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Abstract - Thiobencarb is an herbicide component extensively
applied for weed control. In this study, the mixed culture of
Pseudomonas sp. Thl and Cupriavidus oxalaticus Th2 was
determined for degradability towards thiobencarb at several
conditions. The degradation of thiobencarb at 50 pM by the
mixture of these strains in the medium without any co-substrate
was 48.5+5.5% for 24 hours, increased to 78.0% with the addition
of 0.5 mg/L ammonium sulfate and 0.5 mg/L succinate in to the
medium. Moreover, the mixed culture could degrade the
compound at quite ranges of NaCl concentrations, pH and
temperatures. To increase the degradation of the compound in a
commercial herbicide, bacteria were immobilized in a matrix
consisting of polyvinyl alcohol and sodium alginate. The average
degradation of thiobencarb in an herbicide named Satunil 60E by
immobilized bacteria was 25.8% higher than that of non-
immobilized bacteria at a cell density of 1.0x107 CFUs/mL.
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1. Introduction

Thiobencarb is an active component of herbicides used
to control weeds. The herbicide has been extensively
applied causing severe environmental pollution. For
example, thiobencarb has been detected in water collected
from rice fields [1] and tap water [2]. In soil, the compound
caused negative effects on soil microbial processes [3].
Therefore, the elimination of thiobencarb in contaminated
environments is urgently needed. The compound is quite
persistent in aquatic media [4], so the degradation should
be augmented by microorganisms.

Thiobencarb can be removed using physical and
chemical methods such as using zero valent iron [5],
photocatalytic degradation over BiVO. driven [6] and
photocatalytic degradation by a visible light-driven MoS;
[7]. Biodegradation by microorganisms is considered as an
environmentally friendly and effective method. In previous
studies, some aerobic thiobencarb-degrading microbes,
such as Aspergillus niger [8] and Acidovorax sp. strain T1
[9], have been isolated. Recently, two bacterial strains,
Pseudomonas sp. Thl and C. oxalaticus Th2 isolated from
soil, showed effective degradation of thiobencarb [10].
Acidovorax sp. T1, Pseudomonas sp. Thl and C. oxalaticus

Tém tit - Thiobencarb 1a mot hoat chét cta thude trir co duoc
sir dung rong rdi. Trong nghién ciru nay, hdn hop hai ching vi
khuidn Pseudomonas sp. Thl va Cupriavidus oxalaticus Th2
duogc khéao sat vé kha niang phan huy thiobencarb & cac diéu kién
nudi ciy khac nhau. Hn hop vi khuén trén phéan huy 48,5+5,5%
thiobencarb & ndng do 50 uM trong méi truedng khoang long sau
24 gio, tang 1én 78,0% khi c6 bd sung thém 0,5 mg/L
ammonium sulfate va 0,5 mg/L succinate vao méi truong.
Ngoai ra, sy phan huy thiobencarb béi hdn hop vi khudn trén
thay dbi & cac ndng d6 NaCl, pH va nhiét do khac nhau. Pé ting
kha nang phéan huy thiobencarb trong thudc trir ¢6 thuong mai,
vi khuén duge ¢ dinh trong chit nén gdm polyvinyl alcohol va
sodium alginate. Sy phan huy thiobencarb trung binh trong
thudc trir c6 Satunil 60E béi vi khuén c¢b dinh cao hon so vai vi
khuin khong cb dinh 1a 25,8% & mat do 1,0x107 CFUs/mL.

Tir khoa - Phéan huy; thudc trir ¢6; ¢6 dinh; thiobencarb.

Th2 could utilize thiobencarb as a sole carbon, nitrogen and
sulfur source for growth.

The degradation of toxic compounds may be conducted
by free and immobilized microorganisms. Polyvinyl alcohol
(PVA) and sodium alginate (SA) are suitable carriers for
entrapping microorganisms used to remove pollutants due to
their non-toxicity and biocompatibility [11]. PVA-SA also
possessed high mass transfer efficiency and mechanical
strength [12]. A commercial herbicide usually contains some
active ingredients and adjuvants, which may inhibit the
degradation of a target compound. Moreover, the
degradation may be affected by environmental conditions
such as pH, temperature and others.

