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Abstract

The environmental impact of chlorinated pesticides, including endosulfan, is not only caused by their persistency in the eco-
system but also from their toxic effects on off-target living organisms. In this study, three different strains of microorganisms,
namely Afipia genosp, Sphingomonas yanoikuyae Q1 and Methylobacterium rhodesianum that are capable of biodegrading
endosulfan at low concentrations (100 pg/L) from a tea cultivation field were reported. The isolated microbial consortium
biodegraded 59% of the total endosulfan (63% a-endosulfan, 57% p-endosulfan) at pH 6.5. The same consortium biodegraded
98% of the total endosulfan (96% of a-endosulfan, 97% of p-endosulfan) at pH 8.4. All endosulfan removal performances
were observed for a period of 25 days and the experiments were conducted at 25 °C, which was a relatively lower temperature
compared to other endosulfan biodegradation studies in the literature. Additional carbon source did not change the overall
endosulfan removal. No endosulfan sulfate production was observed during the study.
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Statement of Novelty

In this paper, we investigated biodegradation of endosulfan,
a persistent, chlorinated pesticide by a three bacteria con-
sortium, consists of Afipia genosp, Sphingomonas yanoi-
kuyae Q1 and Methylobacterium rhodesianum for the first
time in literature. We registered these microorganisms to
Genbank with the ID numbers of KY827230, KY827094,
and KY827087, respectively. We are also reporting the
growth rates of the consortium, which we observed in the
microcosms. These microorganisms may help to develop
sustainable remediation methods for chlorinated com-
pounds. In this paper we investigated the microbial fate of
endosulfan at low concentrations (100 mg/L) at room tem-
perature (20 °C to 25 °C), at two different pH values (6.5
and 8.4) in water. We defined experimental conditions to
mimic groundwater towards an efficient in-situ or on-site
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bioremediation. Alkaline conditions are resulted in better
endosulfan removal. We also showed that isolation and
enrichment of endosulfan degraders without sulfur prevents
production of more toxic by-product endosulfan sulfate.

Introduction

Endosulfan is a chlorinated pesticide and a known endocrine
disruptor with a wide spectrum of application in agricultural
production. The effects of endosulfan on organisms have
been investigated since the 1970s and from the beginning
of 2007 the use of endosulfan has been gradually banned
in several countries because of its adverse effects on human
health and environment [1]. The presence of endosulfan in
the environment has the potential to change the native micro-
bial population distribution [2]. The bioaccumulation of
endosulfan in several non-target organisms was also reported
in the literature [3]. Moreover, presence of endosulfan in dif-
ferent environmental reservoirs (air, water and soil), even in
remote locations, was reported [4]. Due to its persistence in
the environmental reservoirs, scientific studies on fate and
transport of, endosulfan will be important in coming years.

Endosulfan and its isomers, which are transported by
evaporation, infiltration and surface, run-off mainly causes
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non-point source pollution in the environment. Therefore,
on-site or in-situ (bio)remediation treatment methods are
among the most preferred engineering applications for the
removal of endosulfan from soil and groundwater. Effective
and economically feasible bioremediation can be achieved
using native soil microorganisms. Therefore, improving the
knowledge on related native microorganisms and determin-
ing their pollutant degradation rates is a scientific necessity.

Commercially available technical-grade endosulfan
(6,7,8,9,10,10-hekzakloro-1,5,5a,6,9,9a-hekzahidro-
6,9-metano-2,3,4-benzo-dioxathiepin-3-oksit, CAS No. 115-
29-7), has two isomers (x-endosulfan and B-endosulfan) in
its composition, in a 7 to 3 ratio, respectively. Both of these
isomers and some of their degradation by-products are toxic
[5, 6]. Environmental fate studies indicate that -endosulfan
is more persistent in the environment than a-endosulfan
[7]. The difference in the environmental fate of these iso-
mers is determined by the difference in their vaporization,

photo-decomposition and alkaline hydrolysis characteristics
[8]. Although a-endosulfan has a higher volatility and rapid
degradation rate compared to 3-endosulfan, a-endosulfan is
more toxic [7]. Endosulfan sulfate, a common endosulfan
(bio)degradation by-product, is among the most toxic endo-
sulfan compounds [4]. Some abiotic degradation of endosul-
fan is observed only under alkaline conditions [9], but it is
not easy to distinguish this spontaneous abiotic hydrolysis
from bacterial hydrolysis. Microorganisms dominate most of
the endosulfan degradation in nature. A recent literature sur-
vey indicates more than 50 wild fungal, bacterial or actino-
mycetes species are capable of degrading endosulfan [10]. A
list of these microbial species is given in Table 1. A majority
of these species were isolated from soils exposed to endo-
sulfan, using culture enrichment techniques [5, 11-15]. In
most of these studies, endosulfan sulfate was observed as the
by-product of the biodegradation process. The presence of
endosulfan sulfate in environmental systems indicates (bio)

