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ABSTRACT

Pseudomonas fluorescens HH isolated from soil utilized 2,4-Dichlorophenoxyacetic acid (2,4D) as
a sole carbon and energy source. The strain completely utilized 1.0 mM of 2,4D within 30 hr. The
immobilized Pseudomonas fluorescens HH in alginate degraded 2,4D with higher rates compared
to the rates of free-suspension cells. The determination of degradation and cell growth kinetics in
exponential growth phase of bacteria showed that both fitted with the Edwards model, in which the
maximal utilization rates and inhibition coefficient were 0.079 + 0.008 mM/h and 0.820 +
0.03 mM, respectively. The addition of glycerol as a cryoprotectant into alginate increased the
survival of bacteria in beads during freeze-drying process, which resulted in reducing the adverse
effects of bead lyophilization.
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INTRODUCTION

Herbicides are toxic to their intended target
species and other organisms. 2,4D is one of the
most commonly used herbicides to control
broadleaf weeds in the world (Bortolozzi et al.,
2004; Robles-Gonzalez et al., 2006; Gonzalez et
al., 2012). 2,4D causes harmful effects on natu-
ral plants and animals (Cox 1999; Willemsen &
Hailey 2001; Chinalia & Killham 2006). More-
over, the chemical causes serious health prob-
lems such as depression of the central nervous
system, and damaging the liver and kidney of
human and animals (Moody et al., 1992;
Duffard et al., 1996; Kim et al., 1998; Kwang-
jick el al. 2001; Charles et al., 2001; Kim et al.,
2005; Robles-Gonzélez et al., 2006).

The wide use of 2,4D resulted in the accu-
mulation of a considerable amount of 2,4D and
its intermediates in soil, surface water, or
groundwater. Even though the physical and

chemical methods can be applied for cleaning
up the chemical, biodegradation is the main
process to remediate 2,4D in soil and water.
There are a number of microorganisms utilizing
2,4D as the sole carbon and energy source de-
scribed previously. They are Pseudomonas
cepacia (Greer, 1990), Azotobacter sp. (Gauri et
al., 2012), Delftia sp. (Hoffmann & Muller
2006; Gonzalez et al., 2012), Variovorax
paradoxus (Vallaeys et al., 1998), Burkholderia
cepacia YK-2 (Cho et al., 2002). To increase
the degradation rates, the isolation and augmen-
tation of pure cultures in the contaminated sites
should be carried out.

In Vietnam, 2,4D has been extensively used
for weed control. Some 2.4D-degrading
bacterial strains have been isolated in Vietnam
(Nguyen Thi Phi Oanh et al., 2011; Huong et al.
2007). Also, 2,4D-degrading fungal strains were
isolated countrywide from 10 Vietnamese soils
(Itoh et al., 2013). However, the determination
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of environmental conditions on the 2,4D degra-
dation as well as the cell density necessary for
practical use the contaminated soil bioremedia-
tion and water in Vietnam has not been
investigated.

Immobilization techniques are preferable for
bioremediation. The carriers protect microor-
ganisms from the toxicity of chemicals, and im-
prove the degrading efficiency of xenobiotics.
Due to cheap, easy to handle and nontoxic
property, alginate has been widely used in the
encapsulation of bacteria. Because of the incon-
venient storage, transportation and application
of dried beads in field-scale bioremediation, a
freeze-dried formulation should be developed.
However, the lyophilization and rehydration
processes may be harmful to immobilized cells.
The use of cryoprotectants can enhance the sur-
vival of microorganisms during the process
(Font de Valdez et al., 1983; Hubélek, 2003).

Thus, the aims of this study were to (1) iso-
late and identify 2,4D-degrading bacteria, (2)
investigate the effects of environmental condi-
tions such as pH and humic acid on the degrada-
tion rates, (3) determine the degradation by
whole cells, and (4) examine the effects of cry-
oprotectants on microorganisms survival in al-
ginate beads during lyophilization process.

