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Abstract: The triazine herbicide atrazine easily leaches with water through soil layers into groundwater,
where it is persistent. Its behavior during short-term transport is poorly understood, and there
is no in situ remediation method for it. The aim of this study was to investigate whether water
circulation, or circulation combined with bioaugmentation (Pseudomonas sp. ADP, or four isolates
from atrazine-contaminated sediments) alone or with biostimulation (Na-citrate), could enhance
atrazine dissipation in subsurface sediment–water systems. Atrazine concentrations (100 mg L−1)
in the liquid phase of sediment slurries and in the circulating water of sediment columns were
followed for 10 days. Atrazine was rapidly degraded to 53–64 mg L−1 in the slurries, and further
to 10–18 mg L−1 in the circulating water, by the inherent microbes of sediments collected from
13.6 m in an atrazine-contaminated aquifer. Bioaugmentation without or with biostimulation had
minor effects on atrazine degradation. The microbial number simultaneously increased in the
slurries from 1.0 × 103 to 0.8–1.0 × 108 cfu mL−1, and in the circulating water from 0.1–1.0 × 102 to
0.24–8.8 × 104 cfu mL−1. In sediments without added atrazine, the cultivable microbial numbers
remained low at 0.82–8.0 × 104 cfu mL−1 in the slurries, and at 0.1–2.8× 103 cfu mL−1 in the circulating
water. The cultivated microorganisms belonged to the nine genera Acinetobacter, Burkholderia,
Methylobacterium, Pseudomonas, Rhodococcus, Sphingomonas, Streptomyces, Variovorax and Williamsia;
i.e., biodiversity was low. Water flow through the sediments released adsorbed and complex-bound
atrazine for microbial degradation, though the residual concentration of 10–64 mg L−1 was high
and could contaminate large groundwater volumes from a point source, e.g., during heavy rain
or flooding.

Keywords: Triazine; herbicide; bioaugmentation; biostimulation; Pseudomonas sp. ADP; Na-citrate;
groundwater; cultivation; bacteria; fungi

1. Introduction

Atrazine [6-chloro-N-ethyl-N’-(1-methylethyl)-1,3,5-triazine-2,4-diamine] is a widely used herbicide
in controlling weed growth. Once atrazine is applied in the surface soil, it is decomposed within
a few months [1–3]. However, much less is known about what occurs to atrazine as it passes
through the soil layers, e.g., during intense rainfall [1,4]. Atrazine dissipation is often slow in the
groundwater environment, and half-lives typically range from hundreds of days to no degradation [5,6].
Atrazine and its degradation products desethylatrazine (DEA), deisopropylatrazine (DIA) and
desethyldeisopropylatrazine (DEDIA) are detected in groundwater worldwide. The metabolites
are harmful as long as the chlorine is attached to the molecule, while cyanuric acid is moderately
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biodegradable [7,8]. Atrazine dissipation in the environment has typically been associated with microbial
activity, and the list of known atrazine-degrading microbes is long, including strains of the genera
Pseudomonas, Shingomonas and Rhodococcus [7,9–11]. Hydrolytic, oxygen-independent atrazine catabolism
by Pseudomonas sp. ADP consists of dehalogenation, N-dealkylation, deamination and ring cleavage.
Cytochrome P-450-associated oxidation has also been reported [7,12].

The factors affecting atrazine persistence in the subsurface environment are known to include
microbial community composition, bioavailability, sorption/desorption, ionic and colloid-contaminant
interactions in water, soil hydrological processes, transport, mobility, organic matter and chemical
composition [2,12–14]. However, the relative importance of these factors in controlling atrazine
transport from surface soil to groundwater, and in affecting atrazine persistence in groundwater,
is not well known [2,4]. Methods for in situ remediation of aquifers contaminated with atrazine and
metabolites are not available, and on request, contaminated groundwater is most commonly pumped
for treating, e.g., by activated carbon filtration [15,16]. Atrazine with a water solubility of 33 mg L−1

at 25 ◦C spreads easily with flowing groundwater, is persistent in groundwater conditions, and low
concentrations over large areas are difficult to remove [4,6,17]. The maximum permitted concentration
of a pesticide or degradate in water is 0.10 µg L−1 in the European Union (EU) and 3 µg L−1 in the
United States, while the EU limit for several pesticides and degradates is 0.50 µg L−1 [6,18].

Possible methods for the microbiological in situ remediation of atrazine include natural attenuation,
bioaugmentation and biostimulation. In natural attenuation, physical, chemical or biological
processes in the environment dissipate the contaminant. In bioaugmentation, contaminant-degrading
microorganisms are added, and in biostimulation, degradation rate-limiting nutrients are added [19,20].
Although the aquifer sediments of this study are known to contain atrazine-degrading microbes [21],
natural attenuation was very slow at concentrations of 15–30 mg L−1, suggesting that the quality of
organic matter and sediment chemical composition could not accelerate the chemical or microbial
degradation of atrazine, but prevented bioavailability [17]. Indeed, microbial atrazine degradation in
the sediments ceased at a concentration of about 57 ± 11 mg L−1 (initial 100 mg L−1), most likely due
to complex formation with organic and inorganic colloids, i.e., bioavailability was inhibited [21–23].
In addition to organic matter such as peat, other methods that could accelerate atrazine chemical
dissipation include advanced oxidation processes (AOPs), using oxidants or catalysts such as iron
(zero valent iron ZVI, Fe2+, Fe3+), H2O2, ozone, sulfate or photocatalysis [15,17,24,25]. In principle,
all of these approaches could be applied, e.g., in a reactive barrier, as long as the factors influencing
atrazine dissipation in the subsurface are well enough understood for remediation [26,27].