Table 1 List of endosulfan
degrading microorganisms in
literature

Microorganism Species Endosulfan Compound Biodegrada- Source
tion Pathway
Sphingomonas yanoikuyae Q1, Methylobacte- a-Endo, f-endo This study
rium rhodesianum, Afipia genosp
Aspergillus niger a-Endo, p-endo - [45]
Trichoderma harzianum a-Endo, p-endo Given [46]
Phanerochaete chrysosporium Endosulfan Given [47]
Mucor thermohyalospora MTCC 1384 a-Endo, p-endo - [10]
Micrococcus sp. a-Endo, p-endo - [48]
Mycobacterium strain - [9]
Bacillus sp. co-culture a-Endo, p-endo - [41]
Anabaena sp a-Endo, p-endo Given [49]
Fusarium ventricosum, Pandoraea sp a-Endo, p-endo Given [42]
Anabaena sp. PCC 720 B-Endo - [50]
Chlorococcum sp., Scenedesmus sp a-Endo, p-endo - [51]
Aspergillus terreus, Cladosporium oxysporum a-Endo, B-endo - [7]
Klebsiella oxytoca a-Endo, p-endo - [21]
Staphylococcus sp, Bacillus circulans a-Endo, p-endo Given [36]
Pseudomonas KS-2P a-Endo, p-endo - [22]
Arthrobacter sp a-Endo,B-endo, Endo- sulfat Given [52]
Pseudomonas aeruginosa a-Endo, f-endo, Endo- sulfate — [14]
Bordetella sp a-Endo, p-endo Given [33]
Pseudomonas aeruginosa a-Endo, p-endo - [53]
Arcromobacter xylosoxidansCS5 a-Endo, p-endo - [54]
Pseudomonas sp. IITRO1 «-Endo, Endosulfan sulfate Given [5]
Arcromobacter xylosoxidans a-Endo, p-endo - [38]
Alcaligenes faecalis JBW4 Endosulfan - [55]
Agrobacterium tumefaciens a-Endo, p-endo Given [44]
Pseudomonas aeruginosa Endosulfan Given [56]
Klebsiella, Acinetobacter, Alcaligenes, Flavo- Endosulfan — [55]
bacterium, and Bacillus
Rhodococcus koreensis strain S1-1 Endosulfan sulfate + [57]

Pseudomonas sp.

Endosulfan sulfate
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degradation [16]. Endosulfan sulfate producing microorgan-
isms are not useful for bioremediation applications since
endosulfan sulfate is also toxic to organisms. Biodegradation
pathways of endosulfan is reported in different studies in
the literature (Fig. 1) [17] “Copyright, owned by [American
Society of Microbiology]; used by permission.”

The solubility of endosulfan in water is limited to
530 pg/L at 25 °C due to its hydrophobic nature [6]. Gen-
erally, observed endosulfan concentrations are lower than
its maximum water solubility concentration, in natural
water bodies. The solubility of endosulfan is enhanced in
water with solvents in endosulfan biodegradation studies,
according to the literature. Moreover, relatively higher tem-
peratures, which may not be observed in field, are used in
these biodegradation studies. In addition, the overall growth
response of microorganisms and biological endosulfan
degradation rates at low endosulfan concentrations is not
known. Therefore, the investigation of microbial endosulfan
degradation under natural conditions is of scientific interest.

In this study, we are reporting a consortium of microor-
ganisms that can survive by biodegrading endosulfan at a
low endosulfan concentration (100 pg/L) at room tempera-
ture (20 °C to 25 °C) without producing endosulfan sulfate
as a by-product. These bacteria are adopted to relatively
low pH environment but can also be efficient under alkaline
conditions. Therefore, we believe that these microorganisms
may contribute to efficient in-situ remediation of endosulfan

Fig. 1 Biodegradation pathway Cl
of endosulfan Reproduced with

permission from [17] C O\
il
C 0]

O ——>»

contaminated sites. Overall endosulfan biodegradation rates
of this consortium is also provided in this study.

