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(Human and veterinary antibiotics) (Human Pharmaceuticals)

Tetracyclines Chlortetracycline
Doxycycline, Oxytetracycline,
Tetracycline

Fluoroquinolones Ciprofloxacin
Enrofloxacin, Norfloxacin, Sarafloxacin
Macrolides Erythromycin-H,O

Roxithromycin, Tylosin

Sulfonamides Sulfachlorpyridazine
Sulfadimethoxine, Sulfamerazine
Sulfamethazine, Sulfamethiazole
Sulfamethoxazole, Sulfathiazole
Other Antibiotics Carbadox
Lincomycin, Trimethoprim,

Virginiamycin

Prescription Cimetidine,
Dehydronifedipine, Digoxin,
Digoxygenin, Diltiazem,
Fluoxetine,Gemfibrozil,
Metformin, Paroxetine,
Ranitidine, Salbutamoli,

Warfarin

Non-Prescription
Ibuprofen, Acetaminophen,
Codeine, Caffeine,
Cotinine,

1,7-dimethylxanthine

-

é
aaﬁuummmzmﬁmaﬂﬂ (Sex and steroidal hormones)

Biogenics 17[3-Estradiol (E2), 173-Estradiol

(E1), Estrone, Estriol, Testosterone,

Progesterone, cis-Androsterone

Pharmaceuticals 17B-Ethynyleslradiol,

Mestranol, 19-norethisterone, Equilenin, Equilin

Sterols Cholesterol, 3B-Coprostanol,
Stigmastanol

aInNaIN %’uﬁ'mx%uua::qﬂmﬂm 34 (Household and industrial chemicals)

Insecticides Carbaryl, Chlorpyrifos
cis-Chlordane, Diazinon. Dieldsin
Lindane, Methy! parathion
N,N-Diethyltoluamide

Antioxidants Butylatedhydroxyanisole,

Butylatedhydroxytoluene,

2 ,6-di-tert-butyiphenol,
2,6-di-tert-butyl-p-benzoquinote,
5-methyl-1H-benzotriazole

PAHSs Anthracene, Pyrene,
Fluoranthene, Benzo(a)pyrene

Naphathalene, Phenanthrene

Fire Retardants
tri(2-chloroethyl)-phosphate
tri(dichlorisopropyl)-phosphate

Plasticizers Diethylphthalate,
bis(2-ethylhexyl)adipate
ethanol-2-butoxyphosphate
bis(2-ethylhexyl!)phthalate
Triphenyl phosphate

Others Acetophenone, phenal,
bisphenol-A, , p-cresol
1,2-dichlorbenzene, Triclosan
Phthalic anhydride,

Tetrachloroethylene

Surfactant Derivatives
Nonyiphenol- monoethoxylate.
Nonylphenol diethoxyfate.
Octylphenol-monoethoxylate,
Octylphenol-diethoxylate,
p-Nonylphenol

M3 USGS (2008)
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3.1 1n3amM 53981594 Broad range biodegradation ability and degradation pathways of Acinetobacter
1 d
baylyi GFJ2 towards chloroanilines 1aoinaa31n13970 A3tl Lozuands10az0uaaIn1ANLIN 1
The Acinetobacter baylyi strain GFJ2 was isolated from soil that was potentially contaminated with

herbicides. It exhibited complete biodegradations of 4-chlroaniline (4CA) and 3,4-dichloroaniline (34DCA), a wide
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range of monohalogenated anilines (chloro-, bromo-, and fluoro-anilines) and other dichloroanilines. An in-depth
investigation of the biodegradation pathway revealed that a dechlorination reaction may be involved in 34DCA
biodegradation, which forms 4CA as the first intermediate. By detecting the transient intermediates and
characterizing the relevant enzymes, this investigation is also the first to report that A. baylyi strain GFJ2 has two
distinct 4CA degradation pathways that yield 4-chlorocatechol (4CC) and aniline as the first intermediate in each
route, which are further metabolized through an ortho-cleavage pathway. Analysis of biodegradation kinetics
analysis illustrated that A. baylyi GFJ2 utilized aniline and 4CC at significantly slower rates than it used 4CA,
suggesting that the transformations of aniline and 4CC were probably the limiting steps during 4CA biodegradation.
Our results suggest the potential application of A. baylyi strain GFJ2 in bioremediation and waste treatment, and the
kinetic data provide the insights into the degradation mechanism, dynamics and possible limitations of the
biodegradation which include substrate and product inhibitions.

Ha IS o AR s s TMs s ERuMNNg dadl (MAran 1)
Panuch Hongsawat and Alisa S. Vangnai. 2010. Biodegradation pathways of chloroanilines by Acinetobacter baylyi
strain GFJ2. Journal of Hazardous Materials 186: 1300-1307. Impact factor 4.144.

32 Insams3sui50e Removal of chlorpyrifos by water lettuce (Pistia Stratiotes L.) And duckweed

(Lemna Minor L.) aviinaasinsity f9fl uasuARITUAzIBUARaN AR 2

The potential of water lettuce (Pistia stratiotes L.) and duckweed (Lemna minor L.) to remove chlorpyrifos
in water was investigated under laboratory greenhouse conditions. At initial chlorpyrifos concentrations of 0.0, 0.1
and 0.5 mg/L, the relative growth rates (RGR) of L. minor and P. stratiotes were not significantly different. In
contrast, in the presence of 1 mg/L chlorpyrifos the RGR was significantly inhibited, giving an observed fresh weight
based RGRFW for P. stratiotes and L. minor from day 0 to 7 of -0.036 and -0.023 mg/g/day, respectively. The
maximum removal of chlorpyrifos by P. stratiotes and L. minor, when chlorpyrifos was at an initial culture
concentration of 0.5 mg/L, was 82% and 87%, respectively, with disappearance rate constants under these conditions
0f 2.94, 10.21 and 12.14 Ug h-1 for the control (no plants), and with P. stratiotes and L. minor, respectively, giving
actual corrected plant removal rate constants of 7.27 and 9.20 Lig h-1 for P. stratiotes and L. minor, respectively. The
bioconcentration factor (BCF) of L. minor was significantly greater than that for P. stratiotes and therefore, at least
under these greenhousebased conditions, L. minor was more efficient than P. stratiotes for the accelerated removal of
chlorpyrifos from water.

N3R5 15 3IM5 ST RN STl (MARuIn 2)

Prasertsup, P., Ariyakanon, N. 2011. International Journal of Phytoremediation, 13 (4): 383-395. Impact factor 1.321
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33 Tﬂsamﬁﬁ'm?m Fate of estrogens and estrogenic potentials in sewerage systems
Tﬂsamﬁﬁuﬁﬂmmsmﬁouﬁmmgauamsﬂﬁmn estrogens and estrogenic potentials 1u5:uuﬁ1ﬁ'ﬂ1{uﬁu
Nauu"?é"uf{og:'lu5:ﬂi1qms§ﬁnﬁ (In press) T3 @15 TNAT 5T/ VUNHIR Kafl
Tawan Limpiyakorn, Supreeda Homklin, and Say Kee Ong. 2010. Fate of estrogens and estrogenic potentials in

sewerage systems. Critical Reviews in Environmental Science and Technology. In press. Impact factor = 7.091
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The Acinetobacter baylyi strain GFJ2 was isolated from soil that was potentially contaminated with her-
bicides. It exhibited complete biodegradations of 4-chlroaniiine (4CA) and 3.4-dichloroaniline (34DCA),
a wide range of monohalogenated anilines (chioro-, bromo-, and fluoro-anilines) and other dichloroani-
lines. An in-depth investigation of the biodegradation pathway revealed that a dechlorination reaction
may be invoived in 34DCA biodegradation, which forms 4CA as the first intermediate. By detecting the
transient intermediates and characterizing the relevant enzymes. this investigation is also the first to
report that A baylyi strain GFJ2 has two distinct 4CA degradation pathways that yield 4-chiorocatechol
(4CC) and aniline as the first intermediate in each route, which are further metabolized through an ortho-
cleavage pathway. Analysis of biodegradation kinetics analysis illustrated that A baylyi GFJ2 utilized
aniline and 4CC at significantly slower rates than it used 4CA, suggesting that the transformations of ani-
line and 4CCwere probably the limiting steps during 4CA biodegradation. Our results suggest the potential
application of A. baylyi strain GFJ2 in bioremediation and waste treatment, and the kinetic data provide
the insights into the degradation mechanism, dynamics and possible limitations of the biodegradation

which include substrate and product inhibitions.

© 2010 Eisevier B.V. Al rights reserved.

1. Introdiction

Chloroaniiines (CAs)are a group of chlorinated aromatic amines
which are originated from the biotransformation of herbicides,
for example phenylcarbamate, phenylurea, or acylanilides [1]. In
addition, they are widely used as intermediate compounds in the
production of dyes, polyurethanes, pesticides, and pharmaceutical
products. As a consequence of intensive applications in agri-
culture and industries, chloroanilines, especially 4-chloroaniline
(4CA) and 3.4-dichloroaniline (34DCA), have been ubiquitous and
accumulated in the environment including agricultural soilfwater,
industrial wastewater and sludge. Due to their toxicity and recal-
citrant properties, they have been considered as the important
environmental poliutants and are subject to legislative control by
the environmental protection agency of United States and Europe
[2]. To dissimilate the environmental contaminated aniline and
chloroanilines, bjoremediation has been noted as a primary treat-
ment technique in which a detoxification process is depending
on the microbial biodegradability. Since the resistance of micro-

* Corresponding author at: Department of Biochemistry, Faculty of Science,
Chulalongkorn University, Phayathai Street, Pratumwan District, Bangkok 10330,
Thailand. Tel.: +66 2 218 5430; fax: +66 2 218 5418.

E-mail addresses: alisa.v@chula.ac.th, avangnai@yahoo.com (AS. Vangnai).

0304-3894/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/.jhazmat.2010.12.002

bial biodegradation and toxicity of chloroanilines mainly depend
on the number and position of chlorine atoms on the aromatic
ring, there are many more reports of aniline-degrading bacteria
than those of monochloroaniline (MCA)- or dichloroaniline (DCA)-
metabolizing bacteria, some of which strictly required aniline as an
inducer for cometabolic biodegradation {3]. In addition, while there
are a number of publications describing microbial degradation of
MCAs and DCAs under aerobic conditions, there are only a few
reports on bacteria able to effectively degrade both chernical types.
Pseudomonas diminuta was first bacterium described for its capabil-
ity of degrading 3CA, 4CA and 34DCA (up to 0.3 mM), but not aniline
|4}, while Alcaligenes faecalis was reported for its ability to convert
34DCA to 4,5-dichloropyrocatechol before further metabolized {5}.
Since the presence of MCAs and DCAs contaminated in the environ-
ment generally appears as co-contaminants, therefore to improve
the biological remediation, microorganism with biodegradability of
both MCAs and DCAs is importantly required. Moreover, in-depth
information of its biodegradation pathway as well as biodegrada-~
tion kinetics is necessary in order to have thorough understanding
of biotransformation process which will further lead to effective
control of bioremediation system.