In the previous study, Pseudomonas sp. Thl and C.
oxalaticus Th2 were determined for thiobencarb
degradation at an optimal condition [10]. These bacteria
transformed thiobencarb to S-4-chlorobenzyl
ethylthiocarbamate and 4-chlorobenzyl mercaptan before
complete degradation. The synergistic degradation of the
of Pseudomonas sp. Thl and C. oxalaticus Th2 in the
mixed culture reduced the concentrations of the
intermediate metabolites [10]. However, the degradation of
the compound in a commercial herbicide by these bacteria
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was inhibited even though they were immaobilized in rice
straw [10]. Besides, the activities of bacteria can be
affected by various environmental conditions. Therefore,
in this study, thiobencarb degradation by the mixed culture
of Pseudomonas sp. Thl and C. oxalaticus Th2 with the
effects of environmental conditions was conducted. The
degradation of pure thiobencarb and thiobencarb in an
trade herbicide was also compared. Moreover, the
immobilization of bacteria in PVA-SA to overcome the
inhibition in degradation of the compound in a trade
herbicide with the presence of adjuvants was conducted.

2. Material and methods
2.1. Chemicals and culture media

The mineral medium was prepared according to a
previous study [10] and used to do all experiments. The
components of the mineral medium included 2.79 g/L
NaHPO,, 1.00 g/L KH2PO4, 0.20 g/L MgCl,-6H,0, and
1.0 mL of trace mineral solution. The trace mineral
solution consisted of 0.30 g/L Hs:BOs 0.20 g/L
FeCl,-6H,O, 0.10 g¢/L ZnCl-7H,O, 0.03 g/L
Na;MoQO4-2H,0, 0.03 g/L MnCl;-4H,0, and 0.01 g/L
CuCly-2H20. The pH was adjusted to 7.0£0.1 using NaOH.
The medium was autoclaved at 120 °C for 15 min.

Thiobencarb (>98% purity, Sigma-Aldrich) was
dissolved in absolute ethanol at 0.1 M (25.8 g/L) and used
as a stock solution. This thiobencarb was considered as a
pure substrate. Moreover, a commercial herbicide named
Satunil 60EC (Summit Agro Company, Vietham)
containing adjuvants, 400 g/L thiobencarb and 200 g/L
propanil was also used in degradation experiment. The
stock solution and Satunil 60EC were added into liquid
media at 50 uM thiobencarb.

2.2. Bacteria culture

Two bacterial strains, Pseudomonas sp. Thl (GenBank
under accession numbers OP980960) and C. oxalaticus
Th2 (GenBank under accession numbers OP980961),
isolated from soil [10] were used in this study. These
bacteria were separately cultured in the mineral medium
supplemented with 0.5 g/L ammonium sulfate, 0.5 g/L
succinate and 50 UM thiobencarb. After 24 hours, bacteria
were collected by centrifuging at 10,000 rpm for 5 min,
rinsed twice with the mineral medium and then
resuspended in a fresh mineral medium to 10'° CFU/mL.
This condensed bacteria solution was used to inoculate.

2.3. Effects of nutrients, environmental conditions and
bacterial numbers on thiobencarb degradation

The degradation was carried out in the mineral medium
containing 50 UM thiobencarb at various conditions. For
effects of nutrients on the degradation, bacteria were
cultured in the medium without any co-substrate, added
with ammonium sulfate or/and succinate. The degradation
was conducted at 0.5 g/L succinate and from 0 to 1.5 g/L
ammonium sulfate to determine the effects of ammonium
sulfate, and 0.5 g/L ammonium sulfate and from 0 to 1.5
g/L succinate to determine the effects of succinate on
thiobencarb degradation.

For the effects of salinity, pH and temperature on

degradation, the process was conducted in the mineral
medium supplemented with 0.5 g/L ammonium sulfate and
0.5 g/L succinate. The medium was supplemented with NaCl
(1.0,2.0,3.0and 4.0 g/L), or added with HCI/NaOH to the pH
of 4.0, 5.0, 6.0, 7.0 and 8.0. For the effects of temperature on
degradation, the incubation was controlled at 20, 30, 40 and
50°C. For the degradation at different bacterial numbers, the
experiment was conducted at from 0.01x107 to 10.0x107
CFUs/mL. Each strain was inoculated at the same bacteria
number. The control was inoculated with 1.0x10” CFUs/mL
and then autoclaved at 121°C for 20 min.

