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Abstract. The purpose of this work was to investigate the induction of stress shock proteins in
Burkholderiasp. YK-2 in response to the phenoxyherbicide 2,4-dichlorophenoxyacetic acid (2,4-D). The
stress shock proteins, which contribute to the resistance of the cytotoxic effect of 2,4-D, were induced
at different 2,4-D concentrations in exponentially growing cultures ofBurkholderia sp. YK-2. This
response involved the induction of a 43-kDa DnaK and 41-kDa GroEL proteins, characterized by
SDS-PAGE and Western blot by use of the anti-DnaK and anti-GroEL monoclonal antibodies. The total
stress shock proteins were analyzed by 2-D PAGE. Survival ofBurkholderiasp. YK-2 with time in the
presence of different concentrations of 2,4-D was monitored, and viable counts paralleled the induction
of the stress shock proteins in this strain.

Exposure of indigenous microorganisms to physical,
chemical, and biological agents induces the synthesis of
a set of proteins referred to as stress shock proteins
(SSPs). Such agents include elevated temperature [1, 8],
nutrient limitation or starvation [7], UV light, viral in-
fection, heavy metals [22], and inhibitory or toxic or-
ganic chemicals [3]. The most widely studied and the
best characterized response in bacteria is the heat shock
response [5, 10].

A large number of chemical agents, including the
BTEX group (benzene-toluene-ethyl benzene-xylene), 2,4-
dinitrophenol, 2,4-dichloroaniline, pentachlorophenol, and
trichloroethylene, were reported to induce SSPs [2, 3, 6,
22]. Chemicals have been shown to stimulate the synthesis
of SSPs inEscherichia coli[3, 6, 12] andPseudomonas
putida [9, 14, 17, 18, 24], and some of these responses are
chemical specific. Thus, the precise cellular response to a
specific stress is characteristic to the chemical.

The phenoxyherbicide 2,4-dichlorophenoxyacetic acid
(2,4-D) is a growth-regulating compound. This auxin is
selectively toxic to most annual and perennial dicotyledon-
ous species and relatively toxic to monocotylodeonous
plants [11, 13, 20]. 2,4-D has numerous applications in a

wide variety of situations, including weed control in resi-
dential golf courses and lawns, gardens, cereal crops, and
pastures, as well as defoliants in forestry and military op-
erations [21]. Although 2,4-D is a widely used herbicide,
little is known about the 2,4-D-induced stress responses in
bacteria exposed to this herbicide in soils. Induction of
SSPs by 2,4-D could be used as a tool in environmental
monitoring [3, 22], because their synthesis may serve as a
biological indicator by which the presence of toxic envi-
ronmental pollutants can be established. The synthesis of
2,4-D SSPs can be a sensitive index of stress and the nature
of environmental pollution.

In this study, we have examined the degradation of
2,4-D and associated stress protein induction byBurk-
holderia sp. YK-2. The test strain was isolated from
contaminated soils that had been treated with 2,4-D.
Survival rates of the cells were monitored under 2,4-D
stress conditions, and the induction of SSPs was ana-
lyzed by SDS-PAGE, 2-D PAGE, and Western blots
using anti-DnaK and anti-GroEL monoclonal antibodies.

Materials and Methods

Bacterial isolation and growth conditions. Bacterial enrichment
cultures capable of utilizing 2,4-D as the sole source of carbon andCorrespondence to:K.-H. Oh; e-mail: kyeheon@asan.sch.ac.kr
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energy were derived from soil samples that had a previous history of
2,4-D treatment. An isolate that was able to degrade 2,4-D completely
at the concentration of 2.25 mM 2,4-D within 36 h was selected for this
experiment. The isolate was streaked on trypticase soy agar (TSA)
plates for identification, which was based on analysis of fatty acid
methyl esters with the Microbial Identification System with a Hewlett-
Packard HP 5890 II gas chromatograph. The isolate was maintained in
a mineral salts medium that contained up to 2.25 mM 2,4-D [16]. The
medium was adjusted to pH 7.0 with 0.5N NaOH before autoclaving.
Cultures were grown at 30°C and aerated by shaking on a rotary shaker
(New Bruswick Scientific Co., Edison, NJ, USA) at 150 rpm. Growth
was monitored by changes in optical density at 660 nm.