In the present study, we successfully isolated and character-
ized 4CA-degrading bacterium, Acinetobacter baylyi strain GFJ2,
which has a broad range biodegradability towards various halo-
genated anilines. Investigation of biodegradation kinetics and
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biodegradation inhibition profiles were also carried out for single
substrates and mixed substrates. Interestingly, transient interme-
diate detected during biodegradation of 34DCA suggested a novel
reaction involving dechlorination of 34DCA, while those detected
during 4CA degradation leaded us to propose that two different
biodegradation pathways of 4CA are existed in A. baylyi strain GF)2.
These results not only illustrated in-depth information of biodegra-
dation mechanism of 34DCA and 4CA in A. baylyi strain GFJ2, but
its effective biodegradability also demonstrates its potential appli-
cation for bioaugmentation in the bioremediation treatment of
contaminated site.

2. Materials and methods
2.1. Chemicals and cultivation medium

4-Chloroaniline (4CA), 23-dichloroaniline (23DCA), 24-
dichloroaniline (24DCA), 3,4-dichloroaniline (34DCA), and
3,5-dichloroaniline (35DCA) (99% purity) (Chem Service, USA)
were dissolved in high quality methanoli (Fisher Scientific, USA)
prior to use. Aniline (Merck, Germany), 2-chloroaniline (2CA) and
3-chloroaniline (3CA) (99% purity) (Chem Service, USA) were used
as liquid. The chemicals for cultivation medium were analytical
grade from Scharlau Microbiology, Spain. The minimal medium
(MM) (pH 7.0) was prepared according to Vangnai and Petchkroh
|6]. When supplemented with yeast extract (0.1%, wfv), the
medium was designated as MMY. The media were solidified with
15 gL~} of agar for cell cultivation on a medium agar plate.

2.2. Isolation and identification of chloroaniline-degrading
bacterium

Samples for bacterial isolation were collected from several
sources including pristine soil, soil and surface water from agricul-
tural areas with history use of herbicide and agricultural products
exposed to herbicides and contaminated soil. The bacterial isola-
tion was performed by plating soil suspension or liquid samples
or placing a part of agricultural products directly on to an agar
plate containing either MM or MMY containing 4CA or 34DCA or
a combination of 4CA and 34DCA (0.2 mM each) and incubated
in an incubator at 30°C. Bacterial colonies formed on the plate
were collected, repeatedly purified and then selected for further
investigation. The CA-degrading bacteria was then identified by
morphology, biochemical test and 16S rRNA sequence analysis
according to Vangnai and Petchkroh [6]. Partial 16S rRNA gene
sequence was aligned and compared with the sequences placed
in Genbank using BLASTN.

2.3. Parameters affecting cell growth and 4CA biodegradation

The effects of nutrient component on bacterial growth and
biodegradation of 4CA were examined. The isolate was grown in
Luria-Bertani (LB) medium or MMY supplemented with one of
the following carbon sources (1gL~!): glucose, glycerol; nitrogen
source (1 mM): ammonium sulfate, sodium nitrate, urea; energy
source (4 mM): succinate, citrate, pyruvate, each of which con-
tained 4CA at 0.2mM. Then, cells were incubated at 30°C with
shaking condition at 200 rpm. At the indicated time, cell turbid-
ity was determined at 560 nm (DU80O0, Beckman Coulter, Inc., USA)
and 4CA remained in the supernatant was determined using HPLC.

2.4. Biodegradation of aniline and halogenated anilines

All biodegradation experiments were carried out aerobically in
250-ml flasks at 30°C with a constant shaking at 200 rpm. Each

substrate, i.e. MCA, DCA, BA, and FA, was provided at the initial con-
centration of 0.2 mM (unless otherwise stated) to a 100-ml medium
containing 1% (v/v) celi inoculum. Cell samples were interval col-
lected at the time indicated. Bacterial growth was determined by
measuring cell optical density at 560 nm. Disappearance of the test
substrate was taken as an indicator of substrate utilization. Abiotic
control was also carried out to account for the substrate dissim-
ilation caused by other physical factor, e.g. photo-degradation, if
any.

2.5. Preparation of cell-free extract and enzyme assays

Cells (100 ml) were harvested by centrifugation for 20 min at
11,000 x g at4°C, washed twice and suspended with 5 ml of 50 mM
Tris-HCI buffer pH 7.8. Cells were disrupted using a French pres-
sure cell (Thermo Electron Corporation, USA) twice at 12,000 psi.
Cell debris was removed by centrifugation at 11,000 x g for 20 min
at 4°C. The cell-free supernatant was used immediately after the
preparation for the activity assays of catechol 1,2-dioxygenase
(€120), chlorocatechol 1.2-dioxygenase (CC120), catechol 2,3-
dioxygenase (C230) and chlorocatechol 2,3-dioxygenase (CC230)
according to Vangnai and Petchkroh [6].

2.6. Analytical methods

The biodegradation of aniline, chloroaniline and the accumu-
lation of intermediate(s) were analyzed by a reverse phase high
performance liquid chromatography (HPLC) equipped with a UV
detector (240 nm). The separation was performed at 40°C on C18
HPLC column (5 pm, 250 mm x 4.6 mm; Hyperclone, Phenomenex,
USA) using acetronitrile: water mixture (70:30%, v) as the mobile
phase ata flow rate of 1 mI min-', Qualitative and quantitative data
were obtained by comparing the peak area of unknown peaks with
those of the standard compounds with known concentration.

The GC/MS analysis of biodegradation intermediates were
performed using a GC (Agilent 6890N, CA, USA) equipped
with an inert mass selective detector (Agilent 5973, CA, USA).
The analysis was carried out on a DB-5ms capillary column
(0.25mm x 30 m x 0.25 pm) with a spiltless mode using nitrogen
as carrier gas at a flow rate of 1.5 ml min~'. The intermediates were
identified on the basis of mass spectra and retention time using the
mass spectral library PEST.L [7].

Chloride determination was carried out using an ion chromatog-
raphy (LC25 chromatography, DIONEX, 1L, USA) equipped with an
electrochemical detector (ED50, DIONEX, 1L, USA) and an lon Pac
AS19 column (4 mm x 250 mm) using KOH solution {28 mM) as an
eluent with a flow rate of 1.2mlmin~! at 30°C. The measurement
was carried out with a 20-p.1 sample size and amount of chloride
was quantitatively determined using a calibration curve of a chlo-
ride standard (NaCl in water, Merck, Darmstad, Germany).

2.7. Biodegradation kinetic analysis

Kinetics studies were carried out using resting cell culture.
Overnight grown cells in the minimal medium supplemented with
succinate (4 mM), ammonium sulfate (1 mM) and yeast extract
(0.1%, w/v) (MMSAY) {100 ml) were harvested, concentrated to the
final optical density of approximately 2.0 before each test substrate
was added to the indicated concentration to start the biodegrada-
tion experiment. The substrate degradation rates were then calcu-
lated from a plot of the substrate concentration versus time. A single
substrate kinetic test was carried out with at least four different
substrate concentrations. Then, the kinetic parameters, kmax and
K2PP values, of each substrate were derived by a linear regression
fitting of data points according a non-growth Michaelis-Menten
model developed by Schmidt et al. [8], i.e. —dS/dt = koS/(KZPP + S)
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Fig. 1. Growth {opened symbol, dashed line) and biodegradation of aniline and halogenated aniline shown as the remaining substrate percentage (closed symbol, salid line)
of Acinetobacter baylyi GFJ2. Cells were grown on the MMSAY medium supplemented with 0.2 mM of each substrate (symbol shown in order: growth, biodegradation). (A)
Aniline and monochloroanilines: 2CA {4.,a), 3CA (13.m), 4CA (),®), and aniline (0.4 ). (B) Bromoanilines: 2BA (A.a). 3BA (10,9). 4BA (.),®). (C) Fluoroanilines: 2FA{A,a), 3FA
(C,m), 4FA {.®). (D) Dichloroanilines: 23DCA (0.4), 24DCA (O.m), 34DCA ().®), and 35DCA (A.a). Cell growth on the MMSAY medium alone was shown as a control (*).
Data are means of the results from at least four individual experiments. Error bars indicate standard errors.

under a condition in which Bg=Bmax, where By is starting cell
population density, Bmax is maximum cell population density, and
ko = kmaxBg. The inhibition kinetics study was carried out between
a pair of substrate as indicated. The inhibition type and inhibition
coefficients were derived according to a modified Cornish-Bowden
relation |9). Regression analysis was performed with the data anal-
ysis tool pack of Microsoft Excel® and the mode) equations were
solved using GraphPad Prism 5 software (CA, USA).

3. Results and discussion
3.1. Isolation and characterization of strain GFJ2

Isolate GFJ2 was a gram negative, coccus-shaped bacterium.
It was isolated from soil swapped from fruit peels and selec-
tively isolated on a minimal medium agar containing 0.2 mM
4CA. Therefore, it was initially identified as a 4CA-degrading bac-
terium. Bacterial identification using a 165 rRNA sequence analysis
revealed high similarities to the following strains: 97% similarity to
rice-associated bacterium A. baylyi strain 3R22 (EF178435.1), 97%
similarity to A. baylyi strain H8 (F}J009373), and 97% similarity to A.
soli strain B1 {EU290155.1) {formerly A. baylyi strain B1) isolated
from forest soil. Therefore, the bacterial isolate GFJ2 was desig-
nated as A. baylyi strain GFJ2. The partial 165 rDNA gene sequence
analyzed using BLASTN program was submitted to the GenBank
nucleotide sequence database (NCBI) with the accession number
HQ611277.

