 527, the BAM concentration had
decreased down to 1.90.2 mg/L in pipe
A deposit.  This was 131% of the initial
concentration of 14.6 mg/L, and 316%
of  the  concentration  on  day  56,  6.30.6
mg/L (Table 3 in II).  A decreasing trend
in BAM concentration was also detected
in pipe C deposit mesocosms both with
and without oxygen, but the decrease was
not substantial enough to enable the
calculation  of  a  half-life  (Fig.  4;  Table  3
in II). Several previous studies regarding
BAM degradation in subsurface or
aquifer sediments in Denmark have
concluded the same: BAM is in general
very persistent, but on rare occasion even
complete mineralization by microbes can
take place (Simonsen et al. 2006; Clausen
et al. 2007; Janniche et al. 2011).

The  MPN  counts  of  BAM
degrading microbes in pipe A and pipe C
deposits were not particularly high, and
no correlation was found between BAM
concentrations measured in the
mesocosms and the MPN counts of BAM
degrading microbes in groundwater
deposits (Table 1 in I). Although it is
probable, that the cultivation dependent
MPN method does not give a full picture
of the amount of BAM degrading
microbes, Sjøholm et al. (2010) have
reported positive correlation between the
MPN counts and BAM degradation rates.
Similarly to our results, however, they did
not find any relationship between carbon
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or nitrogen amounts and BAM
degradation capacity.

The isolates from pipe A deposit
growing aerobically in the presence of
BAM were from the genera Arthrobacter
and Microbacterium. These genera
belong to the phylum Actinobacteria, and
strains belonging to both of these genera
have been detected in groundwater
(Fields et al. 2005; Sultana et al. 2011;
Cavalca  et  al.  2004).  The Arthrobacter
isolates degraded 13-15% of BAM in 3-7
weeks, but the degradation capacity of the
Microbacterium isolates was not tested
(Table 2 in III). Arthrobacter strains
isolated from soil or subsurface sediments
have been shown to degrade several
aromatic compounds, and Arthrobacter
spp. can also adapt to cold environments
(O’Loughlin et al. 1999; Margesin et al.
2003a; Fan and Song 2014). This genus
could therefore have importance in BAM
biodegradation detected only in pipe A
deposit, when keeping in mind that
Arthrobacter strains were isolated only
from this deposit.

The other strains isolated from
groundwater deposits using BAM were
from the genera Pseudomonas,
Rhodococcus, Pedobacter, Cupriavidus,
Zoogloea, Rahnella, and
Stenotrophomonas (Table 1 in III). The
degradation capacity of these isolates was
5-23% of BAM (0% for
Stenotrophomonas sp. VPMK5), and it
was not determined for Pedobacter sp.
VPMK23 (Table 2 in III).  The only
BAM degrading strains reported in the
literature belong to the genera
Aminobacter and Rhodococcus,  and  an
Arthrobacter isolate has been shown to
metabolize benzamide (Murakami et al.
1991; Simonsen et al. 2006; Sørensen et
al. 2007; Veselá et al. 2012). In addition,

several bacterial cultures with BAM
mineralization capacity have been
enriched from a dichlobenil-exposed soil,
the 16S rDNA sequences from the
denaturing gradient gel electrophoresis
(DGGE) having closest similarity to those
of Gammaprotebacteria (Holtze et al.
2007b). Gammaproteobacteria class
includes e.g. the genera Pseudomonas,
Stenotrophomonas, and Rahnella,
members of which were isolated in this
study.

The enzyme amidase, converting
benzamides into carboxylic acids, is
assumed to be more specialized than the
benzonitrile degrading enzymes. The
enzyme-inhibiting effect of the two
chlorides in BAM has been demonstrated,
as bacterial strains capable of degrading
non-halogenated analogue benzamides
have failed to degrade BAM (Heinonen-
Tanski 1981). Considering the persistence
of BAM in groundwater, and the
sensitivity of the enzyme involved in
BAM degradation, the diversity of BAM
degrading isolates reported in this study
was unexpected. It seems that the
potential for BAM degradation is
relatively common among microbes in
soil or subsurface. A similar conclusion
was made in a previous study by Janniche
et al. (2011), where biodegradation of
BAM  was  detected  both  in  BAM
contaminated and pristine sediments.
However, though BAM degrading
microbes were detected with MPN
enumeration in all groundwater deposits
in this study, BAM degradation occurred
only in pipe A and pipe C deposit
mesocosms.
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4.3 Dichlobenil and BAM
degradation in topsoil

In  the  fine  gravel  topsoil,  the
amount of organic matter was low, 1.9%,
and the carbon-to-nitrogen ratio was poor,
0.4:1 (Table 2). Topsoil had low
concentrations of the elements iron,
manganese, zinc, cobalt, chrome, copper,
and lead, and concentrations of cadmium
and nickel were below the limit of
detection (Table 2 in I). As a likely result
from the very low level of nutrients and
trace elements, the MPN counts of
aerobic dichlobenil or BAM degrading
microbes were low (Table 1 in I). Under
anaerobic conditions, no dichlobenil or
BAM degrading microbes were detected
in  topsoil  that  was  collected  from  the
depth of 0-20 cm.