2,4-D degradation by the isolate.Degradation of 2,4-D by the isolate
was monitored by high performance liquid chromatography (HPLC).
The HPLC system consisted of a pump (Shimazu LC-10A, Japan), an
injector fitted with a 100-ml loop, UV detector, and integrator. A
commercial Zorbax ODS reverse column (250 mm3 4.6 mm, particle
size 5mm) was eluted with a mixture of acetonitrile and phosphate
buffer at a flow rate of 1.8 ml min21. The phosphate buffer contained
6 g of K2HPO4 and 3 ml of conc. H3PO4 per liter of HPLC-grade water.
The detection signal was monitored at 229 nm. Standards of 0.01–2.25
mM 2,4-D used to quantitate residual 2,4-D were prepared from ana-
lytical grade 2,4-D purchased from Absolute Standards Inc. (Hamden,
CT, USA). Analytical grade 2,4-DCP (2,4-dichlorophenol) was ob-
tained from Absolute Standards Inc., and HPLC-grade acetonitrile and
water from Sigma Chemical Co. (St. Louis, MO, USA). The HPLC
methodology has been previously described in detail [16].

Stress treatment with 2,4-D and viability test. The cells grown in LB
broth (1% tryptone, 0.5% yeast extract, 0.5% NaCl) were harvested by
centrifugation at2000 g for 10 min. These cells were washed three
times with 10 mM phosphate buffer (pH 7.0) and then inoculated to
approximately 108 cells ml21 in 30 ml mineral medium in 100-ml
Erlenmeyer flasks containing 0.5–10 mM 2,4-D [22]. The organisms
were exposed to 2,4-D in shake flasks at 30°C. After exposure for the
proper period, the viable cells were counted by plating them on LB
agar.

SDS-PAGE. After the organisms were treated with 2,4-D, the cells
were collected by centrifugation at2000 g and suspended in 10 mM
phosphate buffer (pH 7.0). Cells in the phosphate buffer were disrupted
by ultrasonication (Fisher M-300, Pittsburgh, PA, USA). Prior to
SDS-PAGE analysis, the proteins were quantified with a protein assay
kit (Sigma Co.) according to the manufacturer’s instruction. SDS-
PAGE of the proteins was performed according to the method de-
scribed Bollag et al. [4], with 12% acrylamide for separating gel and
4% acrylamide for stacking gel, respectively, with a running buffer
(0.025 M Tris, 0.192M glycine, 0.1% SDS, pH 8.3) at 60–90 V for
2.5 h. Gels were stained with a staining solution (0.1% Coomassie
brilliant blue R-250, 40% methanol, 7% glacial acetic acid) for 2 h. The
gels were destained with solution I (50% methanol, 10% glacial acetic
acid) for 1 h, and then with solution II (5% methanol, 7% glacial acetic
acid) for 10 h.

Western blotting. 2,4-D-treated cells were analyzed for the stress-
shock proteins by Western blot technique [19] with anti-DnaK and
anti-GroEL monoclonal antibodies (StressGen Biotechnologies Corp.,
Victoria, BC, Canada), which were induced by heat shockingEsche-
richia coli, known as 70 kDa for DnaK and 60 kDa for GroEL,
respectively. The proteins on the gels separated by SDS-PAGE were
transferred to Hybond™-PVDF membrane (Amersham International
plc., Little Chalfont, Buckinghamshire, England) with a Semiphor
semi-dry transfer unit (Owl Separation Systems, Portsmouth, NH,
USA). The blots were blocked with 0.1% bovine serum albumin for 1 h

at 22 6 2°C. Subsequently, the blots were washed with phosphate-
buffered saline (PBS) and incubated with primary antibody diluted
5000 times in PBS–0.08% Tween 20 for 1.5 h. Subsequently, the blots
were washed with PBS–0.08% Tween 20. The secondary antibody
(anti-mouse IgG HRP conjugate, Promega, Madison, WI, USA) diluted
5000 times in PBS–0.08% Tween 20 was applied for 1.5 h, and the
blots were washed with PBS–0.08% Tween 20. The immunocomplex
was detected with an ECL Western analysis system (Amersham) ac-
cording to the manufacturer’s instruction.