Prior to further investigation, the influence of nutrients on
growth and 4CA biodegradation was investigated. Because the
yeast extract (0.1%, wfv) supplemented in the culture medium
was strictiy required to maintain growth and resulted in the 4CA

biodegradation rate of 0.075 +0.002 p.mole h—f mgcell protein~7,
the effects of other nutrient components were evaluated in a min-
imal medium supplemented with yeast extract (MMY). A. baylyi
GFJ2 grew well in each nutrient tested, but the 4CA utilization rates
were different to some extents. Supplementation with glucose and
glycerol prolonged biodegradation {ag period for 4h and reduced
the 4CA biodegradation rate by 22% and 35%, respectively. This
result agreed with the previous report that showed that glucose
causes an approximately 10-h growth-lag period and represses the
aniline utilization of P. multivoran An1 by 77-99% | 10]. Supplemen-
tation with ammonium suifate as a nitrogen source increased the
4CA biodegradation of A baylyi GF|2 by 16% while the addition of
sodium nitrate and urea decreased the degradation rate by 10%
and 40%, respectively. The addition of succinate, citrate and pyru-
vate as an energy source increased the biodegradation of 4CA by
15%, 6%, and 5%, respectively. These results are in contrast with the
report showing that, in P. multivoran An1, pyruvate and succinate
strongly repress cell activity to utilize aniline |10]. Moreover, sup-
plementation of the MMY medium with both ammonium sulfate
and succinate significantly enhanced the 4CA biodegradation rate
of A. baylyi GF)2 by 25+ 2%.

Therefore, furtherinvestigations of the biodegradation of aniline
and halogenated anilines were conducted using MMY supple-
mented with ammonium sulfate and succinate (MMSAY).

3.2, Biodegradation of aniline and halogenated anilines by A.
baylyi GFj2

The growth of A. baylyi GF]2 was well supported by the MMSAY
medium, and significantly enhanced when aniline or MCA was
added (Fig. 1A). However, in the presence of the supplemented
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Fig. 2. Relationship between the specific biodegradation rate and the concentrations of 4-chloroaniline (®) and 3,4-dichloroaniline (W) (similar to v versus S curve) by
Acinetobacter baylyi GFJ2. The data points were derived from substrate-depletion curve and fitted with Michaelis-Menten equation (A} and the modified Michaelis-Menten

equation (i.e. Edwards model)}(B) by the non-linear least-squares method.

nutrients, we could not conclude that A. baylyi GFJ2 utilized ani-
line or MCA as the sole sources of carbon and nitrogen for cell
biomass production. Nevertheless, it was clearly shown that A.
baylyi GFJ2 was capable of degrading them by the disappear-
ance of the substrate and the liberation of chloride. A. baylyi
GFJ2 degraded aniline and MCA at the following biodegrada-
tion rate (umole h~! mg cell protein~!) and total biodegradations
(expressed as % degradation): 4CA (0.087+0.016; 97 +3%)>3CA
(0.082+0.014; 94+ 1%)> aniline (0.062+0.002; 81+7%)>2CA
(0.022 £ 0.003; 68 +5%) (Fig. 1A). After 24-h of the incubation,
the stoichiometric liberation of chloride (i.e. 0.16 + 0.03 mM) con-
firmed the relatively complete biodegradation of 4CA. Interestingly,
while most of the previously reported MCA-degrading bacteria par-
ticularly required aniline as either a co-metabolic substrate or as an
inducer [6,11], neither aniline nor any other inducer was required
for A. baylyi GFj2.

To assess the biodegradability range of A. baylyi GF)2 on other
monohalogenated anilines, a series of bromoanilines (BA) (Fig. 1B)
and fluoroanilines (FA) was evaluated (Fig. 1C). Upon cell exposure
to each of the BA and FA isomers, a biodegradation lag phase of
approximately 12 h and a subsequent reasonable biodegradation
rate were observed for each compound. This result indicated that
an acclimatization process, such as an induction or a de-repression
of enzymes or an adaptation to the toxic chemical, occurred and
allowed the bacteria to cope with the toxicity of BA and FA before
further degradation | 12]. A. baylyi GFJ2 degraded 3BA, 3FA, 4BA, and
4FA at rates and total biodegradations similar to those of 3CA and
4CA,whileit was able todegrade 2BA and 2FAwith 2.6 and 2.2 times
higher rates than that of 2CA, respectively. However, the higher
biodegradation rate of 2FA did not reflect the total biodegradation
asitonly reached 46 + 8% biodegradation after 5 days of incubation
(Fig. 1C).

Previous studies have stated that the microbial transformation
of substituted aromatic compounds depends on the number and
position of the substituted atom in the molecule. For instance, the
chloroaniline utilization rate in P. multivorans An1 was decreased
in the order of 3CA>2CA>4CA and was insignificant for 34DCA
{13]. In contrast, 3CA and 4CA were the preferred substrates of
A. baylyi GF)2 and had a rate 4 times faster than that of 2CA.
Aside from the substituent position, it has been suggested that the
steric properties of substituted group likely control the biodegra-
dation rate [ 14}. It has been demonstrated that a small substituent
with a low value of van der Waals radius (such as hydrogen or
fluorine) allows a faster aniline turnover, whereas a bulky sub-
stituent (such as chlorine, bromine, or iodine) precludes a rapid
metabolism. However, such an effect was not apparent in A
baylyi GFj2. These results show that A. baylyi GFJ2 has broad sub-
strate specificity towards halogenated anilines, especially 4CA and
3CA

Several microorganisms have been reported to have limited
capabilities to degrade either MCA [6,15] or DCA |3,16). However,
to be useful for further applications in bioremediation, broad range
biodegradability is a preferred cell characteristic. Interestingly, A.
baylyi GFJ2 was able to completely degrade 34DCA at a relatively
high rate (0.116 +0.010 pmole h—! mg cell protein=!) and with a
stoichiometric release of chloride (0.19+ 0.03 mM). It moderately
degraded 24DCA and 35DCA at rates that were 2.6 and 3.5 times
slower and reached totals of 47 £ 3% and 38+ 9%, respectively,
while it could not degrade 23DCA (Fig. 1D). The ability of A. bay-
lyi GFJ2 to degrade 34DCA was observed even in the absence of
any stimulating chemicals or co-substrate which is contrary to the
reports stating that a specific inducer, such as propionanilide [17],
aniline [16). or 4CA [18] is strictly required.

3.3. 4CA- and 34DCA biodegradation kinetics and intermediates

Whole-cell biodegradation kinetic was investigated to elucidate
the biodegradation characteristics of A. baylyi GF)2. It should be
noted that these experiments were performed with whole cells,
therefore it cannot be ruled out that the substrate transport limi-
tations and other cell dynamic processes may influence the kinetic
characteristics observed [19]. Two best-known kinetic models are
Monod equation and Michaelis-Menten equation. Although their
equations are somewhat similar, their intrinsic significances are
different. The kinetics of substrate mineralization are theoretically
expressed as the relationship between growth rate and substrate
concentration, as described by Monod [20.21]. The biodegrada-
tion characteristic of the substrate is likely to follow a saturating
kinetics described by a modified Michaelis~Menten relationship,
where the initial substrate concentration (Sp) to biomass (Xg) ratio
is of importani concern |8]. Generally, the kinetics assay is initially
conducted at high value of So/Xg which allows several cell divi-
sions as well as significant physiological and biochemical changes
in the cells. However, in this study, the kinetics assays were per-
formed using high density cells (resting cells) and no significant
increase in cell numbers was observed during the test (Bg = Bmax.
where B is cell population density) [8]. Under the conditions rec-
ommended for the batch biodegradation test, changes in both the
biochemical reactions and the physiological states of cells were
minimal [22]. Consequently, the kinetics observed under such
conditions represent an immediate response that described the
cell’s biodegradation capability for the target substrate | 22,23). The
biodegradation kinetic profile of 4CA by A. baylyi GFJ2 followed
the saturation kinetics of a Michaelis—Menten-like relationship
(Fig. 2A). In contrast, the 34DCA biodegradation rate was decreased
at high substrate concentrations and the kinetic profile fitted with
the Edwards model well (Fig. 2B), suggesting that a substrate
inhibition was occurred |24]. The kinetic parameters derived by
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Table 1
Apparent kinetic parameters of the biodegradation of chloroanilines and the related compounds by Acinetobacter baylyi GFJ2.
Substrate Inhibitor K®P (mM) kmax (pmoleh~! mg protein~') kmax/KI7P (x10°3) . KPP (mM) KPP (mM) Inhibition type
34DCA - 0.70+0.02 0.36+0.02 0.514+0.02 0.73+ 003 - -
4CA - 0.79+0.12 0.17+0.01 022+.0.02 - - -
Aniline - 2571010 0.09+0.02 0.04+0.01 - - ~
4cc ~ 0.33+0.01 0.05+0.01 0.15+0.03 - - -
34DCA 4CA - - 0.105+0.020 0.120+0.015 Mixed
4CA Aniline - - 0.64 +£0.060 - Competitive
4CA 4CC - - - 0.115+0.030 Uncompetitive

KPP, the apparent half-saturation coefficient; kmya, the specific biodegradation rate; K.""". the apparent inhibition coefficient, i.e. an equilibrium constant where an inhibitor
(1) binds to a free enzyme (E) to form an enzyme-inhibitor complex (E-1) (competitive); K;"’". the apparent inhibition coefficient, i.e. an equilibrium constant where an
inhibitor (1) binds to an enzyme-substrate complex (ES) to form an enzyme-substrate-inhibitor complex (ESI) (uncompetitive).

? Substrate inhibitory effect.

a nonlinear least-squares method and linear regressions using a
double-reciprocal plot were similar (Table 1 and Fig. 5A and B). A.
baylyi GFJ2 exhibited K2PP for both 4CA and 34DCA within the simi-
larrange, but the knax values were markedly different. Accordingly,
the values of kmax /KPP that represent substrate uptake competi-
tion in a single bacteria) strain indicated that A. baylyi GFJ2 prefers
to utilize 34DCA twice as much as 4CA (Table 1).

3.4. Detection of biodegradation intermediates and the proposed
4CA and 34DCA biodegradation pathways in A. baylyi GFJ2

During 34DCA biodegradation at a high concentration, HPLC
analysis revealed a transient accurnulation of the compound with
a peak retention time similar to that of 4CA (3.51 min). A spik-
ing method with a 4CA reference standard and GC-MS analysis
with a comparison of the fragment ions with authentic chem-
ical in the positive ion mode indicated that the 4CA at m/z
127 [MH*] was indeed the intermediate of 34DCA biodegrada-
tion (Fig. 3A). 4CA formation was detected only under aerobic
condition (data not shown) and strictly in the presence of celis.
ACA formation was not detected in the abiotic control, imply-
ing that 34DCA degradation in A. baylyi GF)2 initially proceeds
through an enzyme-catalyzed dehalogenation [25]. Microbial
dehalogenation can occur through several reaction types, such as
hydrolytic dehalogenation, dehydrohalogenation, and monooxy-
genation |25]. However, in this case, the transformation of 34DCA
into 4CA suggested that a reductive dehalogenation under aerobic
condition might be involved. Although aerobic bacteria do not typ-
ically conduct reductive dehalogenation reaction, such reactions
are not unprecedented. For example, the reductive dehalogena-
tion of tetrachlorohydroquinone occurs under aerobic condition

catalyzed by glutathione transferase in Sphingobium chioropheno-
licum |26]. The mechanism and the enzyme involved in aerobic
dehalogenation in A. baylyi GFJ2 have yet to be investigated. Nev-
ertheless, the finding that 4CA is the intermediate in the 34DCA
biodegradation pathway is novel and is in contrast with previ-
ous reports. The widely known 34DCA biodegradation pathway
generally follows that of P. putida where 34DCA is transformed
by a dioxygenase, forms 4,5-dichlorocatechol, and is subsequently
mineralized [17]. Another pathway was reported in P. fluo-
rescens 26-K, where 3,4-dichloroacetanilide (formed by acylation)
and 3,3’ 4,4'-tetrachloroazoxybenzene (formed by polymerization)
were detected as the intermediates {16].