Accordingly, the aim of this study was to determine whether the formation of atrazine and colloid
complexes could be overcome in the above presented sediment slurries [17,21] by bioaugmentation
alone or with biostimulation, or by water cycling, which is known to maintain the enhanced mass
transfer of herbicides, nutrients and oxygen [5]. Sediments were collected from the groundwater
recharge area above the water table at a depth of 13.6 m, through which, for example, contaminated
water from a point source pollution flows into groundwater during rainfall or flooding. Short-term
atrazine dissipation (10 days) and microbial counts were monitored in the liquid phase of the sediment
slurries, modeling stagnant water, and in the circulating water of the sediment columns, modeling
the water flow through the sediments. The high atrazine concentration of 100 mg L−1 was used in
order to study atrazine degradation above the water solubility limit of about 33 mg L−1 typical in point
source pollution, and to study the bioavailability problem limiting microbial degradation when low
concentrations are approached. The microbes added in the bioaugmentation were Pseudomonas sp.,
ADP known to degrade atrazine [28], or four microbes isolated from groundwater monitoring pipe
A deposit slurries with microbial atrazine degradation under aerobic conditions [6]. Na-sitrate was
added in the biostimulation, as it improves atrazine degradation by Pseudomonas sp. ADP [29].
Aerobic conditions were chosen as nutritionally versatile aerobic microbes dominated in the subsurface
aquifer [30,31]. In addition, the most common aerobically growing microbes in the liquid phases were
determined by 16S rDNA sequencing. The hypotheses of the study were that bioaugmentation alone,
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or with biostimulation or water recycling, will improve atrazine dissipation in aquifer sediments.
The null hypothesis was that these factors do not affect atrazine dissipation.

2. Materials and Methods

2.1. Subsurface Deposits and Sediments

The deposit sampling site for isolating microbial inoculum was located in Lahti, Finland
(60◦97’24” N/25◦63’21” E). Gardens, houses, roads and railways are located above the study aquifer [6].
The deposits were collected from the bottom of groundwater monitoring pipe A at 18.5 m below the
soil surface (water table 17.7 m) using a Waterra HL 21,507 pump equipped with aggregate Power
2601 BV (2.5 kW, Hollola, Finland). The deposits were accumulated in the pipe through sieves with a
pore size of 0.3 mm.

The sediment sampling site for degradation experiments was located next to the railway station
in Lahti, Finland. The site is located in a groundwater recharge area, where atrazine has been detected
in groundwater and sediments [6,32]. The sediments were collected at the drilling site and directly
placed into sterilized plastic bags. The drill diameter was 75 mm from the topsoil reaching to a
depth of approximately 10 m, and 4.8 cm below this (Destia, Finland). The groundwater table was
approximately 15.0 m below the soil surface, while the study sediments were taken from a depth of ca.
13.6 m, through which contaminated water flows into groundwater.

The dry weight of three parallel samples of 1–3 g was weighed after heating at 105 ◦C for 16 h,
and then the organic matter content was determined from the weight loss after heating at 550 ◦C for
4 h [6]. To determine total carbon (total-C), three parallel sediment samples of approximately 0.3 g were
weighed and the carbon was determined with a LECO Model 2000 CNS analyzer (St. Joseph, MI, USA)
using helium as a carrier gas according to the manufacturer’s instructions [33]. To determine NH4-N
and NO3-N, 1 h after sediment:water (1:5, weight/volume) extraction the solution was separated
by filtration though gauze. The aqueous extract was distilled using boric acid (0.2 g), bromocresol
green (0.1 g) and methyl red (0.02 g) as indicators in 100 mL of methanol. The HN4-N was then
titrated with 0.5 mM H2SO4, and the aqueous extract was filtered (0.45 µm) to determine nitrate by
ion chromatography [34–36]. To analyze the elements Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn, 3 mL of
deionized distilled water, 3 mL of 37% HCl and 1 mL of nitric acid were added to about 1 g of insoluble
sediment from the dry weight assay. The sample was heated until the material was completely digested,
and after filtration, the volume was brought to 50 mL with deionized distilled water. The sample
was analyzed by inductively coupled plasma atomic emission spectrometry using standard reference
solutions to determine standard curves for quantification [37,38]. NH4-N, NO3-N and element analyses
were performed as a purchased service at Eurofins Environment Testing Finland Ltd. (Lahti, Finland),
which uses methods accredited according to the Finnish Accreditation service T039 (FINAS) [39].

2.2. Inoculum Preparation

Four microbial strains were isolated after 176 days’ enrichment of the groundwater monitoring
pipe A deposit slurry mesocosms, in which microbial atrazine degradation was observed under aerobic
conditions [6]. To isolate microbes, 100 µL of the liquid was cultivated on mineral agar medium
containing 33 mg L−1 of atrazine as a sole nitrogen source [40]. The separate colonies were further
re-plated on the same medium until microscopy revealed them to be pure cultures (Olympus SZ40,
Hatabaya, Japan). Four isolates from pipe A deposits utilizing atrazine as the sole nitrogen source,
and Pseudomonas sp. ADP (DSM 11735, AM088478), were used as inoculants in this study.

For use as an inoculum in the degradation experiments, each microbe was first cultivated for one
week at 21 ± 2 ◦C in 10 mL of mineral medium with 100 mg L−1 of atrazine in four parallel tubes [40].
Then 20 mL was inoculated to 100 mL of the same medium, in duplicate, and the suspensions were
cultivated for one week in a shaker (150 rpm; Unimax 1010, Heidolph Instruments, Schwabach,
Germany). The cells were separated by centrifugation (4000× g, 10 min; Biofuge primo R, Heraeus,
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Hanau, Germany), washed twice with 50 mL of sterilized distilled water, and finally suspended in
22.5 mL of sterilized water. The four isolates from the deposits were combined to obtain 90 mL of
suspension. Pseudomonas sp. ADP cells were directly suspended in 90 mL of sterilized water. The equal
volumes of microbial suspensions were added to the bioaugmentation experiments.

2.3. Degradation Experiments

In the sediment slurries, sediments (15.0 g dry weight) in 50 mL of sterilized distilled water were
shaken in 100 mL flasks (150 rpm, Laboshake, Gerhardt, Königswinter, Germany). Atrazine dissipation
(the total amount of atrazine, 5 mg; 100 mg L−1 of water; 0.333 mg g−1 of sediment) followed in the
liquid phase for 10 days in experiments performed in triplicate.

In the sediment columns, 10 mL sterile syringes were filled with 14.7 g (dry weight) of sediment,
and 160 mL of liquid was circulated through the sediment column at a flow rate of 16.7 mL min−1

using pipes (inner diameter 3 mm) connected to a multichannel pump (ISM 404B, Ismatec, Germany).
The liquid in the flask was shaken at 150 rpm (Unimax 1010, Heidolph Instruments). Atrazine
dissipation (the total amount of atrazine, 16 mg; 100 mg L−1 water; 1.067 mg g−1 of sediment) followed
in the circulating water for 10 days in experiments performed in duplicate.