2-D PAGE. 2-D PAGE was performed according to the methods
described by O’Farrell [15] and Bollag et al. [4] with the Bio-Rad
Minigel system (Bio-Rad Co., Hercules, CA, USA). The protein sam-
ples were mixed with an equal volume of sample buffer (9.5M urea, 2%
Triton X-100, 5% b-mercaptoethanol, 1.6% Phamalyte pH 4–6.5,
0.4% Phamalyte pH 3–10) and sample overlay buffer (9M urea, 0.8%
Phamalyte pH 4–6.5, 0.2% Phamalyte pH 3–10, Bromophenol blue).
To make 6 ml of isoelectric focusing gel, 3 g of urea was added into a
100-ml side arm flask, and then 0.67 ml of 30% acrylamide and 144ml
of Phamalyte pH 4.0–6.5, 2.7 ml of H2O were added. The flask was
swirled until the urea completely dissolved, and 25ml of 10% ammo-
nium persulfate and 20ml N,N,N9,N9-tetramethylethylenediamine
(Sigma Co.) were added. The gel was placed onto Bio-Rad Minigel
system.

The lower reservoir was filled with 0.01M H3PO4, and the upper
reservoir was filled with 0.02M NaOH. The gel was then pre-run at 200
V for 10 min, 300 V for 15 min, and 400 V for 15 min, consecutively.
After the pre-run, the lower and upper buffers were refilled. After the
samples were loaded, the gel was run at 500 V for 15 min, and then at
600 V for 3.5 h. After isoelectric focusing, the gel was treated with
equilibration buffer (5%b-mercaptoethanol, 62.5 mM Tris-HCl pH 6.8,
2.3% SDS, 10% glycerol) for 30 min. The second dimension was
performed according to the SDS-PAGE method described above.

Results and Discussion

Initially, an enriched culture was obtained from soil
samples with 2.25 mM 2,4-D as the sole carbon and
energy source under aerobic conditions. Six isolates ca-
pable of utilizing 2,4-D as the sole carbon source were
derived from the original enrichment culture. One isolate
was selected on the basis of rapid degradation of the
herbicide. The colonies of this isolate were small (,1
mm) in diameter and varied in pigmentation. Micro-
scopic examination of the isolate revealed Gram-nega-
tive and rod-shaped cells. The following API-NFT (bi-
oMérieux sa, Marcy-l’Étoile, France) tests were positive:
b-galactosidase, arginine dihydrolase, gelatinase, citrate,
and sucrose. Negative tests included lysine decarboxyl-
ase, ornithine decarboxylase, urease, tryptophanase,
acetoin production, glucose, mannitol, inositol, sorbitol,
rhamnose, melibiose, amygdalin, arabinose, and oxidase.
Fatty acid analyses of this isolate grown on TSA plates
were performed to the MIS (Microbial Identification
System). On the basis of the results, the isolate could be
assigned and designated asBurkholderiasp. YK-2.

The degradation of 2,4-D was studied with theBurk-
holderia sp. YK-2 in mineral media under aerobic con-
ditions. When grown with 2,4-D as the sole carbon and
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energy source, the culture ofBurkholderia sp. YK-2
completely degraded 2,4-D. Changes in turbidity associ-
ated with the biodegradation of 2,4-D are shown in Fig.
1 for the culture ofBurkholderiasp. YK-2. Growth of
these batch cultures typically displayed a lag phase of 8 h
before the onset of growth. In general, increases in cul-
ture turbidity coincided with parallel decreases in 2,4-D
concentration. Excluding the lag phases, the rates of
2,4-D degradation were in the range of approximately 33
mg of 2,4-D liter21 h21 in actively growing batch cul-
tures in shake flasks. Complete depletion of 2,4-D was
achieved in this experiment within 28 h of incubation.

Residual 2,4-D in the media was monitored by
HPLC. The culture ofBurkholderiasp. YK-2 produced a
metabolite that appeared as an additional peak in the
HPLC chromatogram. Further diagnostic work suggested
that the metabolite was 2,4-DCP, because an authentic
sample of 2,4-DCP displayed an identical retention time
to that of the unknown peak. The identification of 2,4-D
and 2,4-DCP was confirmed by HPLC analysis of a
mixture of analytical grade 2,4-D and 2,4-DCP.