Further investigation of 4CA biodegradation at a high concentra-
tion also revealed the transient accumulation of the corresponding
intermediates. A spiking method with the reference standard com-
pound and GC-MS analysis found that 4CA was converted into two
intermediates, aniline (HPLC 3.16 min and m/z 93 [MH*]) and 4CC
(HPLC 296 min and mfz 172 [MH"}]} (Fig. 3B). The result suggests
that two degradation pathways exist in A. baylyi GFJ2. The con-
sistent detection of 4CC agrees with the previous reports stating
that 4CA biodegradation is initially catalyzed through a dioxyge-
nase that forms 4CC as the intermediate {1,15]. The intermediate
then proceeds into a ring cleavage reaction through either ortho-
cleavage or meta-cleavage. However, the discovery that aniline is
one of the transient metabolites was intriguing because it implied
that aniline is formed from the cleavage of the 4CA chlorine atom
probably by an enzyme-catalyzed dechlorination. These data rep-
resent the first evidence that 4CA can potentiaily be metabolized
through two distinct biodegradation pathways: the initial action of
dioxygenation (presumably chloroaniline dioxygenase) that form
4CC and the dechlorination that form aniline. it should be noted
that the detection of the intermediates was successful only when
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Fig. 3. The formation of the intermediates during the biodegradation of 34DCA (A) and 4CA (B) in Acinetobacter baylyi GFJ2. In (A), during 34DCA biodegradation (m), 4CA
(®) of which the peak was at 3.51 min was formed. in (B}, during 4CA biodegradation (@), the formation of 4CC (7)) (2.96 min), and aniline ( 2)(3.16 min) were observed. The
inlets show the overlay of the corresponding HPLC peaks at the indicating incubation time. The inlet y-axis represents the HPLC signal intensity expressed by a milli-HPLC
arbitrary unit (mAU). Data are means of the results from three individuai experiments. Error bars indicate standard errors.
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the experiment was conducted with the resting cell suspension, and
not cells under the growth conditions that rapidly metabolized the
metabolic intermediates.

3.5. Characterization of the enzyme activities involved in 4CA-
and 34DCA biodegradations

To confirm the existence of two distinct 4CA biodegradation
pathways, the activities of aniline dioxygenase (Fig. 4, reaction {4])
and chloroaniline dioxygenase (Fig. 4, reaction [3]) were initially
examined in a cell-free extract of A. baylyi GFJ2 pre-grown with
4CA. However, the determination of both enzyme activities was
unsuccessful, probably due to the low stabilities of the enzymes
in the cell-free extract. Therefore, the activities of the enzymes
that potentially exist in the downstream degradation pathways, i.e.
C12D0 or €23DO (Fig. 4, reaction [5]), CC12DO or CC23DO (Fig. 4,
reaction [6]), were examined in the cell-free extract. The determi-
nation of these enzyme activities was conducted not only to confirm
the presence of two distinct pathways for 4CA biodegradation, but
also to elucidate whether the degradation proceeded via ortho- or
meta-cleavage pathway. The results (Table 2) clearly show that
A. baylyi GFJ2 does not use a meta-cleavage pathway to degrade
4CA and 34DCA because C23DO and CC23DO activities were not
detected. Low levels of C12DO and CC12DO activities were detected
from non-induced cells, suggesting that both enzymes were partly
constitutive. Nevertheless, the enzyme activities were substantially

induced when each specific substrate was provided. The activity
of C12DO was noticeably enhanced when the cells were grown
with either aniline or catechol indicating that aniline and catechol
were utilized through an ortho-cleavage pathway. However, the
activity of CC12DO was induced in the presence of a chlorinated
aromatic compound (i.e. 4CC), indicating that a modified ortho-
cleavage pathway was responsible for 4CC degradation. When the
cells were grown with the chlorinated anilines (i.e. 34DCA or 4CA),
significant activities of both C12D0 and CC12DO were detected,
which indicated that the ortho-cleavage and the modified ortho-
cleavage pathways were induced in response to cell exposure to
34DCA and 4CA. These results consistently supported that 4CA was
degraded through two distinct biodegradation pathways. Previous
reports have shown that the degradation of chloroanilines typi-
cally occurs via a dioxygenation and chloroaniline deamination,
resulting in the most likely intermediate product, chlorocatechol
[1.13,15). However, this work is the first to report the possible
existence of a second 4CA degradation pathway through aniline.
The proposed biodegradation of 4CA in A. baylyi GF)2 is depicted in
Fig. 4.

3.6. The biodegradation kinetic and inhibition studies of 34DCA,
4CA and the corresponding intermediates

Because the detection of the transient accumulation of aniline
and 4CC established them as intermediates in the 4CA biodegrada-
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Table 2

Activities of enzymes involving 4CA and 34DCA biodegradation in cell-free extract of Acinerobacter baylyi GFj2 grown under the condition indicated.

Culture medium and growth substrate?

Specific activity (nmole min-! mg protein=F )

C12D0¢ CC12D0¢ C23D0¢ €C23D0¢
MMSAY 84 + 22 913 o] ¢
MMSAY-aniline 437 + 57 99124 V] [
MMSAY-catechol 295 + S50 34+5 0 0
MMSAY-4CC 72+8 406 + 58 [ 0
MMSAY-4CA 306 + 8 390 £21 0 [
MMSAY-34DCA 301 £ 8 27210 0 0
LB 5+2 [ [} 0
{B-aniline 3+ [ Q [
LB-catechol 5+2 0 [} 0
1B-4CC T+2 511 0 0
LB-4CA 6+3 3+t [ 0
LB-34DCA 5% 2 3+1 o] 0

2 The culture medium was MMSAY with the supplementation of the indicated substrate at 0.2 mM.
b Data were means of the results from four individual experiments and shown with SEs.
¢ C12D0, catechol 1.2-dioxygenase; CC12DO, chlorocatechol 1.2-dioxygenase; C2300, catechol 2,3-dioxygenase; CC23DO. chlorocatechol 2.3-dioxygenase.

tion pathway, their degradation kinetic parameters (X2*P and kmnax )
were determined. The values of both parameters obtained from
non-linear least-squares fitting of the Michaelis-Menten equation
and the linear regression of the Lineweaver-Burk plot (data not
shown) were in agreement, as shown in Table 1. A. baylyi GFj2
utilized aniline and 4CC at significantly slower rates than 4CA
(Table 1). This result explains their accumulation when the 4CA-
depletion test was performed at relatively high concentrations
(Fig. 3) and suggests that the transformations of aniline and 4CC
are probably the limiting steps of 4CA biodegradation.

The biodegradation kinetic study is necessary to provide insights
into the mechanism and dynamics of polfutant removal. It also to
determine the biodegradation efficiency by providing predictive
values for the in situ biotransformation mechanism and provide
possible limitations for the biodegradation reactions (including
substrate and product inhibitions) {27}, especially when the inter-
mediates, most of which are structurally related to the toxic

(34DCAI/ v

-0.2 -0.1 0 0.1 0.2
[ACA} (mM)

03 02 01 43 o1 02
JAN] (mM)

chemical of interest, are accumulated. In this case, the influence
of 4CA in 34DCA biodegradation and the influences of aniline and
4CC on 4CA biodegradation were evaluated. Generally, the type
of inhibition and an inhibition constant are determined using a
Dixon plot, in which the reciprocal of the velocity, 1jv, is plotted
against the inhibitor concentration, |1}, at two or more substrate
concentrations, |S] [9]. However, this plot does not unambigu-
ously distinguished between the competitive and mixed inhibitions
{9.28]. Therefore, in this case, the plot of the substrate con-
centration over the specific reaction velocity, [S]/v, was plotted
against the inhibitor concentration, |1}, to determine the inhibition
type (Fig. 5A-C). This plot was subsequently used to determine
the apparent dissociation constant of the enzyme-inhibitor (El}
complex (KPP} and the apparent dissociation constant of the
enzyme-substrate-inhibitor (ES!) complex (K{P?) in the mixed
inhibition [9] (Fig. 5A and B), while the KPP of the competitive
inhibition was deduced from the Dixon plot (Fig. 5D). This result

[4CA)iv

-0.2 -0.1 o 0.1 02
J4CC] (mM)

D

-0.) [ 0.1 0.2
JAN] (mM)

Fig. 5. Characteristic plots for 34DCA and 4CA inhibitions. The plot of the substrate concentration over the specific reaction velocity, |S]/v, versus the inhibitor concentration,
{1 was used to determined the inhibition type (A—C). The mixed inhibition pattern shown by the influence of 4CA on the degradation of various 34DCA concentrations (mM)
(A): 0.05(#),0.1{),0.3(a). 0.5 (D). The uncompetitive inhibition pattern shown by influence of 4CC on the degradation of various 4CA concentrations (mM)(B}: 0.1 (#),0.2
(D), 0.3(2), 0.5 (D). The competitive inhibition pattern shown by effect of aniline on the degradation of various 4CA concentrations {mM)(C): 0.1 (4),0.2 (). 0.4(a), 0.8(D).
The Dixon plot (D) was used 10 determine the inhibition coefficient of the competitive inhibition between aniline and 4CA. Data are from at }east four individual experiments.
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showed that 4CA could act as a strong mixed-competitive inhibitor
for 34DCA biodegradation and has the capacity to bind E and ES
to form EI and ESI, respectively. This information is not only use-
ful in terms of the understanding of chloroaniline biodegradation
mechanism in A. baylyi GFJ2, but is also important in designing
chloroaniline treatment system, where 4CA and 34DCA generally
appear as co-contaminants. As for 4CA degradation in A. baylyi GFj2,
4CC was shown to be an uncompetitive inhibitor (Fig. 5B) that
can bind to ES to form an ESI complex. In contrast, aniline acted
as a competitive inhibitor (Fig. 5C and D), indicating that it can
competitively bind to the same active site of the enzyme responsi-
ble for 4CA degradation. Nevertheless, it is premature to conclude
that 4CA and aniline are transformed by the same enzyme sys-
tem. Although there have been several reports on genes involved
in aniline biodegradation |29-31}, no specific genes for chloroani-
line biodegradation have yet been described. Our attempt to obtain
genes involved in chloroaniline biodegradation in A. baylyi GFJ2
were carried out using probes of the consensus regions described
in previous reports, but was unsuccessful. These genes, therefore,
remain to be investigated.