MATERIALS AND METHODS
Chemicals and media

2,4D was dissolved in absolute ethanol as
stock solutions prior to use. Mineral medium
(MM) contained (in grams per liter) Na;HPOs,
2.79; KH2PO4, 1.00; (NH4)2S04, 1.00;
MgSO4-H,0, 0.20 and 1.00 mL trace mineral
solution. The trace mineral solution consisted of
H3BOs, 030, COC'Z'GHZO, 020, ZnSO4-7H20,
0.10; NazMo00Q4-2H-0, 0.03; MnCl,-4H,0, 0.03;
NiCl»-6H,0, 0.02; CuCl»-2H,0, 0.01. pH of the
MM medium was adjusted with HCI and NaOH
solution. The medium was autoclaved at 121°C
for 15 min. All chemicals were purchased from
Sigma-Aldrich or Merck.

Enrichment, isolation and identification of
the bacterial strain

Soil samples were collected from a a sugar
cane field (at depths of 10-50 cm) in Tra Vinh
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province (South Vietnam) and stored at 5°C
before the isolation of bacteria. The soils were
air-dried at room temperature, mixed thorough-
ly, and sieved through 2 mm mesh to remove
large debris to ensure homogeneous mixing. 5 g
of the sample was transferred into a flask con-
taining 200 mL of the MM medium. 0.5 mM of
2,4D was added into the solution. The incuba-
tion was carried out for 2 months, and 2,4D
(0.5 mM) was added to the culture every week.
The enrichment culture was incubated at room
temperature (around 30°C) with continuous
shaking at 150 rpm. The diluted samples were
spread onto agar plates containing the MM me-
dium and 0.5 mM of 2,4D. Each obtained bacte-
rial strain was transferred to liquid MM medium
to check the growth and 2,4D biodegradation
ability of bacteria as a sole carbon and energy
source. The bacterial isolate showing the most
effective degradation was identified by 16S
rRNA sequencing as previously described by
Duc (2017). The phylogenetic tree was con-
structed using the Tamura-Nei model in the
MEGA version 6.0 software. The bootstrap val-
ues were expressed as percentages based on
analysis of 1,000 resampled data sets.

Degradation of 2,4D by freely suspended and
immobilized Pseudomonas fluorescens HH in
liquid media

The degradation experiments in liquid me-
dia were carried out aerobically using a flask
containing 100 mL of the MM medium supple-
mented with 2,4D. The cell inoculum (1.0 mL)
was added to the reactor to give the original cell
number of around 10® CFU/mL (based on the
colony count method). For determination of the
effects of co-substrates on biodegradation rates,
glucose or humate (1.0 g/L) was supplemented
to the media. All experiments were conducted at
pH=7.0 except for the experiments on the ef-
fects of pH on chemical degradation.

For preparation of inoculum, bacteria were
cultured in liqguid MM medium supplemented
with 0.5 mM of 2,4D and 1.0 g/L glucose for
18h. For the entrapped cell preparation, cells
were collected by centrifugation at 10,000 rpm
and 4°C for 10 min. Cell pellet was washed
twice with sterile saline (0.85% NaCl) and re-
suspended in 2xMM medium. Sodium alginate
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(6%, w/v) was dissolved and blended in a boil-
ing water bath. The solution was then cooled to
room temperature, mixed with concentrated
bacteria (1:1, v/v), and gently stirred for 30 min.
Glucose or glycerol was added as cryoprotect-
ants at 10% and 20% (wi/v) to the solution. The
mixture was dripped into a solution containing
3% CaCl, (w/v) using a syringe. The contents
were stirred with a magnetic stirrer for 60 min.
With this procedure, the diameter of a bead was
roughly 3 mm. The final alginate concentration
and cell numbers in alginate beads were 3% and
3.5 x 10° CFUs/g, respectively. After storage
for 24 hr in the CaCl; solution at 4°C, beads
were then washed twice with sterile saline
(0.85% NaCl).