2.4. Immobilization of bacteria in PVA-SA bead

The immobilization was processed as a previous study
[13]. The mineral medium was added with PVA (10 %,
w/v) and alginate SA (2 %, w/v), then heated and stirred at
80°C for 1 hour. The mixture was cooled to ambient
temperature before adding the condensed bacteria solution
to 108 CFU/mL. The medium with bacteria was dropped
using a syringe into a beaker containing a solution of
saturated boric acid and CaCl, (4 %, wl/v), stirred at
200 rpm using a magnet bar. All formed beads about 3 mm
in diameter were stored for 12 hours for crosslinking, then
collected, rinsed with mineral medium and kept at -20°C
before using. The control was autoclaved at 121°C for
20 min. For the degradation, bead numbers were
transferred in flasks to 0.1x107 and 1.0x107 CFUs/mL.

2.5. Analytical methods

The concentrations of the thiobencarb were determined
using HPLC. The HPLC system (Shimadzu Corporation,
Kyoto, Japan) consisted of LC 20AD pumps, SIL-20A
autosampler, an SPDM20A photodiode array (PDA) detector
and Shimadzu Shim-Pack XR-ODS column (3.0x30 mm,
2.2 um) was used to separate thiobencarb metabolites. The
mobile phase including acetonitrile and water (30:70, v/v) was
pumped isocratically at a rate of 0.5 mL/min, and a 5 pl
sample was injected into the HPLC system. The column oven
temperature was maintained at 40°C, and the detection was
performed at a wavelength of 250 nm.

2.6. Incubation condition and statistical analysis

The degradation was conducted using 250 mL flasks.
Each flask was added with 50 uM thiobencarb. The shaking
speed was controlled at 150 rpm. The incubation was carried
out at 30°C except for the degradation at different
temperatures. Moreover, the pH of the mineral medium was
adjusted 7 except for the degradation at different pH levels.
Each experiment was conducted at least three replicates.
Data obtained from all replicates were shown as the means
+ standard deviation. The variance and the significant
differences (p < 0.05) were calculated using Duncan’s test in
SPSS software program version 22.0.

3. Results

3.1. Effects of nutrients on thiobencarb degradation by
suspended bacteria

Before determining the degradation by the mixture of
Pseudomonas sp. Thl and C. oxalaticus Th2 in the
presence of ammonium sulfate and succinate, the
utilization of thiobencarb as a sole carbon, nitrogen and
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sulfur source was carried out. The result showed that
utilization of thiobencarb at 50 uM in the medium without
any co-substrate was 48.5+5.5% for 24 hours. The average
degradation percentage was 64.8% with the addition of
only 0.5 g/L succinate (Figure lal), 60.5% with the
supplementation with only 0.5 g/L ammonium sulfate
(Figure 1b1), and 78.0% with the addition of the both co-
substrates (0.5 g/L succinate and 0.5 g/L ammonium
sulfate). However, the ammonium sulfate addition at
higher 0.5 g/L did not statistically alter the degradation
performances. In  the medium  supplemented
0.5 g/L ammonium, thiobencarb degradation rates at
different succinate concentrations were in the order: 0 m/L
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3.2. Effects of sodium chloride, pH and temperature on
thiobencarb degradation by suspended bacteria

Sodium  chloride, pH and temperature are
environmental conditions directly affecting biological
processes. For sodium chloride, the degradation
percentages were decreased at higher salt concentrations in
general. The degradation percentages at 0 and 1.0 g/L NaCl
were not statistically different (Figure 2). The degradation
at higher these salt concentrations was inhibited.

For the effects of pH, the increase in pH levels
enhanced the degradation until pH = 7. However,
the degradation was significantly inhibited at pH = 8
(Figure 2). For the effects of temperature, the degradation
rates were highest at 30 and 40°C. The lower or higher than
these temperatures reduced the degradation by bacteria
(Figure 2).