Both experiments consisted of eight different treatments as presented in Table 1. The supplements
used in the treatments were as follows: Pseudomonas sp. ADP, known to degrade atrazine [29]; the four
microbes isolated from groundwater monitoring pipe A deposit slurries, where microbial atrazine
degradation was observed under aerobic conditions [6]; atrazine (100 mg L−1, 0.5 mL of stock 10 g L−1

in methanol); and Na-citrate (1.0 g L−1), known to enhance atrazine degradation by Pseudomonas sp.
ADP [29]. The experiments were conducted at a room temperature of 21 ± 2 ◦C. The liquid samples of
200 µL were taken daily from each flask to follow the rate of atrazine dissipation and microbial counts,
and to determine the microbial species growing in the liquid phase.

Table 1. Experimental setup in the sediment slurries and sediment columns.

Experiment Atrazine Na-citrate

mg·L−1 g·L−1

Control 0 0
Pseudomonas ADP 0 0
Four microbes * 0 0

Atrazine 100 0
Atrazine, Pseudomonas ADP 100 0

Atrazine, Pseudomonas ADP, Na-citrate 100 1.0
Atrazine, four microbes * 100 0

Atrazine, four microbes *, Na-citrate 100 1.0

* ATR16/2, ATR17/2, ATR18/2a, ATR18/2b.

2.4. Microbial Counts and Identification

Liquid samples (100 µL) from the degradation experiments were diluted ten-fold and cultivated
on mineral agar plates [40]. The colonies were counted, and single colonies with different colonial
morphologies were further purified by re-plating until they were pure cultures according to microscopy
analysis (Olympus SZ40, Hatabaya, Japan).

To characterize the isolates using sequencing, strains were cultivated on mineral agar as presented
above. DNA was isolated using the UltraClean™Microbial DNA Isolation Kit (MO BIO Laboratories,
Carlsbad, CA, USA) according to the instructions. The polymerase chain reaction (PCR) primers for
bacterial 16S rDNA detection were pA and pH [41], and for fungal internal transcribed spacer (ITS)
detection FUN18F and ITS4 (Oligomer, Helsinki, Finland) [42]. Both PCR primers were used under the
same conditions. The PCR reactions in a volume of 50 µL contained 5 µL of 10× buffer, 0.25 mM of
each dNTP, 0.1 µM of each primer, approximately 25 ng of template DNA, and 2.0 U of DyNAzyme
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II DNA Polymerase (Thermo Fisher Scientific Inc, MA, USA). DNA was amplified with the DNA
Engine DYAD Peltier Thermal Cycler (Bio-Rad, Hercules, CA, USA) using the following program:
denaturation for 4 min at 95 ◦C; then 30 cycles at 94 ◦C for 20 s, 50 ◦C for 20 s, and 72 ◦C for 1 min;
and a final extension at 72 ◦C for 5 min. The amplification products were analyzed in 1% agarose
gel in a Tris-borate-EDTA buffer (pH 8.0) containing 1.0 µg mL−1 of ethidium bromide. The DNA
bands in gels were visualized by UV transillumination and photographed using a Chemi Imager 5500
(Alpha Innotech Corporation, San Leandron, CA, USA). The partial 16S rRNA genes were sequenced
using the universal forward primers pA or pB, and reverse primers pD or pE [43], and fungal ITS
genes were sequenced using primers ITS1F and ITS2 [42]. Sequencings in duplicate were performed in
the DNA Sequencing Laboratory of the University of Helsinki. The sequences were compiled with the
Staden Package (MRC Laboratory of Molecular Biology, 1995–2001, Cambridge, UK) and compared
with other 16S rDNA sequences in the EMBL database using the FASTA algorithm (January–May,
2015).

2.5. Pesticide Analyses

The liquid sample of 100 µL was supplemented with 66.1 µM simazine as an internal standard,
and brought to 600 µL with methanol:water (3:1 v/v). Atrazine standards at five concentrations between
2.3 and 130 µM in methanol:water (3:1 v/v) had 66.1 µM simazine as an internal standard. The standard
curves were linear with the correlation coefficients (r ± standard deviation) of 0.995 ± 0.004. The limit
of detection (LOD) varied between 2.0 and 2.6 µM. The liquid samples and standards were filtered
through 0.45 µm GHP membranes (Acrodisc, Gelman, Pall Corporation Ltd., NY, USA), and 20 µL
was analyzed using an HPLC: Shimadzu Prominence (Shimadzu, Kyoto, Japan), SIL-20A autosampler,
LC-20AT solvent delivery module, DGU-20A5 on-line degasser, SPD-20A UV/VIS detector (225 nm),
LC Solution software and SunFire column (0.6 mL min−1; C18, 3.5 µm, 3.0 × 150 mm, Waters, MA,
USA), as presented earlier [44]. The initial acetonitrile concentration in filtered water was 30% for
2.5 min, which was increased to 65% for 5 min, and finally back to 30% for 3.5 min.

To define the quantity of atrazine retained in the sediments by the end of the experiment, 150 mg of
sediment (wet weight) from each column was extracted in 1.5 mL of methanol:water (3:1, v/v). Propazine
(321 nmol) was added as an internal standard. The sample was mixed carefully, sonicated (40 kHz,
Everest, Istanbul, Turkey) for 15 min at 20 ◦C, and then shaken (200 rpm, Unimax 1010, Heidolph
Instruments) overnight at 21 ± 2 ◦C. After centrifugation for 10 min at 1250× g (Biofuge primo R,
Heraeus), the extract was separated, and stored at –20 ◦C. The extraction was repeated three times,
after which the extracts were combined, and 20 µL was analyzed by HPLC as presented above.
The LOD for atrazine was approximately 100 nmol g−1 of sediment, and the extraction recovery was
about 90%. The same standard concentrations as above formed a standard curve with r value of 0.963.