Materials and Methods

Reactors and Experimental Set-ups Used
in the Study

The biodegradation of endosulfan was monitored using
600 mL reaction volumes in 1L flasks. The reactors were
stirred continuously (Labcon, 3100U) at a constant speed
of 150 rpm. Four sets of experiments were designed. pH
values were adjusted to pH 6.5+0.5 or pH 8.4 +0.5. Bio-
degradation of endosulfan is also observed with or without
the addition of glucose (4 mg/L) to the reactors, as the exter-
nal carbon source. All experiments were conducted using
two parallel reactors for each set. The reactors were covered
with aluminum foil to prevent the photo-degradation of the
endosulfan.

The reactors containing basic mineral medium were
sterilized in an autoclave (NUVE OST32) at 121 °C under
1.06 bar pressure. Later endosulfan was added into the
cooled solutions, using cold filter (0.22 um filter) steriliza-
tion. Each reactor was inoculated with one-milliliter micro-
bial consortium, prepared from slant agars in a biosafe cabin
under sterile conditions.

[oxidation]
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(Tara D. Sutherland et al. Appl. Environ. Microbiol. 2000; doi:10.1128/AEM.66.7.2822-2828.2000)
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Chemicals Used in the Experiments

All chemicals used in the experiments were analytical grade
or higher. The endosulfan (%99.8 pure) was purchased from
Bayer. The solution fed into the reactors was composed of
K,HPO, (25.50 mg), KH,PO, (65.25 mg), Na,HPO,-7
H,0 (100 mg), NH,C1 (195.10 mg), CaCl, (82.50 mg),
MgCl,-6H,0 (67.5), FeCl;-6H,0 (0.75 mg), Wolfe solution
10 ml [NaCl (1 g), MgCl,-6H,0 (3 g), CoCl, 6H,0 (0.1 g),
MnCl,-4H,0 (0.05 g), FeCl;-6H,0 (0.1 g), ZnCl,-7H,0
(0.1 g), CuCl, (0.01 g)] per liter. To enhance the consump-
tion of endosulfan as a sulfur and carbon source, all chemi-
cals used in the experiments were selected in chlorinated
forms. 0.1 N NaOH and 0.1 N HCI were used for pH adjust-
ments of the reactors. Deionized water was used in all prepa-
rations and reactors.

Isolation and Identification of Microorganisms

In order to isolate endosulfan degrading native soil bacteria,
several soil samples from tea cultivation fields were col-
lected. The use of any kind of pesticide is prohibited in tea
cultivation fields in Turkey. Thus, none of the collected soil
samples had any previously recorded endosulfan exposure
history. The soil samples were taken from the top 10 cm
of the soil with presterilized spoons and bags. Ten grams
of the collected soil samples were screened for any debris
or plant residuals under sterile conditions. The processed
soil samples were mixed with a sterilized mineral solution,
which contained 0.1 mg/L endosulfan in 150 mL volume in
250 mL flasks. After the slurry was incubated for 5 days on
a shaker at 100 rpm, 10 mL supernatant was transferred to
a fresh mineral solution under the same growing conditions
and this first step of the enrichment process was repeated.
In the second step, the microorganisms were transferred to a
fresh solution every 24 h and this cycle was repeated 3 times.
Then 50 mL of the microcosm was taken to a 100 mL flask
to use in the experiments. The isolated bacterial consortium
was stored on an endosulfan containing slant agar.

The isolated bacterial species were identified at Ankara
University’s Biotechnology Center (Ankara, Turkey) using
PCR technique. A 16S rRNA Gene DNA series analysis [18]
was conducted. The specific primers used for 16S rRNA
were the 27F (5’AGA-GTT-TGA-TCC-TGG-CTC-AG-3")
forward primer and the 1492R (5'GGT-TAC-CTT-GTT-
ACG-ACT-T-3') reverse primer. The classification of the
strains was obtained by using the Evolutionary Relationship
Three Neighbor-Joining method [19].