The 2,4D biodegradation by immobilized
cells was carried out in the MM medium. 2,4D
was added at 1.2 mM as a sole carbon and ener-
gy source. The final number of cells was 3.5 x
10° CFUs/mL. Samples were taken during the
incubation process for determination of remain-
ing 2,4D. All degradation experiments in liquid
media were carried out at room temperature
with the shaking speed of 150 rpm.

Degradation and bacterial growth Kinetics

The determination of the 2,4D degradation
and bacterial growth kinetics was conducted in
the MM medium supplemented with a range of
2,4D concentrations. Bacteria grew and utilized
the chemical a sole carbon and energy source.
The modified Michaelis-Menten equation of
the Edward model with the specific
degradation rates given by the equation:
V=Kmax[exp(—S/Ki)—exp(—S/Ks)] (Edwards,
1970) was used to fit the degradation data. The
kinetic parameters, including the maximum
specific degradation and apparent half-
saturation coefficient values of each substrate
concentration were derived by linear regression
fitting of the Lineweaver-Burk plot or double
reciprocal plot (Lineweavear & Burk, 1934).
The Dixon plot was used to determine the inhi-
bition constant, in which the reciprocal of the
velocity was plotted against the inhibitor con-
centrations (Dixon, 1953). GraphPad Prism 7.0
software (CA, USA) was used to solve the
model equations.

Freeze-drying and rehydration process

The freeze-drying process was carried out
using a bench-scale freeze-dryer (Labconco Co.,
USA) at (-)58°C and 0.1 mbar for 24 hours. The
freeze-dried beads were stored at 4°C. Before
use, the rehydration process was conducted.
Beads were immersed in the sterile MM medi-
um for 60 min with a rehydration volume of
50 mL/g bead. The rehydration process was car-
ried out at room temperature, and beads were
then carefully rinsed with saline before use.

The determination of cell survival in beads
after rehydration was carried out by a modified
method of Schoebitz et al. (2012). Twenty algi-
nate beads were dissolved in 10 mL of sterile
sodium citrate (6%, w/v) at room temperature
with continuous shaking at 150 rpm until com-
pletely dissolved (about 30 min). Surviving
cells released from the beads were diluted and
spread on LB agar plates for counting the CFUs
at 24th hr of incubation.

Analytical methods

The determination of 2,4D concentrations in
liquid media was performed using 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 % 4.6 mm; Hy-
perclone, Phenomenex, USA). A 7:3 (v/v) ratio
acetonitrile: ultrapure water mixture served as
the mobile phase at a flow rate of 1 mL/min.
Each peak was compared to those of the stand-
ard compounds of known concentration, where
the retention time was used for identification
and the peak area for quantitative estimation of
the amount of that compound. Cell turbidity
was determined at 600 nm (DU800, Beckman
Coulter, Inc., USA) and the exponential growth
rate was determined based on Zeyer et al.
(1985) and was wused for cell growth
comparison.

Statistical analysis

The data are shown as the mean % one
standard deviation. Significant differences
among means were statistically analyzed using
one-way ANOVA with Duncan’s test (Statisti-
cal Package for Social Sciences (SPSS) pro-
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gram version 22.0). Microsoft Excel was used
to analyze regression.

RESULTS AND DISCUSSION

Isolation and identification of the 2,4D-
degrading bacterium

The isolated strain HH which utilized 2,4D
as a sole carbon and energy source was a Gram-
negative, rod-shaped bacterium. The 16S rRNA

sequence had the highest degree of nucleotide
sequence similarity with the genus Pseudomo-
nas isolates (99% identity) of the sequences
available in the NCBI GenBank database and
the NJ based phylogenetic analysis placed the
HH sequences within in the genus Pseudomo-
nas with the closest similarity to P. fluorescens
(Fig. 1). Accordingly, this strain is named
Pseudomonas fluorescens HH hereafter.
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Figure 1. Phylogenetic tree based on 16S rRNA gene fragment shows the Pseudomonas fluorescens
HH position. The scale bar (0.01) shows the number of nucleotide substitutions per base