4. Conclusions

The A. baylyi strain GFJ2 was isolated as a bacterium capa-
ble of the efficient biodegradation of 4CA and 34DCA, and
broad-range biodegradation of other monohalogenated anilines,
including chloro-, bromo-, and fluoro-anilines and DCAs. This work
also presents novel, diverse biodegradation pathways for 4CA
and 34DCA. While previous reports have demonstrated that 4CA
and 34DCA are degraded using separated and unrelated routes,
the biodegradation pathways in A. baylyi strain GFJ2 are more
or less consecutively related. To our knowledge, this is the first
report that dechlorination may be involved in 34DCA biodegra-
dation, where 4CA is formed as the first intermediate. However,
the mechanism and the enzyme involved in this reaction require
further investigation. Furthermore, by detecting the intermedi-
ates and characterizing the enzymes involved, this is also the first
report that the A. baylyi strain GFJ2 has two distinct pathways for
4CA metabolism that yield 4CC or aniline as the first intermedi-
ates in each route. The biodegradation results obtained from this
study suggest the potential application of A. baylyi strain GFJ2 in
bioremediation and waste treatment, and the kinetics data also
provide insights into the mechanism and dynamics of pollutant
removal and the possible limitations of the biodegradation reac-
tions (including substrate and product inhibitions).

Acknowledgements

This work was financially supported by The National Research
University Project of CHE and Ratchadaphiseksomphot Endow-
ment Fund (FW 008 B) and the Thai Government Stimulus Package
2 (TKK2555) under the Project for Establishment of Comprehen-
sive Center for Innovative Food, Health Products and Agriculture
(PERFECTA).

References

[1} H Radianingtyas, G.K. Robinson, AT. Bull, Characterization of a soil-derived
bacterial consortium degrading 4-chloroaniline, Microbiology 149 (2003)
3279-3287.

{2} European Chemicals Bureau. 3.4-Dichloroanilines, Summary Risk Assessment
Report. Institute for Health and Consumer Protection, Ispra, Italy, 2006.

[3] V.M. Travkin, LA. Golovleva, The degradation of 3,4-dichloroaniline by Pse-
domonas flucrescens strain 26-K, Microbiologika 72 {2003) 240-243,

[4] E.G.Surovtseva, V.S. lvoilov, Y.N, Karasevich, G.K. Vacileva, Chlorinated anilines,
a source of carbon, nitregen and energy for Pseudomonas diminuta, Microbi-
ologiya 54 (1985) 948-952.

|5] E.G. Surovtseva, G.K. Vacileva, B.P. Baskunov, A.L. Voinova, Decomposition of
3,4-dichloroaniline by an Alcaligenes faecalis culture, Microbiologiia 50 (1981)
740-743,

[6] AS. Vangnai. W. Petchkroh, Biodegradation of 4-chloroaniline by bacteria
enriched from soil, FEMS Microbiol. Lett. 268 (2007) 209-216.

7] HJ. Stan, Pesticide residue analysis in foodstuffs applying capillary gas
chromatography with mass spectrometric detection. State-of-the-art use of
modified DFG-multimethod S19 and automated data evaluation, J. Chromatogr.
A 892 (2000) 347-377.

[8) SK. Schmidt, S. Simkins, M. Alexander, Models for the kinetics of biodegrada-
tion of organic compounds not supporting growth, Appl. Environ. Microbiol.
50(1985) 323-331.

[9] A. Cortes, M. Cascante, M.L. Cardenas, A. Cornish-Bowden, Relationships
between inhibition constants, inhibitor concentrations for 50% inhibition and
types of inhibition: new ways of analysing data, Biochem. J. 357 (2001)
263-268.

[10] V. Helm, H. Reber, Investigation of the regulation of aniline utilization in Pseu-
domonas multivorans strain An1, Eur. J. Appl. Microbiol. Biotechnol. 7 (1979)
191-199.

J11] LL. Zhang, D. He, J.M. Chen, Y. Liu, Biodegradation of 2-chloroaniline, 3-
chloroaniline, and 4-chloroaniline by a novel strain Delftia tsuruhatensis H1,
). Hazard. Mater. 179 (2010) 875-882.

[12] B.A. Wiggins, S.H. Jones, M. Alexander, Explanations for the acclimatization
period preceding the mineralisation of organic chemicals in aquatic enviran-
ment, Appl. Environ. Microbiol. 53 (1987) 791-796.

|13] H. Reber, V. Helm, N.G.K. Karanth, Comparative studies on the metabolism of
aniline and chloroanilines by Pseudomonos multivorans strain An1, Eur. . Appl.
Microbiol. Biotechnol, 7(1979) 181-189.

[14] A. Farreil, B. Quilty, Substrate-dependent autoaggregation of Pseudomonas
putida CP1 during the degradation of mono-chiorophenols and phenol, J. ind.
Microbiol. Biotechnol, 28 (2002) 316-324.

[15} ). Zeyer, A. Wasserfallen, KN. Timmis, Microbial mineralization of ring-
substituted anilines through an ortho-cleavage pathway, Appi. Environ.
Microbiol. 50 (1985) 447-453.

[16] V.M. Travkin, I.P. Solyanikova, .M. Rietjens, ]. Vervoort, WJ. van Berkel,
L.A. Golovieva, Degradation of 3,4-dichloro- and 3.4-difluoroaniline by Pseu-
domonas fluorescens 26-X, ], Environ. Sci. Health B 38 (2003) 121-132.

[17] 1S. You, R. Bartha, Metabolism of 3.4-dichloroaniline by Pseudomonas putida, ).
Agric. Food Chem. 30 (1982) 274-277.

{18] ). Zeyer, P.C. Kearney, Microbial metabolism of propanil and 3.4-
dichloroaniline, Pestic. Biochem. Physiol. 17 (1982) 224-231.

[19} D.X. Button, Biochemical basis for whole-cell uptake kinetics: specific affinity,
oligotrophic capacity. and the meaning of the Michaelis constant, Appl. Environ.
Microbiol. 57(1991) 2033-2038.

{20] Y. Liu, Overview of some theoretical approaches for derivation of the Monod
equation, Appl. Microbiol. Biotechnol. 73 {2007) 1241-1250.

[21} Y. Liu, Y.M. Lin, S.F. Yang, A thermodynamic interpretation of the Monod equa-
tion, Curr. Microbiol. 46 (2003) 233-234.

{22] P.Chudoba, B. Capdeville, }. Chudoba, Explanation of biological meaning of the
SelX, ratio in batch cultivation, Water Sci. Technol. 26 {1992) 743-751.

[23] w. Sokol, Oxidation of an inhibitory substrate by washed cells {oxidation of
phenol by Pseudomonas putida). Biotechnol. Bioeng. 30 (1987) 921-927.

[24] S.C. Chen, K.H. Li, H.Y. Fang, Growth kinetics of EDTA biodegradation by
Burkholderia cepacia, World ). Microbiol. Biotechnol. 21 (2005) 11-16.

125] K.H. van Pee, S. Unversucht, Biological dehalogenation and halogenation reac-
tions, Chemosphere 52 (2003) 299-312.

|26} PM. Kiefer Jr. D.L. McCarthy, S.D. Copley, The reaction catalyzed by tetra-
chlorohydroquinone dehalogenase does not involve nucleophilic aromatic
substitution, Biochemistry 41 (2002) 1308-1314.

|127) A.Monero, L. Lanza, M. Zilli, L. Sene, A. Converti, Batch kinetics of Pseudomonas
sp. growth on benzene. Modeling of product and substrate inhibitions, Biotech-
nol. Prog. 19(2003) 676-679.

[28) M. Schlamowitz, A. Shaw, W.T. Jackson, Limitations of the Dixon plot for
ascertaining nature of enzyme inhibition, Tex. Rep. Biol. Med. 27 (1969)
483-488.

129] E.L. Ang, J.P. Obbard, H. Zhao, Directed evolution of aniline dioxygenase for
enhanced bioremediation of aromatic amines, Appl. Microbiol. Biotechnol. 81
(2009) 1063-1070.

{30} L. Geng, M. Chen, Q Liang, W. Liu, W. Zhang, S. Ping, W. Lu, Y. Yan, W. Wang. M.
Takeo, M. Lin, Functional analysis of a putative regulatory gene, tadR, invoived
in aniline degradation in Delftia tsuruhatensis AD9, Arch, Microbiol. 191(2009)
603-614.

|31} Q Liang, M. Takeo,M.Chen, W.Zhang. Y.Xu, M. Lin, Chromosome-encoded gene
cluster for the metabolic pathway that converts aniline to TCA-cycle interme-
diates in Delftia tsuruhatensis AD9, Microbiology 151 {2005) 3435-3446.



NINFUIN 2

Prasertsup, P., Ariyakanon, N. 2011. International Journal of Phytoremediation, 13 (4): 383-395. Impact factor 1.321



This article was downloaded by: {2007 - 2008-2009 Chulalongkorn University]

On: 3 May 2011

Access details: Access Details: [subscription number 780894003]

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3]JH, UK

International Journal of Phytoremediation

Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713610150

International Removal of Chlorpyrifos by Water Lettuce (Pistia stratiotes L.) and
Journal of Duckweed (Lemna minor L.)

PI . d . Pichamon Prasertsup*; Naiyanan Ariyakanon"
' l}'tl)l'i’m? lation |- Interdepartment of Environmental Science, Chulalongkorn University, Bangkok, Thailand ®
BN - Department of General Science, Faculty of Science, Chulalongkorn University, Bangkok, Thailand

Accepted uncorrected manuscript posted online: 17 November 2010

First published on: 19 February 2011

To cite this Article Prasertsup, Pichamon and Ariyakanon, Naiyanan(2011) ‘Removal of Chlorpyrifos by Water Lettuce
(Pistia stratiotes L.) and Duckweed (Lemna minor L.)', Intemational Journal of Phytoremediation, 13: 4, 383 — 395, First
published on: 19 February 2011 (iFirst)

To link to this Article: DO 10.1080/15226514.2010.495145
URL: http://dx.doi.org/10.1080/15226514.2010.495145

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.informaworld.com/termé-and-conditions—of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.