Regardless  of  the  low  MPN
counts, degradation of both dichlobenil
and  BAM  was  evident  in  topsoil
mesocosms, and half-lives were
calculated for both compounds in all
treatments with or without the presence of
microbes or oxygen (Table 2).
Dichlobenil half-life in topsoil under
aerobic conditions was shorter than in the
sterilized control, but under anaerobic
conditions the presence of microbes did
not have a significant effect on
dichlobenil half-life (II). For BAM, no
significant differences were found in the
half-lives between different treatments
with or without microbes or oxygen.
After 7-9 months dichlobenil was
degraded completely in topsoil, but 55-
81% of BAM remained even after 11
months (Fig. 1 in II).

Several studies on dichlobenil or
BAM degradation in soil have been
conducted (e.g. Simonsen et al. 2006;
Sørensen et al. 2007; Holtze et al. 2007a;

Holtze et al. 2007b; Sjøholm et al. 2010).
The results have shown that dichlobenil is
readily degraded in topsoil, that BAM is
degraded only in soils previously exposed
to dichlobenil, and that the degradation of
both compounds is mainly microbial. In
contrast to those results, in this study no
significant difference was found in BAM
degradation between soil and its sterilized
control. The sterility of the autoclaved
topsoil controls was not tested, but in
some of the sterilized controls of the
groundwater deposits microbial growth
was detected. Thus it is possible, that the
lack of variation in BAM degradation
between topsoil and its sterilized control
partly resulted from a microbial
contamination in the sterilized controls.
The BAM concentration used here was
much higher than in the earlier studies,
which could have influenced the behavior
of the chemical in studied soil. Soils used
in the earlier studies have generally had
much higher organic carbon content, and
thus presumably higher microbial
activity.

4.4 The number and identity of
isolates

A collection of different
dichlobenil or BAM degrading bacteria,
enriched in the topsoil and groundwater
deposit MPN tubes during one month of
incubation, we isolated. The number and
identity of isolates varied between the
isolation sources, being the lowest in well
A, pipe C and pipe A (2-7 isolates from
each  site  with  2-3  different  16S  rDNA
sequences), and the highest in topsoil,
well  E  and  well  B  deposits  (13  isolates
from  each  site  with  5-7  different  16S
rDNA sequences) (Table 3). The isolates
fell into three phyla, Proteobacteria,
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Actinobacteria, and Bacteroidetes.
Proteobacteria were isolated from each
isolation source MPN tubes,
Actinobacteria from MPN tubes of all
groundwater deposits except well A, and
Bacteroidetes from well B and topsoil
MPN  tubes  (Fig.  5).  Most  of  the  strains,
i.e.  21  out  of  52,  were  members  of  the
class Gammaproteobacteria, which were
isolated from all isolation sources (Table
1 in III).

Strains  of  the  genera
Pseudomonas were isolated from all
isolation sources, Stenotrophomonas from
topsoil, well A, and well B,
Microbacterium from pipe A and pipe C,
and Rhodococcus from well B and well E
(Table  3).  However,  only P. marginalis
and P. veronii like strains with identical
overlapping parts of 16S rDNA
sequences were isolated from more than
one  source.  The  partial  16S  rDNA
sequences of Stenotrophomonas,
Microbacterium, and Rhodococcus
strains, isolated from different sources,
were not identical (Table 1 in III). The
other genera were specific to one
isolation site, Achromobacter and
Chitinophaga being isolated only from
topsoil, Arthrobacter from  pipe  A
deposit, Rahnella and Pedobacter from
well  B  deposit,  and Cupriavidus,
Zoogloea, Sphingomonas, and
Xanthomonas from well E deposit (Table
3). Thus the isolated strains were quite
different between each isolation site.

In topsoil and in groundwater
deposits  from  pipe  C  and  well  E,
dichlobenil and BAM degradation was
detected both in the low (10-1 to 10-3) and
high (10-4 to  10-6, 10-5 to 10-7, or 10-6 to
10-8)  dilutions  of  the  MPN  experiment,
but not in between. This resulted in two
separate MPN counts: low, 0 - 210