Degradation of 2,4D by freely suspended and
immobilized Pseudomonas fluorescens HH in
liquid media
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Figure 2. Degradation of 2,4D (1.2 mM)
by freely suspended and immaobilized
Pseudomonas fluorescens HH in liquid media
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Pseudomonas fluorescens HH grew and uti-
lized 2,4D as the sole carbon and energy source
in MM medium. The bacteria could utilize
1.0 mM 2,4D completely by 30 hr, which was
similar to the degradation by Achromobacter sp.
LZ35 (Xia et al., 2008). However, Pseudomo-
nas fluorescens HH had no lag phase at these
concentrations, which was different from some
previous reports that the 2,4D degradation
required required a lag phase (Xia et al., 2008;
Greer et al., 1990).

The degradation by immobilized cells and
freely suspended cells (with the same cell num-
bers and 2,4D concentration) was compared
(Fig. 2). The immobilized Pseudomonas
fluorescens HH showed better performances
than freely suspended cells probably because
the carrier materials protected cells from the
surrounding environment, which was attributed
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to the increased tolerance of the immobilized
cells to 2,4D over freely suspended cells. Simi-
larly, Pseudomonas sp. US1 immobilized in
calcium alginate dehalogenated 2,4D with
the rates comparable to those of free cells
(Sahasrabudhe et al., 1991).

Degradation and bacterial growth kinetics

The kinetics of chemical utilization by Pseu-
domonas fluorescens HH and the cell growth
under aerobic conditions were investigated with

the 2,4D concentrations ranging from 0.1 to
1.5 mM at the exponential growth phase of bac-
teria. The degradation of the compound and cell
growth curves of Pseudomonas HH followed the
Edward model, and the substrate inhibition was
observed (Fig. 3). The degradation and growth
rates were highest at 0.7 mM, and decreased at
higher concentrations. The 2,4D degradation and
cell growth kinetics were calculated for various
substrate concentrations, which were calculated
and shown in table 1.
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Figure 3. Relationship between the specific biodegradation rates and 2,4D concentrations (A), and
growth rates and 2,4D concentrations (B) of Pseudomonas fluorescens HH. Data are shown as the
mean £ SD, derived from at least three independent repeats

Table 1. Apparent Kkinetic parameters of 2,4D biodegradation by Pseudomonas fluorescens HH

Parameters

Degradation Bacterial growth

Maximum of specific rate

0.079 + 0.008 mM/h

0.060 + 0.006 1/h

Apparent inhibition coefficient

0.820 £ 0.03 mM

0.712 £ 0.085 mM

Effect of cosubstrates and pH on 2,4D degra-
dation

The addition of 0.5 and 1.0 g/L of glucose
or humate resulted in the increase of degrada-
tion rates of suspended bacteria (Table 2).
However, the increase of the cosubstrates to
1.5 g/L resulted in the reduction of the degrada-
tion rates. The decrease of degradation was
probably because bacteria utilized glucose as
the carbon source rather than 2,4D when glu-
cose was added at a high concentration. For the
growth rate, the addition of glucose and humate
stimulated the growth, and the increase of con-
centrations resulted in higher growth rates.

A number of reports showed that the addi-
tion of exogenous carbons stimulated the

degradation of 2,4D. The addition of glucose to
stimulate the degradation of 2,4D was reported
(Greer, 1990; Xia et al., 2017). Glucose was
more preferred substrate and completely utilized
before the degradation of 2,4D in anaerobic
batch reactors (Celis et al., 2008). Humic sub-
stances usually present in cultivated soils, which
probably affects the degradation of xenobiotics.
In other studies, humic substances linked to the
dechlorination of 2,4D by Comamonas
koreensis CY01 (Wang et al., 2009) and stimu-
lated the anaerobic degradation of 2,4D by
Corynebacterium humireducens MFC-5 (Wu et
al., 2013). In addition, humics were confirmed
as terminal electron acceptors for microbial res-
piration (Lovley et al., 1996).