The growth ofBurkholderiasp. YK-2 was inhibited
by the addition of 2,4-D. Fig. 2 illustrates the extent of
growth inhibition by 2 mM 2,4-D, which was added to an
exponentially growing culture that had reached an opti-
cal density at 660 nm of 0.2.

Survival of Burkholderia sp. YK-2 was examined
during 6 h of incubation in minimal medium containing
0–7 mM 2,4-D, and the results are shown in Fig. 3. The
survival rates of cells decreased with increasing (1 mM or
higher) concentrations of 2,4-D.

Expression of DnaK and GroEL proteins inBurk-
holderia sp. YK-2 treated with 2,4-D at different con-
centrations for 10–360 min was evaluated. Induction of
DnaK and GroEL proteins was not observed in the cells
treated with 2,4-D for 10 min at 0.5–10 mM concentra-
tions. The DnaK protein was not produced in the cells

Fig. 1. Growth ofBurkholderiasp. YK-2 based on optical density at
660 nm (❍) and residual 2,4-D concentrations (F).

Fig. 2. Growth ofBurkholderiasp. YK-2 on LB media in the absence
and in the presence of 2,4-D. Cells pre-grown overnight on LB medium
were harvested, washed in LB medium, and resuspended in LB me-
dium without 2,4-D (F) or with 2 mM 2,4-D (❍). 2,4-D was added at
time zero, and growth was measured by determination of optical
density at 660 nm.

Fig. 3. Survival ofBurkholderiasp. YK-2 after 2,4-D shock. The cells
were maintained at 2,4-D concentrations of 0 mM (F), 1 mM (■), 3 mM

(Œ), 5 mM (}) and 7 mM (p), respectively. At intervals, the number of
colony-forming units per ml of culture was determined.
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treated with 2,4-D for 30 min. Both DnaK and GroEL
proteins began to appear in the cells treated with 7 mM

2,4-D for 30–60 min. However, no GroEL protein was
induced under these conditions with 10 mM 2,4-D con-
centration in this period. The proteins were detected in
the cells that were treated with between 0.5 and 5 mM

2,4-D for 180 min or longer.
The DnaK and GroEL stress shock proteins were

detected by SDS-PAGE and Western blot with anti-
DnaK and anti-GroEL monoclonal antibodies. The pro-
files of total proteins are shown in Fig. 4A. DnaK and
GroEL stress shock proteins produced with 2,4-D treat-
ment are shown in Figs. 4B and 4C, respectively.

2,4-D stress shock response was characterized by

comparing the molecular mass of DnaK and GroEL
proteins induced inBurkholderiasp. YK-2 andE. coli.
Results from this study demonstrated thatE. coli re-
sponded to this stress by the production of these proteins,
two of which were the 70-kDa DnaK protein and the
60-kDa GroEL protein (Fig. 5).

However, the molecular masses of induced DnaK
and GroEL proteins inBurkholderia sp. YK-2 were
approximately 43kDa and 41 kDa, respectively, and each
size was identical to the molecular mass of the proteins
treated with heat shock, shifted from 30°C to 42°C for 30
min (Fig. 6).

2-D PAGE was used for the separation and analysis
of SSPs fromBurkholderiasp. YK-2 (Fig. 7). Fig. 7B

Fig. 4. Induction of SSPs byBurkholderiasp. YK-2 treated with different 2,4-D concentrations for 1 h. The SSPs were analyzed by SDS-PAGE
(A) and by Western blot with anti-DnaK (B) and anti-GroEL (C) monoclonal antibodies, respectively.

Fig. 5. Induction of SSPs byBurkholderiasp. YK-2 andE. coli treated with different 2,4-D concentrations for 1 h. The SSPs were analyzed by
SDS-PAGE (A and B), and Western blot with anti-DnaK and anti-GroEL monoclonal antibodies inBurkholderiasp. YK-2 (C and D) andE. coli
(E and F), respectively.
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and 7C show the induction of several remarkable pro-
teins including DnaK and GroEL in response to 2,4-D
treatment for 1 h. This analysis shows that the induction
of 2,4-D SSPs depends on the concentration of 2,4-D in
the medium.