Analytic Techniques

The endosulfan isomers (a- and p-endosulfan) were ana-
lyzed using a gas chromatography instrument equipped

@ Springer

with an electron capturing detector (Agilent Technolo-
gies 6890N GC/ECD). For the analysis, a HP-5 colon
(30 mx0.32 mm x 0.25 pm) and an injection volume of 2 pl
was used. GC was used in splitless injection mode. High
purity helium (He) was the carrier gas and nitrogen (N,) was
used as make-up gas in the system. The detector tempera-
ture was set to 250 °C. The colon temperature was initially
60 °C and ramped to 280 °C at a rate of 20 °C per minute for
12 min [20]. The GC-ECD system was calibrated to detect
the o and P isomers of endosulfan (R?=0.99). We used a
5-point calibration curve for the detection of endosulfan.
Lowest observed level of the instrument was 1 pg/L. Low-
est qualification concentration of the analysis was used as
5 pg/L.

Determination of Microbial Growth, Biodegradation
Process and Kinetics Parameters

The growth of microorganisms in microcosms was moni-
tored by observing the changes in optical density at 600 nm,
using a UV-VIS digital spectrophotometer (Dr. Lange Cadas
200). The pH of the batch reactors were adjusted using
HPLC grade 0.1N NaOH and 0.1N HCI. The pH measure-
ments were made using an Orion pH-meter (§1028NUWP
ROSS Ultra Combination PH meter). The effect of external
carbon sources and pH (6.5 and 8.4) on the biodegradation
of endosulfan was also investigated during the biodegrada-
tion studies.

Endosulfan degradation kinetics was evaluated presuming
first order reaction kinetics [21, 22]. such that;

S = 8,7k’ 1)

k;=In [%] /t )

where S, is the initial substrate concentration (ug/L), S is the
final substrate concentration (ug/L), k; is the degradation
constant (day'l), and t is time (day).

Results

Identification and Growth Kinetics of Endosulfan
Degrading Bacterial Consortium

The three microorganisms in the endosulfan biodegrad-
ing consortium were identified as Afipia genosp species,
sphingomonas yanoikuyae Q1 and Methylobacterium rho-
desianum species with 100%, 100% and 99% precisions,
respectively. The phylogenic tree presentation of the bacte-
ria is given in Fig. 2. The gene sequences of Afipia genosp
species, sphingomonas yanoikuyae Q1 and Methylobacte-
rium rhodesianum were deposited in the GenBank database
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4g Methylobacterium rhodesianum (GenBank: AB175642.1)
331 pembe
Methylobacterium rhodesianum (GenBank: AB175643.1)

100

321 Sari

Methylobacterium podarium (GenBank: AB302930.1)

Bradyrhizobium elkanii (GenBank: AB513456.1)
93
1001 Afipia genosp. (GenBank: EF371496.1)
Sphingobium yanoik uyae (GenBank: AB109749.1)
99 q Sphingomonas sp. p2 (GenBank: AB091683.1)

Beyaz

0.02

E. coli (GenBank: J01859.1)

Fig.2 Phylogenic tree of the endosulfan degrading microbial consortium isolated from tea fields

with the accession numbers of KY 827230, KY827094, and
KY827087, respectively.

In this study, no endosulfan sulfate formation was
observed during the biodegradation process (Fig. 3).
Endosulfan sulfate peaked at 24 min in the GC-Spectrum.
According to Mukherjee et al. bacteria form endosulfan diol,
a non-toxic by-product of endosulfan, during the biodeg-
radation process. Endosulfan sulfate formation is usually
observed during fungal biodegradation of endosulfan. The
non-existence of endosulfan sulfate can also be related to
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using non-sulfur chemicals, which force the utilization of
sulfur from endosulfan compound for microbial growth, in
the experiments [7].

Afipia genosp species are rod-shaped, gram negative,
oxidase positive microorganisms that produce gray-white,
shiny, convex, and opaque 1.5 mm colonies on agar plates.
The colonies on blood agar base were observed after 72 h
incubation period at 32 °C [23]. No studies have been
found in the literature on endosulfan biodegradation by
the Afipia species. However, there are some studies on the
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Fig.3 Gas Chromatography spectrum of endosulfan solution after biodegradation. (No endosulfan sulfate signal is observed at 24 min)
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biodegradation of polyaromatic hydrocarbons (PAH) by Afi-
pia broomeae [24]. There are very limited scientific articles
on the assimilation of sulfur by Afipia species [25].