To decrease the LOD to ca. 1.7 nmol g−1 for atrazine, DEA, DIA and DEDIA, all column sediments
were extracted using the method presented earlier [32], which in essential parts followed that described
above. The extraction recovery was about 68%, based on internal standard. The sediment dry
weight was 14.7 g in the extractions, 87.1 nmol of propazine was added as an internal standard,
and 18 mL of methanol:water (3:1, v/v) was used in the extractions. The methanol:water (3:1 v/v) of
the combined extracts was evaporated under a nitrogen flow, and the precipitate was extracted twice
with 300 µL of acetone using sonication (15 min, 43 kHz/320 W, Branson 8510 Ultrasonic Cleaner, W.A.
Brown Industrial Sales Inc, Richmond, VA, USA), followed by centrifugation (13000× g). The pooled
acetone fractions were filtered and pesticides were analyzed by Shimadzu GCMS-QP-2010 Ultra gas
chromatograph mass spectrometer, autosampler AOC-20i+s, and ZB-5MS capillary column (29 m,
0.25 mm, 0.25 µm). Helium was the carrier gas (1.29 mL min−1), the injector temperature was 250 ◦C,
and injection (2 µL) was splitless. The oven temperature was programmed to hold 120 ◦C for 2 min,
and then increase 20 ◦C min−1 to 180 ◦C, hold for 5 min, and then 20 ◦C min−1 to 280 ◦C, hold for
8 min. The mass spectra were recorded at electron energy of 70 eV. The ion source temperature was
230 ◦C, and that of the interface was 250 ◦C. Five standards in methanol:water (3:1, v/v) contained
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atrazine, DEA, DIA, and DEDIA of 0.13–3.44 nmol L−1. The r value of the standard curve was 0.999.
The ions that followed were m/z 202 and 215 (quantification) for atrazine, 174 (quantification) and
187 for DEA, m/z 158 (quantification), 173 and 175 for DIA, m/z 110, 145 (quantification) and 147 for
DEDIA, and m/z 172, 187, 214 and 229 (quantification) for propazine.

2.6. Calculations

The nonparametric, two-factor Kruskal–Wallis test (K-W) was used to determine whether atrazine
dissipation and microbial numbers could be related to the system mode (stagnant/flowing water)
and treatments (Table 1), as the Levene’s test of equality of variances was significant. The pesticide
concentrations (mg L−1 of water, and mg g−1 of sediment) and microbial numbers of the last five
sampling days under stabilized conditions were used in the statistical analyses (n = 5). The pairwise
comparisons between treatments were performed using Mann–Whitney’s test (M-W). K-W and M-W
were performed using PASW Statistics 18, Release 18.0.0 for Windows (SPSS Inc., Chicago, IL, USA).

3. Results

Atrazine dissipation and associated microbial growth were monitored for 10 days in the liquid
phase of stagnant sediment slurries, and in the water circulating in sediment columns. In addition
to (1) control sediments (no additives), the following amendments were included in the study
arrangements: (2) Pseudomonas sp. ADP; (3) four microbes; (4) atrazine; (5) atrazine and Pseudomonas
sp. ADP; (6) atrazine, Pseudomonas sp. ADP and Na-citrate; (7) atrazine and four microbes; (8) atrazine,
four microbes and Na-citrate (Table 1). The four inoculum isolates from the subsurface deposits were
identified as bacteria from genera Pseudomonas (ATR18/2) and Janthinobacterium (ATR17/2), and fungi
from genera Acremonium (ATR16/2) and Penicillium (ATR18/2b) (Table 2). The percentage of organic
matter in the sediments was only 0.4%, Fe and Mn were the most common elements, and other elements
were present in low quantities of 3–27 µg g−1 of sediment (Table 3). NH4-N and NO3-N were below
the detection limit.

According to the two-factor Kruskal–Wallis test (p < 0.01), the system mode (stagnant/flowing
water) and treatments had significant effects on both atrazine dissipation and microbial growth
(Table 4). The atrazine concentrations and microbial numbers in the water circulating in the
sediment columns were significantly lower than in the liquid phase of the sediment slurries (M-W,
p ≤ 0.003), while bioaugmentation and biostimulation with Na-citrate did not significantly affect
atrazine concentrations.



Water 2020, 12, 2507 7 of 17

Table 2. Isolated microbes; bacterial identification by partial 16S rDNA sequencing at nucleotide
positions presented (Escherichia coli numbering [45]), and fungal sequence numbering based on the
nearest neighbor sequences; sequence accession numbers (ACNO); similarity percentages to the nearest
neighbors, and their isolation sources and ACNOs.

Isolate
16S rDNA Sequence Nearest Neighbor

Position ACNO Similarity Strain Isolation Source

Inoculated four microbes
ATR18/2a 291-870 KM501426 100.0 Pseudomonas veronii CIP104663T Natural mineral water (AF064460)
ATR17/2 58-880 MF977270 99.9 Janthinobacterium 001xTSA06A_A01 Cold Alaskan soil (HM113656)
ATR16/2 1504-2086 * MF977305 100.0 Acremonium sp. 11665 DLW-2010 Not Known (GQ867783)

ATR18/2b 94-869 * MF977292 99.7 Penicillium griseofulvum NRRL 5256 Not Known (DQ339557)
Isolates from sediment slurries and circulating water of sediment columns

Alphaproteobacteria

ATR47 46-1047 MF977398 99.7 Methylobacterium suomiense
NCIMB13778 Soil (AB175645)

ATR52 54-972 MF977401 100.0 Methylobacterium fujisawaense z100a Water moss (AB698695)
ATR64 47-869 MF977404 99.6 Sphingomonas aerolata Ice sheet, depth 44.88m (JF70599)

Betaproteobacteria
ATR49 48-1074 MF977399 100.0 Burkholderia sp. H801 Soil, dichlorophenoxyacetate (AB212238)
ATR46 92-936 MF977397 100.0 Variovorax sp. CI17 Aquifer soil, phenol (AB167189)
ATR63 56-935 MF977403 100.0 Variovorax sp. CI17 Aquifer soil, phenol (AB167189)