~ 1.5 ¢g/L <05 m/L ~ 1.0 m/L succinate (Figure 1bl).
However, the degradation by bacteria was reduced at 1.5
g/L succinate. The growth rates of bacteria increased at the
higher co-substrate concentrations (Figure 1a2 and 1b2).
Meanwhile, the degradation and bacterial growth of dead
cells (control) were not found. The addition of succinate
showed higher stimulating effects on bacterial growth than
that of ammonium sulfate. For example, the bacterial
numbers in the mineral medium with the addition of
ammonium sulfate and thiobencarb were (2.8+0.41)x107
CFUs/mL, while data for medium supplemented with
succinate and thiobencarb were (4.2+0.45)x107 CFUs/mL
after 30 days.
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Figure 1. Effects of (a) ammonium sulfate and (b) succinate on (1) thiobencarb degradation and (2) bacterial growth of the mixed
bacterial culture. The experiments were conducted in mineral medium supplemented with 50 uM thiobencarb. The control was
carried out using dead bacteria in the medium supplemented with 0.5 g/L ammonium sulfate and 0.5 g/L succinate
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Figure 2. Effects of (a) NaCl, (b) pH and (c) temperature on
thiobencarb degradation

The experiments were conducted in mineral medium supplemented
with 0.5 g/L ammonium sulfate, 0.5 g/L succinate, 50 uM
thiobencarb and incubated for 24 hours. The different lowercase
and capitalized letters show statistically significant differences
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within the treatments of NaCl and pH, respectively. Besides, the
different numbers of asterisk symbol indicate statistically
significant differences among treatments of temperature (p<0.05)
3.3. Effects of number of suspended bacteria on
thiobencarb degradation
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Figure 3. Effects of initial bacterial numbers on thiobencarb
degradation and bacterial growth.
The experiment was conducted in mineral medium supplemented
with 0.5 g/L ammonium sulfate, 0.5 g/L succinate, 50 uM
thiobencarb and incubated for 24 hours. The different lowercase
letters show statistically significant differences among treatments
of bacterial numbers (p<0.05)

The treatments at higher initial bacterial numbers
showed significantly higher thiobencarb removal (Figure
3). After 24 hours, thiobencarb was degraded just over 60%
at 0.01x10” CFU/mL, increased by nearly 20% at 0.1x107
CFU/mL, and completely degraded at 10.0x107 CFU/mL.
Meanwhile, all abiotic controls showed no thiobencarb
removal (data not shown).

3.4. Thiobencarb degradation by immobilized bacteria

Before the degradation by immobilized bacteria, the
degradation of thiobencarb in the herbicide Satunil 60E by
free cells was conducted at 50 puM in mineral medium
supplemented with 0.5 g/L ammonium sulfate and 0.5 g/L
succinate. The result showed that 51.4+4.6% and
62.4+6.8% of thiobencarb in Satunil 60E were degraded
for 24 hours at initial bacteria of 0.1x10” and
1.0x10’CFU/mL, respectively. This result indicated that
the degradation of thiobencarb in the herbicide was
significantly slower than the degradation of the pure
substrate shown in Figure 3.

For the degradation of pure thiobencarb, the
degradation rates of immobilized bacteria (Table 3) were
significantly higher than those freely suspended bacteria
(Figure 3) at the same bacteria numbers. However,
thiobencarb was also decreased in the treatment using
alginate beads without bacteria, probably the substrate was
absorbed into the beads. Therefore, the degradation
percentages of the pure compound by immobilized and
freely suspended bacteria were not statistically different.

For the degradation of thiobencarb in the herbicide
Satunil 60E by immobilized bacteria, the degradation rates
were significantly slower than those of the pure substrate
(Table 1). However, the rates of immobilized cells were
significantly higher than those of free counterparts. Indeed,
the average degradation percentages of the compound in
Satunil 60E by bacteria immobilized in PVA-SA bead
shown in Table 1 were 20.4% and 25.8% higher than those
by freely suspended cells at 0.1x107 and 1.0x107
CFUs/mL, respectively.