The pH determination on degradation
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radation rates of entrapped cells were around
20% higher than the rates of free cells at any pH
level (Fig. 4).

degradation was conducted in the medium with-
out any cosubstrate. The pH level suitable for the
activities of the isolate was around 7.0. The deg-

Table 2. Effects of glucose and humate on degradation and cell growth of Pseudomonas fluorescens
HH. Bacteria grew and degraded 2,4D (1.0 mM) in the MM medium supplemented with various
concentrations of cosubstrates. Data were obtained 12 hr after incubation

Cosubstrates con- Glucose Humate
centration (g/L) Degradation rate |Cell growth rate (1/h)| Degradation rate |Cell growth rate (1/h)
(mM/h) (mM/h)
0 0.032 + 0.002¢ 0.026 + 0.003P 0.032 + 0.002¢ 0.026 + 0.003¢
0.5 0.075 + 0.005* 0.035 + 0.004¢ 0.065 + 0.005* 0.032 + 0.004¢
1.0 0.058 + 0.0058 0.048 + 0.005° 0.048 + 0.0038 0.042 + 0.0068
15 0.015 + 0.001P 0.066 + 0.0074 0.012 + 0.001P 0.060 + 0.006"

CIDifferent superscript letters indicate statistically significant differences (p < 0.05) among treatments within
a column using the one-way ANOVA with Duncan’s test in SPSS software version
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Figure 4. Effects of pH on 2,4D degradation by freely suspended (A) and immobilized (B)
Pseudomonas fluorescens HH. The experiments were conducted at 1.0 mM of 2,4D, and data were
obtained at 24th hr of incubation. Data are shown as the mean + SD, derived from at least three
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Effects of cryoprotective agents on cell sur-
vival and 2,4D biodegradation of the freeze-
dried, entrapped cells

The addition of protective solutes into the
gel beads resulted in the decrease of 2,4D deg-
radation rate except for 10% glycerol (Table 3).
More cryoprotectants in beads resulted in lower
biodegradation rates by entrapped cells before
lyophilization. However, the biodegradation
rates of bacteria in beads containing 10% and
20% cryoprotective additives were no statisti-
cally different after freeze-drying (Table 3).
After the process, the biodegradation rates of
entrapped cells were reduced with the highest
reduction for beads without any cryoprotectant.
The presence of glycerol in beads showed high-
er effectiveness than glucose on increase of cell
survival during the freeze-drying process.

The presence of cryoprotectants reduced ad-
verse effects of entrapped cells in this study. The

70

2,4D degradation rate of cells immobilized in the
beads without any protective agent was sharply
reduced after freeze-drying due to low cell sur-
vival. With the presence of cryoprotectants inside
the cells, the osmotic difference with the external
environment is reduced, and cold tolerance is
improved (Kets et al., 1996). Previous reports
showed that the survival of immobilized micro-
organisms was enhanced with the glycerol addi-
tion (Cui et al., 2006; Kearney et al., 1990; Wang
et al., 2012; Zohar-Perez et al., 2002) probably
because glycerol may prevent ice-crystal for-
mation after penetrating into the cells (Madigan
et al.,, 1997). Another report indicates that the
glycerol addition protects the microorganism,
increases pore size in beads, and controls the
structure of the dried microcapsules (Zohar-Perez
et al., 2002). Freeze-drying of immobilized cells
has been applied for cell preservation for long-
term  storage (Kearney et al., 1990;
Sompornpailin et al., 2014).
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Table 3. 2,4D degradation by Pseudomonas fluorescens HH immobilized in alginate- cryoprotectant
beads. The experiments were conducted for 24 hr of incubation, at initial concentration of 1.0 mM.
The cell survival and degradation by cells in freeze-dried beads was determined immediately after