Gammaproteobacteria
ATR55 49-932 MF977402 99.9 Acinetobacter sp. DSM 1139 Soil, pesticides (X81657)
ATR41 52-1074 KM501423 100.0 Pseudomonas sp. LAB-23 Aquifer, trichloroethylene (AB051699)
ATR45 54-1074 KM501402 100.0 Pseudomonas sp. LAB-23 Aquifer, trichloroethylene (AB051699)
ATR51 52-1074 KM501396 100.0 Pseudomonas sp. LAB-23 Aquifer, trichloroethylene (AB051699)
ATR54 52-1074 KM501403 100.0 Pseudomonas sp. LAB-23 Aquifer, trichloroethylene (AB051699)
ATR53 49-1014 MF977393 100.0 Pseudomonas sp. ADP Mineral soil, atrazine (AM088478)
ATR56 56-1014 MF977394 100.0 Pseudomonas sp. ADP Mineral soil, atrazine (AM088478)
ATR62 49-1095 MF977392 99.76 Pseudomonas putida sp. PC36 River water, phenol (DQ178233)

Actinobacteria
ATR50 29-1053 MF977400 100.0 Rhodococcus sp. K4-07B Mine tailing site (EF612291)
ATR42 22-971 MF977395 99.2 Streptomyces ederensis NRRL B-8146 Soil (EU594481)
ATR44 52-1020 MF977396 99.8 Williamsia sp. NRRL B-15444R Soil, degrades melamine (JN201861)

* ITS sequence.

Table 3. Chemical composition of sediments on a dry weight basis.

Compound Concentration

Organic matter (mg·g−1) 4.3 ± 0.2
Total carbon (mg·g−1) 0.3 ± 0.1

NH4-N (µg·g−1) <0.39 *
NO3-N (µg·g−1) <0.1 *

Co (µg·g−1) 3 ± 1
Cr (µg·g−1) 12 ± 4
Cu (µg·g−1) 15 ± 5
Fe (mg·g−1) 12 ± 3
Mn (µg·g−1) 96 ± 24
Ni (µg·g−1) 6 ± 2
Pb (µg·g−1) 3 ± 1
Zn (µg·g−1) 27 ± 9

* below the detection limit.
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Table 4. Microbial numbers and atrazine concentrations in degradation experiments using stagnant sediment slurries and circulating water in sediment columns.

Treatment Atrazine (Stabilized, day 10) Microbial Numbers
Treatment mg L−1 of Liquid mg g−1 of Sediment Initial (Day 0) Stabilized (Day 10)

A B A B A B A B

a.Control <0.5d,e,f,g,h,B,* <0.5d,e,f,g,h,A,* <0.002d,e,f,g,h,B,* <0.005d,e,f,g,h,A,* 1.0 × 103 1.0 × 101 6.7 × 104d,e,f,g,h,B 1.0 × 102c,b,d,f,g,h,A

b.Pseudomonas ADP 0.8 ± 0.7d,e,f,g,h,B <0.5d,e,f,g,h,A,* 0.003 ± 0.002d,e,f,g,h,B <0.005d,e,f,g,h,A,* 1.0 × 103 1.0 × 102 8.2 × 103d,e,f,g,h,B 2.8 × 103a,d,f,g,A

c.Four microbes 1.9 ± 0.7d,e,f,g,h,B <0.5d,e,f,g,h,A,* 0.006 ± 0.002d,e,f,g,h,B <0.005d,e,f,g,h,A,* 1.0 × 103 1.0 × 101 8.0 × 104d,e,f,g,h,B 1.0 × 103a,d,f,g,A

d.Atrazine 61.9 ± 8.9a,b,c,B 10.3 ± 2.0a,b,c,A 0.206 ± 0.030a,b,c,B 0.112 ± 0.022a,b,c,A 1.0 × 103 1.0 × 101 >108a,b,c,B 5.5 × 103a,b,c,f,A

e.Atrazine,Pseudomonas ADP 56.4 ± 5.8a,b,c,B 11.8 ± 1.3a,b,c,A 0.188 ± 0.019a,b,c,B 0.129 ± 0.014a,b,c,A 1.0 × 103 1.0 × 102 >108a,b,c,B 2.4 × 103f,g,A

f.Atrazine,Pseudomonas
ADP,Na-citrate 63.8 ± 4.3a,b,c,B 10.3 ± 3.5a,b,c,A 0.213 ± 0.014a,b,c,B 0.112 ± 0.038a,b,c,A 1.0 × 103 1.0 × 102 >108a,b,c,B 4.6 × 104a,b,c,d,e,h,A

e.Atrazine,four microbes 53.4 ± 3.7a,b,c,B 15.8 ± 1.2a,b,c,A 0.178 ± 0.012a,b,c,B 0.172 ± 0.013a,b,c,A 1.0 × 103 1.0 × 102 >108a,b,c,B 8.0 × 104a,b,c,e,h,A

h.Atrazine,four
microbes,Na-citrate 61.1 ± 6.1a,b,c,B 17.5 ± 2.1a,b,c,A 0.204 ± 0.020a,b,c,B 0.190 ± 0.023a,b,c,A 1.0 × 103 1.0 × 102 >108a,b,c,B 2.6 × 103a,f,g,A

The superscript letters a-h indicates statistically significant differences in microbial numbers or atrazine concentrations between treatments. Stagnant sediment slurries (A); Circulating water
in sediment columns (B); Below the detection limit (*).
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3.1. Atrazine Degradation in the Sediment Slurries

The cell numbers increased over a couple of days from ca. 1.0 × 103 cfu mL−1 to nearly equivalent
levels of 0.82–8.0 × 104 cfu mL−1 in the liquid phase of the controls and slurries amended with
microorganisms (Pseudomonas sp. ADP, four microbes), but not with atrazine (Table 4). Instead,
the cell numbers in the liquid phase of the atrazine-amended slurries (100 mg L−1) increased to
≥108 cfu mL−1 in a few days, and the atrazine concentration simultaneously decreased to 53–64 mg L−1

(0.178–0.213 mg g−1 of sediment) (Figure 1; Table 4). The addition of Pseudomonas sp. ADP,
four microbes or Na-citrate had minor effects on the atrazine concentrations and cell numbers.
The low atrazine concentrations (0.8–1.9 mg L−1) detected in the liquid phases of the slurries amended
with Pseudomonas sp. ADP or four microbes were residues inoculated with microorganisms (Table 4).
At the end of the experiment, the quantity of atrazine extracted from the atrazine-amended slurry
sediments was 129.3 ± 43.9 µg, which is equivalent to 2.6 ± 0.9 µg L−1 of liquid and 8.6 ± 2.9 µg g−1 of
sediment. DEA, DIA and DEDIA were not detected in the extracts.
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Figure 1. Atrazine dissipation in treatments over ten days. The initial atrazine concentration was
100 mg/L. Slurries and the water circulating in sediment columns were supplemented with atrazine
(ATR), Pseudomonas sp. ADP (P. ADP), 4 microbes (4 micr) growing on atrazine as a nitrogen source,
and/or Na-citrate (CITR). Atrazine concentrations between the slurry and column experiments differed
significantly based on Kruskal–Wallis test (p < 0.01) followed by Mann–Whitney’s test (p ≤ 0.003).