MPN/g, and high, 1.1 x 104 -  1.2  x  107

MPN/g  (Table  1  in  I).  The  presence  of
possibly two different microbial groups
was suspected, one group growing only
after the other was diluted out. To
investigate this observation further,
bacterial strains were isolated from
dilutions 10-1 and 10-6 of  aerobic  well  E
deposit MPN tubes. Strains from MPN
dilution 10-1 belonged to the genera
Cupriavidus, Zoogloea, Xanthomonas,
and Pseudomonas, and were different
from the strains originating from MPN
dilution 10-6, Sphingomonas and
Rhodococcus (Table  3).  Indications  of
differing bacterial populations within a
herbicide degrading microbial community
have been reported also elsewhere: the
bacterial community structure was
different under altered substrate (4-
chloro-2-methylphenoxyacetic acid)
concentrations (Gözdereliler et al. 2013).
There, the r-K scheme  was  used  to
explain the observation of two separate
degrader populations (van Elsas et al.
2006). The r-K scheme could explain
why  bacteria  able  to  grow  rapidly  (r-
strategists) dominated in the MPN 10-1

dilution, while the slower growing K-
strategists survived better in the resource-
limited 10-6 dilution. Indeed, the genus
Pseudomonas isolated  from  the  10-1

dilution is considered to be an r-strategist,
while Rhodococcus isolated from the 10-6

dilution is classified as a K-strategist
(Juteau et al. 1999; Margesin et al.
2003b). Sjøholm et al. (2010) also
suggested the presence of two separate
BAM degrading populations in soils,
which  they  used  to  explain  the
observation of two maximum peaks early
and late for degradation rates of BAM in
their study.
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Figure 5. Number of isolates from each isolation source belonging to different phyla
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5. CONCLUSIONS

The  aim  of  this  study  was  to
investigate the dichlobenil or BAM
degradation potential in groundwater
sedimentary deposits and topsoil in
Finland, and to isolate and identify
microbes able to degrade these
compounds. In addition, some of the
abiotic factors that affect the dichlobenil
and BAM degradation rates were studied.
The information obtained in this study
can be used in future research and
development of solutions for the
bioremediation of BAM contaminated
sites.

Some of the findings of this
study and several previous studies
indicate that dichlobenil was easily
degraded in topsoil, and slowly in the
sedimentary deposits from groundwater
environment. The degradation of
dichlobenil was enhanced when the
indigenous microbes and oxygen were
present, and when carbon and nitrogen
content was relatively high. Sorption
strongly affected the fate of dichlobenil
especially in groundwater sedimentary
deposit from well A having high carbon
concentration.

The climate and soil
characteristics of Finland are harsher than
those  of  Denmark,  where  most  of  the
studies on BAM degradation have been
conducted. Further, the groundwater
environment is generally oligotrophic and
oxygen-poor, and has a low prevailing
temperature. The overall microbial
activity in the Finnish groundwater
environment could thus be expected to be
lower than that in Denmark.
Nevertheless, the mesocosm study found
that significant microbial BAM
degradation occurred in one Finnish

groundwater deposit (pipe A), and in
another deposit minor degradation was
found (pipe C). The concentrations of
elements such as manganese, zinc, cobalt,
lead, and nickel in the sedimentary
deposits of those two pipes were higher
compared to those deposits that had no
detectable BAM degradation.

Several bacterial strains growing
on dichlobenil or BAM were isolated
from MPN tubes of all five groundwater
sedimentary deposits and topsoil. The
isolates were genetically diverse and
belonged to three different phyla and 13
different genera. Most of these genera
were not previously known to contain
dichlobenil or BAM degrading strains.
Some of the topsoil and groundwater
deposit isolates were previously
unidentified species, as their 16S rDNA
sequences were less than 100% similar to
any other 16S rDNA sequences recorded
in the database. In groundwater pipe A
and pipe C deposits, where BAM was
degraded according to the mesocosms
experiment, the number and diversity of
isolates was lower than in well B deposit,
where BAM concentration remained on
the highest level in the mesocosms
experiment.  This  could  be  due  to  a
selective pressure caused by the high
concentrations of certain elements, e.g.
lead  or  iron,  in  pipes  A  and  C.  The
isolates from pipe A and pipe C deposits
were genetically related, as Pseudomonas
and Microbacterium strains were isolated
from both pipes, and Arthrobacter,
belonging to the same order
(Actinomycetales) as Microbacterium,
was isolated from pipe A.

In conclusion, microbial
degradation of pesticide dichlobenil in
Finnish groundwater sedimentary
deposits seems to be ubiquitous, whereas
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degradation of its metabolite, BAM, is
rarely detected. On the other hand, BAM
degrading microbes were detected and
isolated from all groundwater deposits.
The environmental conditions and
isolated bacterial strains were more
similar in those deposits in which BAM
degradation had occurred compared to
deposits in which no BAM degradation
had occurred.

Most of the isolated strains
originate from groundwater deposits and
are thus adapted to this environment.
However, the isolated strains did not
degrade dichlobenil or BAM very
efficiently, and the degradation pathways
and the possible formation of (toxic)
intermediates were not studied. The
isolates as such are not therefore
considered as good candidates for
bioremediation of contaminated
groundwater; though growing them for
longer periods of time under pesticide
stress might enhance their degradation
capacity. This study showed that
dichlobenil or BAM degrading bacteria
are relatively common both in
contaminated topsoil and at the bottom of
groundwater wells or monitoring pipes. In
future studies, the isolates that were
identified could be used to identify the
genes  that  code  for  dichlobenil  or  BAM
degrading enzymes. Such genes could
then be used e.g. as markers to detect
biodegradation capacity at contaminated
sites.
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