[2007 - 2008-2009 Chulalongkorn University] At: 09:34 3 May 2011

Downloaded By:

- International Journal of Phytoremediation, 13:383-395, 2011

Tayl i
Copyright @ Taylor & Francis Group, LLC Taylor & Francis

ISSN: 1522-6514 print / 1549-7879 online
DOI: 10.1080/15226514.2010.495145

REMOVAL OF CHLORPYRIFOS BY WATER LETTUCE
(PISTIA STRATIOTES L.) AND DUCKWEED (LEMNA
MINOR L)) ‘

Pichamon Prasertsup! and Naiyanan Ariyakanon?
'Interdepartment of Environmental Science, Chulalongkorn Universirty,
Bangkok, Thailand

2Department of General Science, Faculty of Science, Chulalongkorn University,
Bangkok, Thailand

The potential of water lettuce (Pistia stratiotes L.) and duckweed (Lemna minor L.) to
remove chlorpyrifos in water was investigated under laboratory greenhouse conditions.
At initial chlorpyrifos concentrations of 0.0, 0.1 and 0.5 mg/L, the relative growth rates
(RGR) of L. minor and P. stratiotes were not significantly different. In contrast, in the
presence of 1 mg/L chlorpyrifos the RGR was significantly inhibited, giving an observed
Jfresh weight based RGRrw for P. stratiotes and L. minor from day 0 to 7 of —0.036 and
—0.023 mg/g/day, respectively. The maximum removal of chlorpyrifos by P. stratiotes and
L. minor, when chlorpyrifos was at an initial culture concentration of 0.5 mg/L, was 82%
and 87%, respectively, with disappearance rate constants under these conditions of 2.94,
10.21 and 12.14 pg k™ for the control (no plants), and with P. stratiotes and L. minor,
respectively, giving actual corrected plant removal rate constants of 7.27 and 9.20 pg h™! for
P. stratiotes and L. minor, respectively. The bioconcentration factor (BCF) of L. minor was
significantly greater than that for P. stratiotes and therefore, at least under these greenhouse-
based conditions, L. minor was more efficient than P. stratiotes for the accelerated removal
of chlorpyrifos from water.

KEY WORDS: chlorpyrifos, water lettuce, duckweed, phytoremediation

INTRODUCTION

Pesticides have been widely and increasingly used to control insect pests, plant
pathogens, and weeds over the past 50 years. Some of these pesticides will eventually
reach the soil following field application, even when sprayed on the foliage of crop plants
and weeds. Most of them have an adverse effect on the environment and ecology, such as
the soil and water, which poses a serious threat to the sustainability of the environment
(Kennedy and Gewin, 1997; Johnsen et al., 2001; Singh et al., 2002). In 2007, it was
reported that chlorpyrifos was the most imported insecticide in Thailand, with an estimated
application of 1,535,694 kg/year at a cost of $7,092,820 (Agricultural Toxic Substances
Research Group, 2007). The concentration of chlorpyrifos in water and soil in the central
agricultural areas of Thailand was in the range of 0.01-1.31 mg/kg and 0.01-0.81 mg/kg,
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respectively (Arunwarakorn et al., 2007), which is clearly above the standard limit of no
detectable (using Gas Chromatography) chtorpyrifos in the discharge water from industrial
plants (Pollution Control Department, 1996).

Chlorpyrifos (O, O-diethyl O-3,5,6-trichloro-2-pyridyl phosphorothionate) is a
broad-spectrum organophosphate insecticide, nematocide and acaricide, and is widely
used to control insect pests on grain, cotton, fruit, nuts and vegetable crops, as well as
lawns and omamental plants. It has been suggested that the ability of chlorpyrifos to
accumulate in living tissues may create a potential risk to humans and other organisms
(Serrano er al, 1997, Wang et al, 2005). There are several reports indicating that
chlorpyrifos bioaccumulates in blue-green algae (Lal et al., 1987), aquatic plants and
goldfish (Spacie and Hamelink, 1985). Laboratory studies on the fate of chlorpyrifos in
pure water indicate that hydrolysis and photolysis occur at moderate rates under neutral
conditions with half-lives of about a month at a neutral pH and 25°C. Under more alkaline
conditions, hydrolysis proceeds more rapidly, with half-lives of around two weeks at pH
9 (DowAgroSciences, 2008). The major degradation pathway of chlorpyrifos begins with
cleavage of the phosphorus ester bond o yield 3,5,6-trichloro-2-pyridinal (TCP). In soil
and water, TCP is degraded by microbial activity and photolysis to carbon dioxide and
organic matter. In plants, TCP conjugates are sequestered (Racke, 1993).

Phytoremediation is proposed to be a cost-effective alternative for the treatment of
contaminated soil and water. It is a green technology, environmentally friendly and aesthet-
ically pleasing to the public (Ensley, 2000). Phytodegradation, a kind of phytoremediation,
is the breakdown of contaminants taken up by plants through metabolic processes within
the plant, or the breakdown of contaminants external to the plant through the effect of
compounds produced by the plants. Such organic chemicals, including chlorinated solvents
and pesticides, are taken up and accumulated by plants (EPA, 1998).

There have been several studies focused on the phytoremediation of pesticides.
Burken and Schnoor (1997) reported that hybrid poplar trees (Populus sp.) can take up, hy-
drolyze, and dealkylate atrazine to less toxic metabolites. The removal of azinphos methyl
by alfalfa (Medicago sativa L., var. Romagnola) in hydroponic cultures was such that after
20 days of culture, the initial amount of azinphos methy! was reduced to non-detectable
levels in the presence of plants (Flocco et al., 2004).

Some aquatic plants have a high capability to accumulate pesticides by different
mechanisms, such as direct root uptake, detoxification by phytotransformation and con-
jugation with glutathione or sugars and subsequent storage of nonphytotoxic metabolites
in plant tissues (Schwitzguébel et al., 2006). The water hyacinth (Eichhornia crassipes)
(Xia and Ma, 2006), Juncus effusus, Ludwigia peploides (Bouldin er al., 2006), L. minor,
Spirodela polyrhiza, Elodea canadensis and Cabomba aquatica all have been reported to
have a sufficiently efficient uptake capacity as to be able to remove pesticides (Olette et al.,
2008, 2009). However, only limited information is available on the removal of chlorpyrifos
by aquatic plants.

P. stratiotes are perennial aquatic weeds that are considered noxious and extremely
invasive for freshwater environments. It is well known to accumulate a wide range of
heavy metals and to potentially tolerate high metal concentrations and so it has been used
for the treatment of urban sewage (Zimmels er al., 2006). Duckweeds (Lemma sp.) are
ubiquitous floating freshwater monocotyledons. Their rapid vegetative reproductive cycle,
with a doubling time of 1—4 days or less, and their ease to culture under laboratory condi-
tions are important features that make duckweed species relevant models for comparative
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ecotoxicological studies (Kanon-Boule et al., 2009). However, the ability of P. stratiotes
and L. minor to absorb chlorpyrifos from water has yet 1o be reported.

In this research, P. stratiotes and L. minor were evaluated and compared for their
ability to remove chlorpyrifos from water, as was the removal efficiency of chlorpyrifos
into the tissues of these two plant species. The agronomical behavior was evaluated by
means of fresh weight, dry weight and growth rate determinations to evaluate the potential
reliability of the species for the phytoremediation of chlorpyrifos contaminated water.

MATERIALS AND METHODS
Experimental Plants

Two aquatic plants, water lettuce (P. stratiotes L..) and duckweed (L. minor L..), were
selected to assess their removal capacities of chlorpyrifos from water. The experimental
plants were collected from the ponds at Kasetsart University, Bangkok, Thailand, and taken
in 46 x 70 cm polyethylene bags to the laboratory. The plants were disinfected by immersion
in 0.01% (v/v) Clorox for two minutes and then rinsed with distilled water for five minutes
before being thoroughly cleaned under gentle running water. The plants of the two species
were then carefully selected, isolated and reproduced under the assay conditions to ensure
their adaptation. For this purpose, cultures of P. stratiotes and L. minor were maintained in
60 x 75 x 25 cm PVC aquaria containing Hoagland’s No. 2 nutrient solution (see below)
for two weeks. After this adaptation period, the plants were again selected for the assay,
according to the criteria of the number and size of the leaves, and taken to the experimental
vessels. All vessels were put on shelves equipped with supplementary lighting (4600 1x; 12
h photoperiod; 27 £ 1°C).

Experimental Design

The experimental design used an incomplete randomized block design with five
treatments and three replications: three control groups and two experimental groups. The
treatments are described as follows:

T1 P stratiotes

T2 L. minor

T3 No plants + chlorpyrifos (0.1, 0.5 and 1.0 mg/L)
T4 P stratiotes + chlorpyrifos (0.1, 0.5 and 1.0 mg/L)
TS5 L. minor + chlorpyrifos (0.1, 0.5 and 1.0 mg/L)

The experimental units were identical glass vessels of 2.5 L capacity, a surface area
of 314.3 cm? and a depth of 14 cm.

Preparation of Nutrient Solution and Chlorpyrifos

The vessels were placed in a greenhouse. To each vessel was added Hoagland’s No. 2
nutrient solution (Sigma, USA) (Hoagland and Arnon, 1938). The total volume of the
solution (1.5 L) in each container was kept constant by adding Hoagland’s No. 2 nutrient
solution to compensate for water lost through plant transpiration and evaporation during
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the whole experiment. The rate of water loss was less than 2-3 mL per day and so the
maximum increase in salts and osmotic potential this induced was <1.2% (it does not
dilute the chlorpyrifos concentration).

The chlorpyrifos (DowElanco, USA) levels in the water of experimental groups, as
well as in the control group of water with chlorpyrifos without plants, were set a1 0.1, 0.5,
and 1 mg/L, and the initial seeding plant biomass for both species was approximately 5 g
of fresh weight.

Water Sampling and Extraction of Chlompyrifos in Water

Certain physicochemical parameters of the nutrient solution, that is the pH, tempera-
ture, conductivity, dissolved oxygen (DO), total suspended solids (TSS) and total dissolved
solids (TDS), were measured every day during the whole experiment. Samples (1 L) were
taken from the vessels on days 0-7 for the analysis of chlorpyrifos levels.

The water samples were extracted at a neutral pH with methylene chloride using a
continuous liquid-liquid extractor (EPA Method 3520). Chlorpyrifos in the concentrated
extract of water sample was detected directly, as detailed below.