3.2. Atrazine Degradation in the Circulating Water of the Sediment Columns

The microbial numbers were low in the circulating water of the sediment columns—between
1.0 × 101 and 1.0 × 102 cfu mL−1 at the beginning of the experiment (Table 4). The numbers slightly
increased in a few days, to 0.1–2.8 × 103 cfu mL−1 in the circulating water of the columns without
atrazine, and were equal to or lower than the microbial numbers of 0.24–8.0 × 104 cfu mL−1 in the
treatments with atrazine. The highest microbial numbers were measured in the circulating water of
the columns inoculated with atrazine, with atrazine, Pseudomonas sp. ADP and Na-citrate, or with
atrazine and the four microbes, though differences in microbial numbers were generally small.

The concentration of added atrazine decreased remarkably to 10–18 mg L−1 (0.112–0.190 mg g−1

of sediment) in the circulating water of the columns (Table 4, Figure 1). The atrazine concentrations
were equal in the circulating water of the columns amended with atrazine, atrazine and Pseudomonas
sp. ADP, atrazine, Pseudomonas sp. ADP and Na-citrate, atrazine and the four microbes, or atrazine, the
four microbes and Na-citrate. At the end of the experiment, the quantity of atrazine extracted from the



Water 2020, 12, 2507 10 of 17

atrazine-amended column sediments was 50.1 ± 25.8 µg, which is equivalent to 312.8 ± 161.4 µg L−1

of liquid and 3.4 ± 1.8 µg g−1 of sediment. DEA, DIA and DEDIA were not detected.

3.3. Cultivated Bacteria

Three Gram-positive actinobacteria from genera Rhodococcus (ATR50), Streptomyces (ATR42) and
Williamsia (ATR44) were isolated from the liquid phases of sediment slurries and from the circulating
waters of sediment columns on mineral agar containing atrazine as a sole nitrogen source (Table 2).
The rest of the isolates were from the phylum proteobacteria. The isolates from class alphaproteobacteria
belonged to genera Methylobacterium (ATR47, ATR52) and Sphingomonas (ATR64). The isolates from
class betaproteobacteria belonged to genera Burkholderia (ATR49) and Variovorax (ATR46, ATR63),
and the isolates from class gammaproteobacteria belonged to genera Acinetobacter (ATR55) and
Pseudomonas (ATR41, ATR45, ATR51, ATR53, ATR54, ATR56, ATR62). The inoculated two bacteria
(ATR18/2, ATR17/2) and two fungi (ATR16/2, ATR18/2b) did not grow among the major cultivable
microbes in the experiments, i.e., they may have been overgrown by the isolates from the liquid phase
of the slurries and from the circulating water of the sediment columns. Pseudomonas isolates ATR53
and ATR56 had the same 16S rDNA sequence as Pseudomonas sp. ADP.

4. Discussion

4.1. Atrazine Dissipation in the Sediment–Water Systems

Atrazine dissipated rapidly down to 53–64 mg L−1 in the liquid phases of the sediment slurries,
and further to 10–18 mg L−1 in the circulating water of the sediment columns, regardless of the additives,
and thereafter, no dissipation occurred (Table 4, Figure 1). The stabilized atrazine concentrations
in the liquid phases of the sediment slurries were above the 33 mg L−1 water solubility limit [46],
whereas the concentration was below the water solubility limit in the circulating water of the sediment
columns. However, sediment particles affect atrazine solubility, and the actual solubility is not
known. For comparison, atrazine was persistent in the liquid phase of subsurface deposit slurries,
with half-lives of hundreds of days to no dissipation in the presence of an initial atrazine concentration
of 30 mg L−1 [6], which is below the concentration limit for dissipation of 53–64 mg L−1 observed
in this study. Thus, atrazine can also dissipate rapidly in the presence of an initial concentration of
100 mg L−1, but the dissipation ceased while the atrazine concentration was still quite high.

The concentration limits for the slow dissipation of other compounds are often lower than
that for atrazine; for example, dichlobenil and its degradation product 2,6-dichlorobenzamide
(BAM) initially dissipated rapidly in the liquid phase of deposit slurries down to the low
concentrations of 1.0–6.3 and 3.0–11.3 mg L−1, respectively [44]. This could be due to the chemical
properties of atrazine. It is more water soluble than dichlobenil, and less water-soluble than BAM
(atrazine, 33 mg L−1; dichlobenil 14.6 mg L−1 [46]; BAM, 2.7 g L−1 [47]). Dichlobenil evaporates
more easily than atrazine or BAM (Henry’s constant: dichlobenil, 1.02 Pa m3 mol−1; atrazine,
1.5 × 10−4 Pa m3 mol−1 [46]; BAM, 1.242 × 10−4 Pa m3 mol−1 [48]). Further, dichlobenil has a higher
capacity than atrazine for sorption (sorption distribution coefficient: dichlobenil, Kd, 2.6–126.01 L kg−1;
atrazine, 0.2–18 L kg−1; [46]) and organic carbon binding (organic carbon partition coefficient Koc:
dichlobenil 500–896 mL g−1 [48]; atrazine, 39–173 mL g−1 [46]), both of which could lead to rapid
adsorption-catalyzed dissipation [5,49]. As a result, dichlobenil either evaporates or dissipates easily.
Compared to BAM (Kd: 0.10–0.93 L kg−1 [46]; KOC: 33–35 mL g−1 [48]), atrazine has a higher capacity
for sorption and organic carbon sequestration, leading to atrazine dissipation in the presence of high
levels of organic matter, but not in groundwater conditions [17]. Moreover, atrazine in the water
solution forms complexes with colloids and metal ions, such as Mn, Mg, Ca, Cd, Pb or Zn [22,23,50–52].
For example, Mn and Zn were present in the sediments of this study (Table 3), and Mn2+ ions are
commonly found in groundwater in Finland [53]. Such interactions could prevent the bioavailability
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of atrazine for microbial degradation in the water phases of subsurface sediments, although degrading
microorganisms are present.