Table 1. Degradation of pure thiobencarb and thiobencarb in Satunil 60E by the mixed culture immobilized in PVA-SA bead

Bacteri Degradation of pure thiobencarb (%) Degradation of thiobencarb in Satunil 60E (%)
acteria
(CFU/mL) Control (PVA-SA bead PVA-SA bead Control (PVA-SA bead PVA-SA bead with
without bacteria) with bacteria without bacteria) bacteria
0.1x107 13.4+3.3% 90.2+4.4¢ 14.5+3.12 71.8+6.9
1.0x107 17.4+4.12 100° 18.2+3.52 88.2+4.0P

The different lowercase letters show statistically significant differences among treatments within a line (p<0.05)

4. Discussion

Pseudomonas sp. Thl and C. oxalaticus Th2 could
utilize thiobencarb as a sole carbon and nitrogen source.
The addition of co-substrates enhanced the degradation
rates because bacteria used supplemental nutrients which
stimulate bacteria growth resulting in higher degradation.
Nitrogen content in thiobecarb molecule was small
(5.42%); therefore, ammonium sulfate was an important
supplemented nitrogen source. A previous study also
showed that the supplementation with ammonium sulfate
increased thiobencarb degradation by Pseudomonas sp.
Thl and C. oxalaticus Th2 [10]. The degradation in the
media with the presence of 0.5 g/L ammonium sulfate
was similar to the previous report [10]. In this study,
succinate was used as an additional carbon source to
increase the bacterial growth rates. Succinate was a
carbon source which is an important compound in the
Krebs cycle to provide energy for cells. However, a high
succinate concentration (1.5 g/L) somewhat reduced the

degradation performance, probably because bacteria
preferred to use it to grow. Similarly, the supplementation
with succinate and sodium nitrate enhanced the
degradation rate of Aspergillus niger [14]. However,
Aspergillus niger removed less than 90% pure
thiobencarb at 20 mg/L in the Czapek-Dox medium
containing co-substrate after 20 days [14].

Biodegradation is always affected by environmental
condition. Thiobencarb may contaminate in saline media,
at various pH levels and different ambient temperature. In
this study, the mixed culture of Pseudomonas sp. Thl and
C. oxalaticus Th2 showed the highest effective degradation
at low salt concentrations, neutral pH and normal
temperature. The degradation rates were decreased at high
acidic and alkaline conditions, high salinity and high
temperatures. Such severe conditions inhibited the
activities of isolated bacteria. However, bacteria could
degrade the compound at quite high ranges of described
environmental conditions. The degradation rates of pure
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thiobencarb were significantly higher than those of the
compound in the herbicide Satunil 60E, which was
described in a previous study [10]. Propanil and other
adjuvants in the herbicide caused negative effects on the
bacterial mixture. In a previous study, adjuvants in
herbicides caused the reduction of prometryn degradation
by free cells, but immobilized microorganisms [15].

In the previous report, degradation of pure thiobencarb
by immobilized bacteria in rice straw was significantly
higher than those of their free counterparts in liquid media,
but in soil [10]. However, the immobilization in rice straw
did not overcome the negative effects of herbicide
adjuvants on thiobencarb degradation in a commercial
herbicide [10]. In this study, the immobilized bacteria in
PVA-SA showed higher effective degradation thiobencarb
in the commercial herbicide than freely suspended bacteria
probably because the alginate matrix reduced the direct
contact between bacteria and herbicide components.
Polyvinyl alcohol and alginate are a cheap material which
has been applied to immobilize microorganisms. The
application of alginate to enhance the degradation of other
herbicide was also described in previous studies [13, 16].

5. Conclusion

The mixed culture of Pseudomonas sp. Thl and C.
oxalaticus Th2 could degrade thiobencarb at extreme
conditions, but it showed the most effective degradation at
low salt concentrations, the neutral pH and normal
temperature. The degradation rates of the pure substrate
were significantly higher than those of thiobencarb in
Satunil 60E. The average degradation percentages of the
compound in Satunil 60E by bacteria immobilized in PVA-
SA bead were 20.4% and 25.8% higher than those by freely
suspended cells at 0.1x107 and 1.0x107 CFUs/mL,
respectively. This study provides information on the roles
of nutrients, the effects of some environmental conditions
on thiobencarb degradation, and degradation enhancement
of the compound in an herbicide by using PVA-SA to
immobilize bacteria.

Funding: This study was supported by the Vietnamese
Ministry of Education and Training for the scientific theme
(Code: B2022.SPD.04). The authors would like to thank
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