Plant Sampling and Extraction of Chlorpyrifos in Plants

The plant samples were collected as whole plants from each vessel on days 0-7 after
incubation. For each tank, all the plants were collected on the one date, with different tanks
being harvested for different dates. Plants were carefully washed using tap water and then
distilled water to remove any residual chemicals on the surface of the plant, briefly drained
on a sieve, dabbed dry and then the whole plant was weighed (wet weight). The plant
samples were then dried to a constant mass in an oven at 65°C for 48 hours, weighed (dry
weight) and then crushed and extracted for evaluation of the chlorpyrifos levels.

The plant material was extracted following the soxhlet extraction (EPA method 3540).
The eluents were transferred into autosampler vials and the chlorpyrifos concentrations were
determined.

Chlorpyrifos Determination

The determination of chlorpyrifos was carried out using a gas chromatograph with
an Electron Capture Detector (Model GC-2010, Shimadzu Corporation, Tokyo, Japan),
using an authentic external standard. The GC was operated with a 1:1 split injection and a
purge time of 0.7 minutes. The column was a 30 m x 0.25 mm i.d. fused-silica capillary
coated with a DB-5 stationary phase (film thickness of 0.25 pm). Injector and detector
temperatures were 250°C and 310°C, respectively. Carrier and makeup gases were nitrogen
(1.5 and 60 mL/min, respectively). The average recoveries of chlorpyrifos (n = 5) at 1
mg/L in nutrient solution and plant extract were 97 & 3% and 98 + 2%, respectively. The
detection limit of chlorpyrifos was approximately 0.01 mg/L in culture solution and 0.05
mg/kg in plants. For standards, chlorpyrifos at a concentration of 0.01, 0.05, 0.1, 0.5, and
1.0 mg/L. were prepared and analyzed using GC-ECD. The calibration curve plotted from
this data showed a linear curve with a high correlation coefticient (R? = 0.9809). Under
these conditions, chlorpyrifos was found to elute at 7 minutes.
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Data and Statistical Analysis

The relative growth rates (RGR) were calculated according to McGregor et al. (2008)
from the wet and dry biomass measurements of the control plants as follows:

RGR = [In(W7) — In(WD)]/t2 — 1y, M

where W and W are plant weights at time t; and t;.
The disappearance curves of chlorpyrifos in aqueous solution for each treatment,
were found to follow first-order rate kinetics, as evaluated by:

Cr = Coe™™, 2

where C, and C, denote the chlorpyrifos concentration (mg/L) at any time ¢ (h) and initial
time, and  is the disappearance rate constant (h~') of chlorpyrifos in the culture solution.

The chlorpyrifos disappearance curves were plotted, and the disappearance rate con-
stants were derived from these, by Microsoft Excel.

The chlorpyrifos removal efficiency was measured as the ratio of the total amount
of chlorpyrifos remaining at the assay point to the initial starting amount, and is reported
as a%. The bioconcentration factor (BCF), defined as the ratio of the concentration of the
chemical in the whole organism to that in the water, was evaluated as reported (Serrano
etal., 1997).

All statistical analysis was performed using the SPSS Statistics version 17.0 for
windows (SPSS Inc., USA). Significant differences between controls and contaminated
samples, including the relative growth rates, disappearance rate constant, percentage re-
moval and the BCF, were determined by the Turkey test and P values <0.05 were accepted
as significant.

RESULTS
Water Chemistry

The average physiochemical composition of the culture solutions used for the ex-
periments including temperature, pH, dissolved oxygen and total suspended solid, showed
no significant differences within each treatment over all seven days of the experiment
(Table 1). The temperature of the culture solutions for alf the treatments was within the
range 27.1-27.5°C, and did not significantly differ during the seven day exposure period.
The pH of water was not significantly different from day zero to day seven within and
between all treatments, remaining within the range of 6.17-6.35. Likewise, the dissolved
oxygen (range 5.39-5.65 mg/L) and the total suspended solid (TSS; range 19.3—-19.7) were
not significantly different between days within and between all treatments. Since these
factors can change dry and wet weight growth of plants as well as the ability to uptake
and metabolize many chemicals, their relative stability between treatments observed here
makes for a more confident interpretation of the variances being more likely to be due
to direct changes in the chlorpyrifos concentration and or bioremedial plant species used.
However, the conductivity of the water (range 1613-1960 us/cm) and total dissolved solid
(TDS; range 803-984 mg/L) were significantly difterent between days within and between
all treatments, but with no clear trend with respect to the initial chlorpyrifos concentration.



“JuaIaIp AJIUEdYUSIS JOU 218 ULUNJOD 181 UM SuealU [[E 18y sluasaxdal su sealaym (500
> d) wateyp Apuesyiudis are s1ona] 1duos1adns 95e0 1am0] ISP Yim UUWINIOD B WYm SUBIJA “S1Ea43] 23113 WOIJ PRALISP ale pUe “(J'S | F UBSW Y SB UMOYS 218 R1B(]

08 F §¢€8 £6'0F 961 I€TF$9°C aPS F L9l SI'0FZTY 80F LT /3w | sojuidioryo + 4ot g
x8 F $98 0T 1F¢61 2W0TFS9S P F8ZLI 61'0F$C'9 90FTLL /8w 6°Q soJuAdIOYD + 4ouni 77
wESF I8 8L OFL6I r1FL9S {09 F 0£91 CI0F 129 LOFELL 13w [0 sojuAdIolyd + sourut 77
aECF 116 Ol 1 F 661 8L'0OF 0SS yvv F 1281 61'0FSC9 6'0FS'LT /8w [ sojuAdioys + saonvas
186 F 688 LIOF €6l 00°1 F6£'S L FCULL IT0FSE9 80F Ll 18w g sojukdioqys + saronvus g
sCLF 188 CLOF 6l ESOF LY'S J68 F oLl EI'0F 919 80F LT 178w 10 sojukdiolys + sar0npass
98 F Y6 690F L6] LTOF 8PS 396 F 1881 60'0F 629 80F 1°LT /3w 1 sojukdiond
d4€9 F 86 18°0F 961 LTOFOYS p98 F 0961 SI'OFIE9 80FTLT 18w ¢°0 sojuAdiolyd
oLLF8S6 WIFY6l 6V 0F V'S L6 F 1161 LI'OFCE9 LOFCTLL /3w 10 sojukdiolyd
u8S F €08 S8'0FS61 PETF9°S ql6 F €191 8I'0OF LIS 90FTLT 4oty
wSE F P06 9S0F L'61 LSOF 1SS L9 F LO81 IT0FTT9 LOFP'LT sewnvls o
(7/8w) SaL su (/8w SSL su (/8w) Od (woysr!) Al1anonpuo)) su yd su (D,) simesadway, usweal],

wawuadxs 943 10J pasn UONNJOS 3INAd Ydes Jo uontsoduwos [estwaydoisiyd sfeisay | 21qE],

1102 ABW £ vE:60

Ay

[Rats2satun uxoxBuctelnyd 6002-8007 - L00Z] :4Ag papeoiumod

388



09:34 3 May 2011

- 2008-2009 Chulalongkorn University] Atr:

(2007

Downloaded By:

REMOVAL OF CHLORPYRIFOS BY WATER LETTUCE AND DUCKWEED 389

Effect of Chlorpyrifos on the Biomass and Relative Growth Rates
of P stratiotes and L. minor

The RGR of P. stratiotes and L. minor, both with and without chlorpyrifos, were
compared from days O to 7. In the culture solution without chlorpyrifos, the biomass
of P. stratiotes and L. minor increased from day zero to day seven (Figure 1) with an
average relative growth rate (RGRgw) over this time period of 0.101 and 0.118 mg/g/day,
respectively (Table 2), although growth was not linear (Table 2). The biomass of P. stratiotes
and L. minor grown in the presence of an initial chlorpyrifos level of 0.1 and 0.5 mg/L
also increased over the seven day period and numerically was less marked than that seen
without chlorpyrifos, revealing an apparent chlorpyrifos dose-dependent reduction in the
increase in biomass and RGR. However, these numerical differences in the RGR for both
wet weight (RGRgw) and dry weight (RGRpw) were not statistically significant. This
indicates that both species are tolerant, to at least some extent, to chlorpyrifos at these
low concentrations. However, in contrast, in the presence of chlorpyrifos at 1.0 mg/L, the
biomass of P. stratiotes and L. minor decreased from days 0-7 (Figure 1), and yielded a
net negative and significantly reduced RGRgw for P. stratiotes and L. minor of —0.036 and
—0.023 mg/g/day, respectively, over the seven-day period (Table 2). Thus, chlorpyrifos at
1 mg/L was toxic for both plant species. Indeed, at 1.5 mg/L both plants showed extreme
adverse effects within 96 hours (data not shown).
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Figure 1 The biomass (fresh weight) of P. stratiotes and L. minor grown in Hoagland’s No. 2 solution with
and without chlorpyrifos (0.1, 0.5, and 1 mg/L). Data are shown as the mean £ S.D. and are derived from three
repeats.
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Table 2 Relative growth rates (RGR) of P. stratiotes and L. minor grown in Hoagland’s No. 2 solution with the
indicated amounts of chlorpyrifos

Plant Chlorpyrifos (mg/L) RGRpw (mg/g/day) RGRpw (mg/g/day)
P stratiotes 0.0 0.101 +£0.0812 0.085+0.012°
P. stratiotes 0.1 0.075 +0.048° 0.070 £ 0.024°
P, stratiotes 0.5 0.064 +0.0322 0.063 +0.039°
P. stratiotes 1 —-0.036 +0.015° —0.046 £ 0.022°
L. minor 0.0 0.118 +£0.057* 0.105 +0.018°
L. minor 0.1 0.101 £0.0732 0.086 +0.0192
L. minor 0.5 0.088 + 0.029° 0.090 + 0.043°
L. minor 1 —0.023 £ 0.007° —0.029+0.011°

rw and pw represent fresh and dry weight, respectively. Data are shown as the mean + [ S.D. and are derived
from three repeats. Means within a column with different lower case superscript letters (*P) are significantly
different (P < 0.05).

Effect of P stratiotes and L. minor on the Removal of Chlorpyrifos
from Culture Solution

The disappearance curves of chlorpyrifos in aqueous solution for each treatment
(Figure 2), were found to follow first-order rate kinetics (analysis not shown).