rehydration

Fresh bead®

Freeze dried bead™

Cryoprotectant (%) Degradation (%) Degradation (%) Cell survival (%)
None 93.3+3.1A 20.9+5.2° 18.8 +5.5¢
10 % glycerol 87.3+5.9%8 61.9+9.54 80.5 + 4.0
20 % glycerol 68.6 + 6.6 65.7 £ 7.3° 85.6 + 6.6"
10 % glucose 70.2 +5.1B¢ 40.0+6.98 514778
20 % glucose 55.3 +6.5° 48.8 +3.98 58.8 +8.78

MDifferent superscript letters indicate statistically significant differences (p < 0.05) among treatments within
the same groups in a column using the one-way ANOV A with Duncan’s test

CONCLUSION

This work describes the the 2,4D biodegra-
dation by Pseudomonas fluorescens HH as a
sole carbon and energy source. The immobiliza-
tion of cells in alginate resulted in higher degra-
dation of bacteria compared to suspended coun-
terparts. The development of formulas for cell
entrapment to enhance the survival of bacteria
during lyophilization by the addition of cryo-
protectant suggested that the immobilization
technique described here has a potential for
practical applications.

REFERENCES

Bortolozzi A. A, Evangelista De Duffard A. M.,
Duffard R. O., Antonelli M. C., 2004.
Effects of 2,4-dichlorophenoxyacetic acid
exposure on dopamine D2-like receptors in
rat brain. Neurotoxicology and Teratology,
26(4): 599-605.

Celis E., Elefsiniotis P., Singhal N., 2008.
Biodegradation of agricultural herbicides in
sequencing batch reactors under aerobic or

anaerobic conditions. Water Research,
42(12): 3218-3224.

Charles J. M., Hanley T. R., Wilson R. D., van
Ravenzwaay B., Bus J. S., 2001. Develop-
ment toxicity studies in rats an rabbits on
2,4-dichlorophenoxyacetic acid and its
forms. Toxicological Sciences, 60(1):
121-131.

Chinalia F. A., Killham K. S., 2006. 2,4-
Dichlorophenoxyacetic acid (2,4-D) biodeg-
radation in river sediments of Northeast
Scotland and its effect on the microbial

communities (PLFA and DGGE). Chemo-
sphere, 64: 1675-1683.

Cho Y. S.,Kahng H. Y., Kim C. K., Kukor J.
J.,Oh K. H., 2002. Physiological and
cellular responses of the 2,4-D degrading
bacterium, Burkholderia cepacia YK-2, to
the phenoxyherbicides 2,4-D and 2,4,5-T.
Current Microbiology, 45(6): 415-422.

Cox C., 1999. 2,4-D: ecological effects.
Herbcide factsheet. J Pestic Reform, 19:
14-109.

CuiJ. H.,,Cao Q. R., Choi Y. J.,, Lee K. H., Lee
B. J., 2006. Effect of additives on the viabil-
ity of bifidobacteria loaded in alginate poly-
I-lysine microparticles during the freeze-
drying process. Archives of Pharmacal
research, 29(8): 707-711.

Dixon M., 1953. The determination of enzyme
inhibitor constants. Biochemical Journal,
55(1): 170-171.

Duc H. D., 2017. Degradation of chlorotoluenes
by Comamonas testosterone KT5. Applied
Biological Chemistry, 60(4): 457—465.

Duffard R., Garcia G., Rosso S., Bortolozzi A.,
Madariaga M., di Paolo O., Evangelista de
Duffard A. M., 1996. Central nervous sys-
tem myelin deficit in rats exposed to 2,4-
dichlorophenoxyacetic acid throughout lac-
tation. Neurotoxicology and Teratology,
18(6): 691-696.

Edwards V. H., 1970. The influence of high
substrate concentrations on microbial kinet-
ics. Biotechnology and Bioengineering, 12:
679-712.