Mechanical forces in water pumping through sediment columns can cause physicochemical
transformations and the enhanced mass transfer of atrazine, nutrients and oxygen [5,50]. They can
release atrazine, which is adsorbed on sediments and forms complexes with ions and colloids in the
water phase, increasing bioavailability and microbial degradation (Table 4). In this study, the quantities
of colloids and metal ions added with the sediments were equal in both sediment–water systems.
The initial atrazine quantity (100 mg L−1) in the circulating water of the sediment columns (16 mg) was
much higher than in the slurries (5 mg), as more water was needed to fill the column, pipelines and
shaker flask. Still, in the end of the experiments, the atrazine concertation per gram of sediment in
the water of slurries was significantly higher than in the circulating water of the sediment columns
(Table 4), indicating that water circulation enhanced atrazine dissipation. In comparison, rhamnolipid,
Triton X-100 and cyclodextrin surfactants [17,52] did not improve the microbial atrazine degradation
as much as forces caused by water flow in the sediment columns.

4.2. Microbial Growth in the Sediment–Water Systems

Adsorption to sediments does not explain the initial rapid removal of atrazine from the water
phase, as the quantities adsorbed to the slurry and columns sediments were only ca. 129.3 and 50.1 µg,
respectively. The rapid increase in microbial numbers in the liquid phase of the atrazine-added
sediment slurries, but not in the treatments without atrazine, indicates that some of the atrazine was
degraded as a microbial growth substrate (Table 4). The subsurface sediments contaminated with
about 13 µg kg−1 of atrazine [32] appeared to inherently contain microbes that are able to rapidly
degrade atrazine, which is often disputed due to the absence of microbial pesticide degradation at
concentrations below the water solubility limit of 33 mg L−1 [6,21,54].

At the beginning of the experiment, microbial numbers were as low as 0.1–1.0 × 102 cfu mL−1 in
the circulating water of the sediment columns, and 1.0 × 103 cfu/mL in the liquid phase of the sediment
slurry (Table 4), though 3.3 × 107 cells g−1 dry sediment were measured using phospholipid fatty acid
analysis [32]. This indicated the poor cultivability and low microbial activity of subsurface sediments,
where aerobic and nutritionally versatile microorganisms have dominated [31,55]. The microbial
numbers in the circulating water of the sediment columns were lower than in the liquid phase of
the sediment slurries throughout the study, possibly because some of the microbes were bound to
the sediment columns during the water circulation. The cultivable microbial numbers in the liquid
phase of the sediment slurries increased to >108 cfu mL−1, while atrazine was degraded under aerobic
conditions (Table 4). In surface soils treated with ≥100 mg kg−1 of atrazine, increased microbial growth
and activity were associated with decreased diversity compared to soils treated with ≤10 mg kg−1 of
atrazine [56]. Similarly, in this study, increased microbial growth and activity were associated with
low diversity, as cultivated strains with different colony morphologies belonged to only nine genera
(Table 2).

In total, 14 isolates cultivable on mineral agar medium with atrazine as the sole nitrogen source
belonged to the phylum proteobacteria, and three to the actinobacteria (Table 2). Both phyla are typical
for subsurface sediments [31,54]. The nearest neighbor strains of the isolates from the sediment–water
systems grew in soil (soil, aquifer soil, mineral soil), water-related environments (ice, river water, water
moss) or in the presence of contaminants 2,4-dichlorophenoxyacetic acid, phenol, trichloroethylene,
mine tailing, melamine or pesticides (organophosphate or carbamate pesticides) (Table 2). Members
from all isolated genera have been associated with atrazine degradation [40,52,57–59], and they could be
important in the aerobic remediation of atrazine from subsurface sediments, e.g., in situ aeration [60,61].
However, atrazine was not degraded during the 10-day experiments below the concentrations of
53–64 mg L−1 and 10–18 mg L−1 in the liquid phase of the sediment slurries and in the circulating
water of the sediment columns, respectively (Table 4, Figure 1).
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The four added microbes did not affect atrazine degradation, and they did not grow among the
major cultivable microbial population (Tables 2 and 4). The microbes were isolated from the mesocosms
of the groundwater monitoring pipe A deposits, where microbes degraded atrazine under aerobic
conditions [6]. Pseudomonas sp. ATR18/2 belongs to Pseudomonas veronii-like strains, which have grown
in a wide range of different environments, including groundwater [40,62]. The nearest neighbor strains
of Janthinobacterium sp. ATR17/2 have been isolated from cold Alaskan soil [63], low temperature
sewage (JX515338) and the Bogota River (EF111135), i.e., from soil and water under low temperature
conditions. The isolation sources for the nearest neighbor strains of fungi Acremonium sp. ATR16/2
and Penicillium sp. ATR18/2b are not known [64]. Fungi were detected in the sediment slurries more
frequently than in the circulating water of the sediment columns, while cultivable fungi were less
represented than bacteria in almost all samples.

Pseudomonas sp. ADP-like strains ATR53 and ATR56 grew in the sediment–water systems
among the major microbial population, however atrazine was not degraded below 10–64 mg L−1

during the 10-day experiment (Tables 2 and 4). Na-citrate did not affect atrazine degradation,
although it enhanced atrazine degradation by the Pseudomonas sp. ADP in soil [29]. In contrast,
Pseudomonas sp. ADP degraded atrazine in 8 days in sediment slurries supplemented with 30 mg L−1

of atrazine [17]; that is, the initial concentration was below the 53–64 mg L−1. Thus, Pseudomonas sp.
ADP can release atrazine from complexes with colloids and metal ions for degradation. However,
in this study, the indigenous atrazine-degrading microbes in sediments may have degraded atrazine
at concentrations above 53–64 mg L−1, and somewhat overgrown Pseudomonas sp. ADP. Further,
at atrazine concentrations above 53–64 mg L−1, enzyme(s) releasing atrazine from the complexes with
colloids and metal ions may not be required, and thus, a change in metabolism below this concentration
may be required to degrade atrazine, which may take more than 10 days.