From this data and using the first-rate order equation (2), the disappearance rate
constants of chlorpyrifos in culture solutions under various treatments were calculated, and
are listed in Table 3. The disappearance rate constant of chlorpyrifos in solution alone at 0.1,

~—¥— Chlorpyrifos 0./
mg/l

102 ~—— Chlorpwifos 0.5
3 I mgil

== Chiorpyrifos 1
mg/l

0.8
=~ P srratiotes+ C 0.1
A my/L

—b— P strativtes+C 0.5
0.6 " mg/L
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HH

0.4 1
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= 3 mgl.
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> 4]

s —2—L. minor+C 0.5
0.2 1 M""M gL

M = L. minort C | omg/l.

0.0 - —

Time (days)

Figure 2 Disappearance of chlorpyrifos in Hoagland’s No. 2 solution with and without the indicated bioremedial
plants. Data are shown as the mean + S.D. and are derived from three repeats. Chlorpyrifos, at the initial
concentration of 0.1 mg/L, was not detectable from day 4 and 5 onwards after culture with L. minor and
P. siratiotes, respectively.
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Table 3 Disappearance rate constants and total removal level (% of initial amount) of chlorpyrifos in Hoagland’s
No. 2 solution with or without the bioremedial plants, P, stratiotes and L. minor

Chlorpyrifos Disappearance rate Removal (% of
Plant (mg/L) constant (ug h™") original amount)
Unplanted 0.1 3.24 £0.09° 42+0.7
Unplanted 0.5 2944011 39+0.5
Unplanted 1 2.75+0.15° 37+ 1.1
P. stratiotes 0.1 *ND(13.41 £0.75%) *N D(80 + 1.3¥)
P. stratiotes 0.5 10.21 +£0.56% 82+ 1.7%
P. stratiotes | 9.58 +0.82° 80 + 1.8%
L. minor 0.1 “ND(19.76 £1.20 **N D(85 £2.3™)
L. minor 0.5 12.14 £0.91¢ 87+ 2.1™
L. minor 1 11.29 +0.83" 85+ 1.6

Data are shown as the mean + | S.D. and are derived from three repeats. Means with different lower case
superscript letters (& ¢ d-¢.f.g. i kmy ae gionificantly different (P < 0.05). “ND. Chlorpyrifos was not de-
tectable from days 5-7 so the disappearance rate constant was calculated from days 0—4. **ND. Chlorpyrifos was
not detectable from days 4-7 so the disappearance rate constant was calculated from days 0-3.

0.5 and 1.0 mg/L decreased numerically with increasing chlorpyrifos concentrations in the
plant-free solution, but this was not slatistically significant at chlorpyrifos levels of 0.5 and
1 mg/L. A comparison of these rate constants for L. minor and P. stratiotes, at a chlorpyrifos
level of 0.5 mg/L, showed that the disappearance rate constant of chlorpyrifos was increased
about 4.1- and 3.5-fold, respectively, compared to the control. The disappearance rate
constant of chlorpyrifos of L. minor was statistically significantly greater than that for
P. stratiotes (P < 0.05) at initial chlorpyrifos levels of 0.5 and 1 mg/L.

Interestingly, the chiorpyrifos removal efficiency in the control (unplanted) solutions
at a concentration of 0.1 mg/L was significantly greater than at the concentration of 0.5 and
1.0 mg/L (Table 3). It is unclear if this represents a real process, such as the adherence
of chlorpyrifos to the culture flasks (which would deplete a higher percentage of low
concentration than high concentration solutions), or a concentration dependent degradation
process, or that it simply reflects a stochastic artifact of sampling and measurement errors.
Nevertheless, if we assume this reflects intrasample experimental variances, it is of note
that these are minor compared to the considerably larger differences between with and
without plant cultivation, and thus plant mediated effects upon chlorpyrifos reduction is
likely to still be valid for both species tested. The percentage removal of chlorpyrifos
in the culture solution for L. minor was greater than P. stratiotes in solutions seeded at
an initial chlorpyrifos concentration of 0.5 or 1.0 mg/L, with a maximum removal of
chlorpyrifos for L. minor and P. stratiotes of 87% and 82% after seven days of incubation,
respectively, being observed in solutions seeded at an initial chlorpyrifos concentration of
0.5 mg/L. (Table 3). The results indicated that whilst both plants were effective at removing
chlorpyrifos, L. minor was slightly more efficient than P. stratiotes.

Bioconcentration Factor (BCF) of P stratiotes and L. minor

The BCF can be used to characterize the accumulation of pollutants through chemical
partitioning from the aqueous phase into an organic phase (Serrano et al., 1997). The BCF of
L. minor was clearly greater than that for P. stratiotes at all time-points evaluated (Figure 3).
The BCF of both plant species rapidly increased from day O to 3, although the rate
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Figure 3 The bioconcentration factor (BCF) of chlorpyrifos in P. stratiotes and L. minor (based on dry weight)
when grown in Hoagland’s No. 2 solution with chlorpyrifos (0.1, 0.5, and ! mg/L). Data are shown as the mean
+ 1 S.D. and are derived from three repeats. *The BCF was not calculated for P. stratiotes and L. minor cultures
at an initial chlorpyrifos concentration of 0.1 mg/L for days 5-7 and 4-7, respectively, because chlorpyrifos was
not detectable.

of increase was slightly faster for the three treatments involving L. minor (~1400-
1500 L/kg/day) than that of P. stratiotes (~900-1000 L/kg/day). Thereafter, for P. stra-
tiotes, the BCF only gradually increased or remained near static from day 4 to day 7, while
for L. minor, the BCF slightly decreased over this time period, but it still remained at a
higher total level than that for P. stratiotes. The resulls are consistent with the notion that
some of the accumulated chlorpyrifos in the tissues of L. minor could be assimilated by the
plants.

DISCUSSION

The biomass of L. minor and P. stratiotes grown in nutrient media in the presence
of chlorpyrifos at 0.1 and 0.5 mg/L increased and there was no visible morphological
change in plants during the seven day experimental period. Thus, especially if these results
hold for longer periods (1o be substantiated), both plant species can tolerate, and would
likely grow relatively well in wastewater containing, low concentrations of chlorpyrifos.
However, chlorpyrifos at 1.0 mg/L likely had some toxicity to both P. stratiotes and L. mi-
nor, detected by chlorosis and biomass reduction from day three onwards, which matches
the reduced RGR. Indeed, acute toxicity to chlorpyrifos at 1.5 mg/L. was noted within 96
hours (data not shown). The toxicity of chlorpyrifos to aquatic plants has been reported
before, with a reported ECsp for chlorpyrifos on the growth inhibition of Scenedesmus sp.
and Seletonema costatum of 0.48 and 0.255 mg/L at 96 hours, respectively (DowAgro-
Sciences, 2008). Although the limited concentrations assayed here do not allow an accurate



- 2008-2009 Chulalongkorn University] At: 09:34 3 May 2011

{2007

Downloaded By:

REMOVAL OF CHLORPYRIFOS BY WATER LETTUCE AND DUCKWEED 393

evaluation of the ECsq for L. minor and P. stratiotes, it is likely to be somewhat higher than
0.5 mg/L and thus L. minor and P. stratiotes are potentially less susceptible to chlorpyrifos
toxicity, although this requires confirmation. The removal efficiency of atrazine by poplar
trees (Populus maximowiczii) was found to occur rapidly at 0.5 mg/L, but the removal effi-
ciency decreased as the initial atrazine concentration increased over 3 mg/L (Chang er al.,
2005).

The maximum removal level of chlorpyrifos attained in this study by L. minor and
P, stratiotes was ~100% within 4-5 days at an initial concentration of 0.1 mg/L, and 87%
and 82%, respectively, after seven days at an initial chlorpyrifos concentration of 0.5 mg/L,
which potentially indicates that plant uptake might be the main process during the removal
of chlorpyrifos by both plant species. Note that microbial degradation of chlorpyrifos was
considered to be minimal because the plants were disinfected by immersion in 0.01% (v/v)
Clorox before the experiment. When compared to the other reported data on pesticide
remediation, the efficiency of L. minor and P. stratiotes to remove chlorpyrifos is greater
than that reported for the water hyacinth (Eichhornia crassipes) to remove ethion (69%)
(Xia and Ma, 2006), and for the poplar tree (P. maximowiczii) to remove atrazine (75%) over
five days at an initial atrazine concentration of 0.5 mg/L (Chang et al., 2005). Regardless,
the percentage removal of chlorpyrifos by L. minor was greater than that by P. stratiotes.
This result is similar to a study on the removal efficiency of dimethomorph and pyrimethanil
from water by five macrophyte species (L. minor, S. polyrhiza, C. aquatica, C. palustris,
and E. canadensis). L. minor and S. polyrhiza showed the highest removal efficiency for
the two fungicides during the four days test periods (Olette et al., 2009).

The BCF of L. minor was greater than that of P. stratiotes, which might be due to the
different morphology and mechanism of uptake between the two species. L. minor is a small
aquatic plant with very fine and numerous roots that spread throughout the surface of the
experimental vessel. P. stratiotes is larger than that for L. minor and has a longer root, but
the root surface area of P. stratiotes is smaller than L. minor, and thus L. minor has a greater
contact area for absorption of chlorpyrifos from the culture solution than P. stratiotes.
Moreover, from days 4-7 of the experiment, the BCF of L. minor gradually decreased,
which might be the result of phytodegradation occurring in the tissues of L. minor, although
this requires confirmation. Compared to the uptake of the organophosphate insecticide
pyridaphenthion in the green algae Chlorella saccharophila, the BCF of L. minor and
P, stratiotes were both greater than that reported for C. saccharophila (28 L/kg), which was
calculated using a model (Jonsson et al., 2001). However, in a study with C. vulgaris at a
cell density of 11.6 x 10 cells/L, the mean BCF of anthracene in C. vulgaris was found
to be relatively high (6,000 L/kg) (Sijm et al., 1995). In contrast, the mean BCFs for the
uptake of penta-chlorobenzene and hexa-chlorobenzene from water in soya bean (Glycine
max) roots were 139 and 308 L/kg, respectively (Kraaij and Connell, 1997).

This study demonstrates the interesting potential use of L. minor and P. stratiotes in
the phytoremediation of chlorpyrifos from aquatic sources. Both plants might be utilized
as an efficient, economical and ecological alternative to accelerate the removal of wastew-
ater contaminated with a relatively low concentration of chlorpyrifos (0.5 mg/L), as they
efficiently reduced an initial level of 0.1 mg/L to below the threshold of detection. Thus,
two or three sequential growth and harvest periods over 2-3 weeks maybe sufficient for
bioremediation of chlorpyrifos contaminated water at levels of up to 1 mg/L. However,
further studies are needed to better understand the mechanisms involved at the plant level
and to optimize the plants’ capacity for chlorpyrifos phytoremediation, before confirming
this innovative technology for efficient use in cleansing pesticide-contaminated water.
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