71



Nguyen Thi Oanh et al.

Font de Valdez G., Savoy de Giori G., Pesce de
Ruiz Holgado A., Oliver G., 1983. Compar-
ative study of the efficiency of some addi-
tives in protecting lactic acid bacteria
against freeze-drying. Cryobiology, 20(5):
560-566.

Gauri S. S., Mandal S. M., Dey S., Pati B. R.,
2012. Biotransformation of p-coumaric acid
and 2,4-dichlorophenoxy acetic acid by
Azotobacter sp. strain SSB81. Bioresour
Technol, 126: 350-353.

Gonzélez A. J., Gallego A., Gemini V. L., Papa-
lia M., Radice M., Gutkind G., Planes E.,
Korol S. E., 2012. Degradation and
detoxification of the herbicide 2,4-
dichlorophenoxyacetic acid (2,4-D) by an
indigenous Delftia sp. strain in batch
and continuous systems. International
Biodeterioration & Biodegradation, 66(1):
8-13.

Greer C. W., Hawari J., Samson R., 1990.
Influence of environmental factors on 2,4-
dichlorophenoxyacetic acid degradation by
Pseudomonas cepacia isolated from peat.
Arch Microbiol, 154: 317-322.

Hoffmann D., Muller R. H., 2006. 24-
Dichlorophenoxyacetic acid (2,4-D)
utilization by Delftia acidovorans MC1 at
alkaline pH and in the presence of
dichlorprop is improved by introduction of
the tfdK gene. Biodegradation, 17(3):
263-273.

Hubalek Z., 2003. Protectants used in the cryo-
preservation of microorganisms. Cryobiolo-
gy, 46(3): 205-229.

Huong N. L., Itoh K., Suyama K., 2007.
Diversity of 2,4-dichlorophenoxyacetic acid
(2,4-D) and 2,4,5-trichlorophenoxyacetic
acid  (2,4,5-T)-degrading  bacteria in
Vietnamese soils. Microbes Environ, 22(3):
243-256.

Itoh K., Kinoshita M., Morishita S., Chida M.,
Suyama K., 2013. Characterization of 2,4-
dichlorophenoxyacetic acid and 2,4,5-
trichlorophenoxyacetic acid-degrading fungi
in Vietnamese soils. FEMS microbiology
ecology, 84(1): 124-132.

Kearney L., Upton M., Mc Loughlin A., 1990.
Enhancing the viability of Lactobacillus

72

plantarum inoculum by immobilizing the
cells in calcium-alginate beads incorporat-
ing cryoprotectants. Applied and Environ-
mental Microbiology, 56(10): 3112-3116.

Kets E., Teunissen P., de Bont J., 1996. Effect
of compatible solutes on survival of Lactic
acid bacteria subjected to drying. Applied
and Environmental Microbiology, 62:
259-261.

Kim C. S., Keizer R. F., Pritchard J. B., 1988.
2,4-Dichlorophenoxyacetic acid intoxication
increases its accumulation within the brain.
Brain Research, 440(2): 216-226.

Kwangjick L., Johnson V. J., Barry R., Blakley
B. R., 2001. The effect of exposure to a
commercial 2,4-D formulation during gesta-
tion on the immune response in CD-1 mice.
Toxicology, 165(1): 39-49.

Lovley D. R., Coates J. D., Blunt-Harris E. L.,
Phillips E. J. P., Woodward J. C. 1996.
Humic substances as electron acceptors for
microbial respiration. Nature, 382: 445-448.

Madigan M. T., Martinko J. M., 1997.
Microbial Growth. In Brock Biology of
Microorganisms; Prentice Hall International
Inc: New Jersey, 161-172.

Moody R. P., Wester R. C., Melendres J. L.,
Maibach H. 1., 1992. Dermal absorption

of the phenoxy herbicide 2,4-D
dimethylamine in humans: effect of DEET
and anatomic site. Journal
of Toxicology and Environmental ~ Health,

36(3): 241-250.