The Sphingomonas species are defined as gram-negative,
rod-shaped, chemoheterotrophic, strictly aerobic bacteria.
They can metabolize a wide variety of carbon sources and
survive in low concentrations of nutrients. Although the
ability of the Sphingomonas sp. to biodegrade endosulfan
is also reported for the first time in this study, these bacteria
are known for their dehalogenation ability. Sphingomonas
species are native to several environmental reservoirs such
as soil and fresh water bodies. Sphingomonas species can
biodegrade several anthropogenic chemicals, including chlo-
rinated pesticides dibenzo-p-dioxine and dibenzofuron [26],
carbofuran [27], hexachlorocyclohexane [28], polychlorofe-
nol [29], 2,4-didlorobenzoic acid [30], dehydroabietic acid
[8], as well as simple aromatic and polyaromatic hydrocar-
bons [31].

Methylobacterium species can utilize halogenated com-
pounds for their carbon requirements. These gram-negative
bacteria have the ability to use methane as well as other
complex organic compounds as the sources of carbon and
energy. These rod shaped pleomorphic, aerobic, facultative
and methylotrophic organisms have the ability to survive in
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Fig.4 a Removal of endosulfan and growth of microbial consortium
at pH 6.5. b Removal of endosulfan and growth of microbial consor-
tium in the presence of glucose at pH 6.5; ¢ Removal of endosulfan
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several natural environments (soil, dust, clean water, lake
sediments, plants and rice fields) as well as in anthropogenic
environments such as hospital surroundings [32]. Methylo-
bacterium species are the only species that are related to
biogeochemical sulfur cycle (Anesti 2004), in this study.

The disappearance of total endosulfan in the microcosms
are related to the growth of microbial consortium under all
pH values (pH 6.5 and 8.4) with or without the addition of
glucose as the external carbon source. Microbial growth was
observed as the time dependent optical density (OD) change,
at 600 nm wavelength. The simultaneous change in endosul-
fan concentration and the optical density in the reactors are
given in Fig. 4, for each experimental set.

Typical microbial growth phases (lag, exponential and
stationary phases) were observed in all experiments. Shorter
lag phases (<5 days) were observed in the presence of
external carbon source (glucose) in all reactors. Less than
two-day lag phase was distinct for the reactors, where pH
was low (pH 6.5). The reactors that were operated under
acidic conditions (pH 6.5) had distinct exponential growth
phases. In the alkaline reactors (pH 8.4), the transition from
lag phase to exponential phase was diffused and exponen-
tial growth phase was extended to the 20th day or longer.
The lag phase was observed in all reactors independent of
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atpH 8.4
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carbon source and pH difference. Higher optical densities
were observed in the reactors containing glucose.

The gradual increase in the microorganism numbers may
indicate enzymatic adaptation need for endosulfan degra-
dation. The study conducted by Goswami and Singh also
reported a similar gradual biodegradation of endosulfan in
the absence of an additional carbon source. In their study,
when dextrose was used as the carbon source shorter lag
phases were also observed in the reactors [33].

Biological Removal Rates of Endosulfan
by the Isolated Consortium

The disappearance of endosulfan from the solution is sta-
tistically (p <0.05) correlated to the increase in the opti-
cal density. This correlation is accepted as the biological
removal of endosulfan by the isolated microbial consortium.
No change in the endosulfan concentration was observed in
control reactors in this study either. Control reactors were
microcosms without microbial inoculation that were kept
in the dark.

(A)

[§)

n

2 ka-endo =0,111
| R?= 0,681
= kyP-endo = 0,116
R*= 0.700
kY-endo = 0,116
R*= 0,667
6 7

Time (days)

@®0-endo Mp-endo AY endo

25 (©)

]

315 —Ka-endo =0.203
# R2=0.991
= 1 k,B-endo = 0.237
- R2=0.974
kY -endo = 0.221
0.5 R>=0.989
0
0 2 4 6 8 10

Time (days)

¢ g-endo MpB-endo 4} endo

Fig.5 a Degradation constants for microbial consortium at pH 6.5,
b Degradation constants for microbial consortium in the presence of
glucose at pH 6.5; ¢ Degradation constants for microbial consortium

59% of the total endosulfan was biodegraded (63%
a-endosulfan and 57% p-endosulfan) in the microcosms at
pH 6.5 in 25 days. In the reactors at pH 8.4, 98% of the total
endosulfan was biologically removed (96% a-endosulfan,
97% p-endosulfan) at the same time period. Presence of glu-
cose as external carbon source did not change the overall
removal efficiency (in percent) in the reactors. This observa-
tion also showed that endosulfan was the limiting substrate
in the reactors.