4.3. Atrazine-Contaminated Aquifer Sediments and Remediation

The results showed that indigenous microbes in atrazine-contaminated sediments could degrade
atrazine above a high atrazine concentration of 10–64 mg L−1 (Table 4). However, microbial atrazine
degradation did not occur below 10–64 mg L−1. In the study aquifer, microbial atrazine degradation at
concentrations below 10–64 mg L−1 was observed only under aerobic conditions in the enrichment
cultures of groundwater monitoring pipe A deposit slurries, of which four added microbes were
isolated [6]. Degradation under aerobic conditions suggests oxidation associated with cytochrome
P-450 [7,12]. In this study, the oxygen concentration in the liquid phase may have affected growth
and respiration rate, but oxygen-dependent cellular functions were apparently not inhibited in
sediment–water systems with liquid phase mixing. However, microbial atrazine degradation was
not observed below 10–64 mg L−1. Pseudomonas sp. ADP has also been known to degrade atrazine
sediment slurries at concentrations below 30 mg L−1, regardless of oxygen [17], but this did not occur
in this study. Based on the results, it can be estimated that at rather high concentrations, atrazine that
leaked from a point source due to heavy rain or flooding may not be degraded microbially, as it flows
with the water through the sediments into the groundwater. Saturated conditions caused by water
prevent aerobic atrazine degradation, allowing Pseudomonas sp. ADP to degrade atrazine. However,
Pseudomonas sp. ADP does not appear to belong to the indigenous population of the groundwater
environment [40].

In long-term (180 days) degradation experiments, using low atrazine concentrations of 20 µg L−1

in water circulating columns at a flow rate of 2 mL min−1, atrazine dissipation rates have been estimated
to be two to five times faster than in stagnant flasks [5], while pharmaceuticals dissipation was not
enhanced at flow rates of 1.7–3.4 mL min−1 [65]. The short-term results of this study showed that
at quite a high atrazine concentration below 10–18 mg L−1, high flow rate (16.7 mL min−1)-induced
changes in the sediment columns did not improve atrazine dissipation, apparently due to the good
colloid formation ability [21–23], while the amount adsorbed to the sediments was low (about 50.1 µg).
The atrazine distribution coefficient Kd, which is the ratio of atrazine adsorbed to that dissolved into the
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liquid phase, increases when the atrazine concentration decreases [66]. Therefore, in concentrations of
0.10 µg L−1, which is the European Union limit for atrazine in drinking water [6,18], the greatest portion
of atrazine is likely adsorbed to the sediment particles or bound to colloids and metal ions [22,50–52].
These strong interactions should be circumvented for remediation in groundwater sediments.

Although iron has been associated with the remediation of some pollutants [17,25], and the
sediments of this study naturally contained about 12 mg g−1 of iron, it apparently did not significantly
improve the chemical dissipation of colloid-bound atrazine. NH4-N and NO3-N concentrations below
the detection limit suggest that nitrogen limited microbial growth in the sediments, and atrazine was
used as the nitrogen source (Table 3). However, nitrogen deficiency was not a sufficient factor to
cause microbes to release atrazine from colloids. Phosphorus has been reported to limit microbial
growth in groundwater in Finland, and it could be another limiting factor in this study [32,67]. Natural
mechanisms in the groundwater environment under stagnant conditions have been suggested to be
insufficient to counteract the risk of atrazine accumulation [5], and the same conclusion can also be
deduced from the results of this study under different conditions. Bioaugmentation alone or with
biostimulation in the presented water–sediment systems could not enhance atrazine degradation.
Atrazine is known to migrate rapidly to groundwater due to preferential flow and co-transport with
colloidal matter [4]. The results support the suggestion that at relatively high concentrations, e.g., from
point sources of pollution, atrazine bound to colloids can flow without dissipation through mineral
sediment layers into groundwater; for example, during heavy rainfall or flooding. Although efficient
water circulation under aerobic conditions enhanced atrazine release and activated microbes inherently
degrading atrazine in a groundwater environment, atrazine levels eluting to groundwater may remain
surprisingly high.

5. Conclusions

Water recycling improved atrazine (100 mg L−1) release from colloid–complex interactions and
adsorption to sediments, after which it was degraded by microbes occurring inherently in the aquifer
sediments from a depth of 13.6 m, as the concentrations in the circulating water of the sediment
columns (10–18 mg L−1) were lower than in the liquid phases of sediment slurries (53–64 mg L−1)
(Table 4, Figure 1). Bioaugmentation with Pseudomonas sp. ADP, or four microbes isolated from
groundwater deposit slurry mesocosms with atrazine degradation, did not significantly improve
atrazine degradation in a 10-day experiment. Concomitant biostimulation with Na-citrate did not affect
atrazine degradation. The microbial numbers increased simultaneously with atrazine degradation
from 1.0 × 103 to ≥108 cfu mL−1 in the slurries, and from 0.1–1.0 × 102 to 0.26–4.6 × 104 cfu mL−1 in the
circulating water (Table 4). In the treatments without the added atrazine, microbial growth was activated
less to 0.82–8.0 × 104 cfu mL−1 in the liquid phase of the slurries, and to 0.1–2.8 × 103 cfu mL−1 in the
circulating water. Bacteria belonging to nine different genera were isolated from the cultivations;
six belonged to phylum proteobacteria and three to actinobacteria, i.e., the diversity of cultured bacteria
was low (Table 2). All genera of microbes cultivated from the liquid phase have been related to
atrazine degradation under aerobic conditions, including Acinetobacter, Burkholderia, Methylobacterium,
Pseudomonas, Rhodococcus, Sphingomonas, Streptomyces, Variovorax and Williamsia. Based on the results,
it can be estimated that during heavy rain or flooding, at relatively high concentrations below
10–64 mg L−1, atrazine can flow through sediments into groundwater without dissipation.
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