Nguyen Thi Phi Oanh, Hua Van U, Springael
D., 2011. 2,4-D degrading bacteria in rice
fields in Tien Giang and Soc Trang. Tap chi
Khoa hoc Can Tho University, 18a: 65-70.

Robles-Gonzélez 1., Rios-Leal E., Ferrera-
Cerrato R., Esparza-Garcia F.
Rinderkenecht-Seijas N., Poggi-Varaldo H.
M., 2006. Bioremediation of a mineral soil
with high contents of clay and organic
matter contaminated with herbicide 2,4-
dichlorophenoxyacetic acid using slurry bi-
oreactors: Effect of electron acceptor and
supplementation with an organic carbon
source. Process Biochemistry, 41(9):
1951-1960.



Degradation of 2,4-Dichlorophenoxyacetic acid

Sahasrabudhe A., Pande A., Modi V.,
1991. Dehalogenation of a mixture
of  chloroaromatics by  immobilized
Pseudomonas sp. US1 ex-cells. Applied
Microbiology and Biotechnology, 35:
830-832.

Schoebitz M., Simonin H., Poncelet D., 2012,
Starch filler and osmoprotectants improve
the survival of rhizobacteria in dried algi-
nate beads. Journal of Microencapsulation.
29(6): 532-538.

Sompornpailin D., Siripattanakul-Ratpukdi S.,
Vangnai A. S., 2014. Diethyl phthalate deg-
radation by the freeze-dried, entrapped Ba-
cillus subtilis strain 3C3. International
Biodeterioration & Biodegradation, 91:
138-147.

Vallaeys T., Albino L., Soulas G., Al-
ice D. Wright A. D, Weightman A. J., 1998.
Isolation and characterization of a stable
2,4-dichlorophenoxyacetic acid degrading
bacterium, Variovorax paradoxus, using
chemostat culture. Biotechnology Letters,
20(11): 1073-1076.

Wang Y. B.,, Wu C. Y., Wang X. J., Zhou S. G.
2009. The role of humic substances in the
anaerobic reductive dechlorination of 2,4-
dichlorophenoxyacetic acid by Comamonas
koreensis strain CY01. J. Hazard Mater,
164(2-3): 941-947.

Wang Z. -Y., Xu Y., Wang H. -Y, Zhao J., Gao
D. -M,, Li F. -M., Xing B., 2012. Biodegra-

dation of crude oil in contaminated soils by
free and immobilized microorganisms.
Pedosphere, 22(5): 717-725.

Willemsen R. E., Hailey A., 2001. Effects of
spraying the herbicides 2,4-D and 2,4,5-T
on a population of the tortoise Testudo
hermanni in southern Greece. Environmen-
tal Pollution, 113(1): 71-78.

Wu C. VY, Zhuang L., Zhou S. G., Yuan Y.,
Yuan T., Li F. B. 2013. Humic substance-
mediated reduction of iron(lll) oxides and
degradation of 2,4-D by an alkaliphilic
bacterium, Corynebacterium humireducens
MFC-5. Microb Biotechnol, 6(2): 141-149.

XiaZ.Y. Zhang L., Zhao Y., Yan X., Li S. P,,
Gu T., Jiang J. D. 2017. Biodegradation of
the herbicide 2,4-dichlorophenoxyacetic
acid by a new isolated strain of
Achromobacter sp. LZ35. Curr Microbiol,
74(2): 193-202.

Zeyer J., Wasserfallen A., Timmis K. N., 1985.
Microbial mineralization of ring-substituted
anilines through an ortho-cleavage pathway.
Applied and Environmental Microbiology,
50: 447-453.

Zohar-Perez C., Ritte E., Chernin L., Chet I,
Nussinovitch A., 2002. Preservation of chi-
tinolytic Pantoae agglomerans in a viable
form by cellular dried alginate-based
carriers. Biotechnology Progress, 18(6):
1133-1140.

73