Different reaction rate orders were investigated and it
was concluded that first order reaction model fits best to
the experimental results. Removal rate constants are given
in Fig. 5. The degradation rate constants of a-endosulfan
and p-endosulfan isomers were 0.111 day™! and 0.116 day™!
at pH 6.5, respectively (Fig. 5a) The degradation rate
constants of a-endosulfan and f-endosulfan isomers in
the presence of glucose at pH 6.5 were 0.132 day™' and
0.121 day~!, respectively (Fig. 5b). The degradation rate
constants of a-endosulfan and B-endosulfan isomers at
pH 8.4 were 0.203 day~' and 0.237 day~!, respectively
(Fig. 5¢). The degradation constants of a-endosulfan and
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p-endosulfan isomers, in the presence of glucose at pH 8.4
were 0.182 day~! and 0.244 day~!, respectively (Fig. 5d).
First order removal rates of total endosulfan, at different pH
values, in the presence or absence of glucose are calculated.
According to these results, at pH 8.4 endosulfan removal
rates are 0.221 (day™') and 0.214 (day‘l) in the absence and
presence of glucose, respectively. At pH 6.5 the removal
rates are calculated as 0.116 (day™") and 0.125 (day™!) in
the absence and presence of glucose, respectively. These
results indicate that the removal rates are higher in high pH
values. No significant removal rate changes is observed with
the addition of carbon source.

Discussion

In this study, three native bacterial species, which can bio-
degrade endosulfan were isolated from soil. The results of
this study show that these three native bacteria, namely
Afipia genosp, Sphingomonas yanoikuyae Q1 and Methy-
lobacterium rhodesianum are capable of growing by utiliz-
ing endosulfan isomers at low concentrations (100 pg/L).
Soil samples collected from the tea cultivation fields did
not have any known endosulfan exposure history, therefore
ability of these soil microorganisms to utilize endosulfan
require further research. Microorganisms need a carbon
source for their metabolic activities and survival. Bioavail-
ability of carbon determines the fate of bioremediation, in
return. In this study, it was showed that endosulfan can be
utilized and considered as carbon and sulfur source for the
three endosulfan-degrading microorganisms of the consor-
tium. Although endosulfan is utilized as a carbon and sulfur
source by these three isolated bacteria, we believe that the
success of endosulfan remediation application will be deter-
mined by the biological removal of sulfur from endosulfan
molecule. Therefore, Methylobacterium sp. may be a key
microorganism in successful bioremediation applications.
The experimental design used in this study that eliminated
the external sulfur in the solution, forced microorganisms
to utilize endosulfan as a sulfur source. Since the results of
this study did not show endosulfan sulfate formation at the
end of the experiments, this consortium has the potential for
bioremediation applications.

We observed slightly lower endosulfan removal rates
compared to the other studies reported in the literature
(Table 2). This can be related to a slow microbial growth rate
since the growth rate is inversely related to the temperature
of the microcosm. Temperature effect of on the endosulfan
biodegradation and growth rate for these microorganisms
will be evaluated separately.

According to the results of this study, it is also argued
that a media without external sulfur sources must be
preferred during the isolation of endosulfan degrading

@ Springer

Table 2 Comparison of first order endosulfan removal rates of related
studies (day’l)

a-Endosulfan B-Endosulfan References
0.111(pH 6.5) 0.116 (pH 6.5) This study

0.203 (pH 8.4) 0.237 (pH 8.4)

0.09 (pH 6.6) 0.0958 (pH 6.6) Kumar et al. [43]

0.552 (Phase-I)
0.288 (Phase-II)

0.3084 (pH 7.2)
0.182 (pH 7.2)

0.48 (Phase I)
0.288 (Phase II)

0.2983 (pH 7.2)
0.300 (pH 7.2)

Thangadurai and Suresh [44]

Kwon et al. [21]
Lee et al. [22]

microorganisms [34]. Some studies in the literature used
additional carbon sources (such as dextrose and glucose) in
the mineral medium during biodegradation of endosulfan.
In one of these studies, Bordetella sp. B9, a Gram nega-
tive bacteria, biodegraded 53% and 48% of a-endosulfan
and, B-endosulfan with the addition of dextrose in 18 days,
respectively. Without the additional carbon source, 80%
of the a-endosulfan and 86% of the p-endosulfan were
degraded [33]. Awasti et al. (1997) reported that addition of
glucose to the mineral medium did not affect the degradation
of endosulfan [35]. In a different study, Kumar and Philip
used dextrose as an additional source of carbon with a mixed
culture (Staphylococcus sp., Bacillus circulans 1, Bacillus
circulans I1) for endosulfan biodegradation [36]. Following a
four week incubation period, they concluded that endosulfan
was degraded 71% in an aerobic environment and 76% in
a facultative environment, whereas when the extra carbon
source was used, degradation increased by 13% in the aero-
bic systems and 12% in the facultative anaerobic systems.
Bhalerao and Puranik determined that the Aspergillus niger
species is capable of degrading endosulfan in 12 days [37].
These relatively different observations indicate that pres-
ence of easily biodegradable carbon source may enhance
endosulfan removal, depending on experimental design.
Singh et al. reported that Achromobacter xylosoxidans spe-
cies isolated from soil can use endosulfan as the sole source
of sulfur and found that 94% of the a-endosulfan and 85%
of the B-endosulfan were degraded. In this study, relatively
lower percentages of a-endosulfan removal were observed.
However, p-endosulfan removal performance of the bacterial
consortium was found to be higher [38].

In this study, higher endosulfan removals percentages
were obtained at higher initial pH values for both isomers.
When Awasthi et al. investigated the effect of pH during
degradation of endosulfan isomers in the soil, they noted
that while there was no degradation of endosulfan isomers
at pH 3, a slow degradation was observed at pH 5. Degra-
dation was significant in pH range of 7.5 to 8.5 [39]. In the
study conducted by Hussain et al. pH ranges between 4 and
10 were used for biodegradation and pH 6 was observed as
the optimum value for biodegradation of both isomers [40].
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The findings of this study support the conclusions those of
the study by Awasthi [39]. Since our microcosms at pH 8.4
performed better. Therefore, the experimental findings of
this study support the observations that better endosulfan
removal performance can be achieved under alkaline envi-
ronmental conditions.

Slight decrease in the pH of microcosms can be related
to the accumulation of biodegradation by-products. The
decrease in the pH value is related to the occurrence of HCI
or to the microorganisms producing organic acid, as stated
in the literature as well [21, 37, 41, 42].

First order removal rate constants of this study observed
in the absence of glucose are compared to the values
reported in the literature in Table 2. Literature survey shows
different degradation rate constants for a-endosulfan and
B-endosulfan isomers depending on the pH values. Endo-
sulfan degradation constants observed in this study are par-
allel to the results given in the literature. For example, the
results are comparable to the findings of Kwon et al. [21]
and Kumar et al. [43]. In another study, two different iso-
mer degradation rate constants were calculated for biphasic
removal of endosulfan [44]. A number of endosulfan biodeg-
radation studies including this study observed the removal of
endosulfan from the solution in several phases.

The bacterial consortium of this study is adapted to a
slightly acidic soil environment in the tea cultivation fields.
Their short lag phase and distinct exponential phase are the
proof of this observation. Endosulfan biodegradation perfor-
mance of Afipia genosp, Sphingomonas yanoikuyae Q1 and
Methylobacterium rhodesianum at higher pH values, which
was investigated in this study, (with better overall removal
percentages, due to additional abiotic degradation) and their
ability to survive at low concentrations and temperature indi-
cate the reliable use of this consortium in bioremediation
applications.

Conclusions

The results of this study show that endosulfan-degrading
microorganisms can be found in soils without known con-
taminant exposure history.

Afipia genosp, Sphingomonas yanoikuyae Q1 and Methy-
lobacterium rhodesianum are capable of biodegrading endo-
sulfan in acidic and alkaline conditions, which is reported in
this study for the first time in literature.

Endosulfan at low concentrations can be utilized as car-
bon and sulfur source by this consortium. These bacteria can
biodegrade endosulfan at 20 °C to 25 °C, which is a rela-
tively lower temperature than other studies in the literature.

Endosulfan degradation rates of the bacterial consortium
used in this study are comparable to other similar endosulfan
biodegradation studies that exist in literature.
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