Thus, in this study we demonstrated the synthesis
and requirement of DnaK and GroEL for survival under
2,4-D stress inBurkholderiasp. YK-2. The cells treated
with 3 mM and 7 mM 2,4-D produced about 15 SSPs. In
general, DnaK is a member of the Hsp 70 family, and
GroEL of the Hsp 60 family [5]. Varela et al. [23]
reported that the major heat shock proteins from another
proteobacterium,Thiobacillus ferrooxidanswere identi-

fied as DnaK and GroEL equivalents by Western blot
and analysis of the N-terminal amino acid sequence of
spots isolated from 2-D PAGE.Thiobacillus ferrooxi-
danschaperonins showed 70% and 80% identity with the
E. coli GroEL and DnaK, respectively. The GroEL pro-
teins from both bacteria formed a 14-mer, whereasE.
coli DnaK protein existed partially as a dimer [23].

Several studies have demonstrated that degradation
and survival rate of organisms diminish at high concen-
tration of aromatic hydrocarbons [12, 14, 24]. Toxic
effects were recognized to be due to the permeability
change in membrane, attributed to fatty acids [9] and
energy depletion caused by change of glycolytic metab-

Fig. 6. Induction of SSPs byBurkholderiasp. YK-2 treated with heat shock (HS) at 42°C and 2,4-D (A) as a stress shock. The SSPs were analyzed
by SDS-PAGE (A), and Western blot with anti-DnaK (B) and anti-GroEL (C) monoclonal antibodies, respectively.

Fig. 7. 2-D PAGE analysis of SSPs ofBurkholderiasp. YK-2; control cells (A), cells treated with 3 mM 2,4-D for 1 h (B), and cells treated with
7 mM 2,4-D for 1 h (C). The circle spots marked with DnaK (1) and GroEL (2) proteins. Arrow heads and open rectangles indicate the proteins
positively induced by 2,4-D shock.
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olite levels in the benzoate degradation pathway [25].
These findings suggest that SSPs such as DnaK and
GroEL are required for the cells to survive under 2,4-D
stress. This is the first report, to our knowledge, of a
situation where 2,4-D serves both as a substrate and as an
inducer of a stress response in a soil bacterium. Whether
other pesticides elicit similar stress responses in degrader
microorganisms is not known. Future work will investi-
gate expression and functions of stress proteins in this
soil bacterium under various environmental pollutant
stresses.

ACKNOWLEDGMENTS

The authors wish to acknowledge the financial support of the Korea
Research Foundation, made in the program year of 1997.

Literature Cited
1. Allan B, Linesemen M, MacDonald LA, Lam JS, Kropinski AM

(1998) Heat shock response ofPseudomonas aeruginosa. J Bac-
teriol 170:3668–3674

2. Applegate BM, Kehrmeyer SR, Sayler GS (1998) A chromosoma-
lly basedtod-luxCDABE whole-cell reporter for benzene, toluene,
ethylbenzene, and xylene(BTEX) sensing. Appl Environ Microbiol
64:2730–2735

3. Blom A, Harder W, Matin A (1992) Unique and overlapping
pollutant stress proteins ofEscherichia coli. Appl Environ Micro-
biol 58:331–334

4. Bollag DM, Rozycki MD, Edelstein SJ (1996) Protein methods,
2nd edn. New York: Wiley-Liss

5. Craig EA, Gambill BD, Nelson RJ (1993) Heat shock proteins:
Molecular chaperones of protein biogenesis. Microbiol Rev 57:
402–414

6. Faber F, Egli T, Harder W (1993) Transient repression of synthesis
of OmpF and aspartate transcarbamoylase inEscherichia coliK12
as a response to pollutant stress. FEMS Microbiol Lett 111:189–
196

7. Givskov M, Eberl L, Molin S (1994) Responses to nutrient star-
vation inPseudomonas putidaKT2442: Two-dimensional electro-
phoretic analysis of starvation and stress-induced proteins. J Bac-
teriol 176:4816–4824

8. Gomes SL, Gober JW, Shapiro L (1990) Expression of theCau-
lobacterheat shock gene dnaK is developmentally controlled dur-
ing growth at normal temperatures. J Bacteriol 172:3051–3059

9. Heipieper HJ, Diefenbach R, Keweloh H (1992) Conversion ofcis
unsaturated fatty acids totrans, a possible mechanism for the
protection of phenol-degradingPseudomonas putidaP8 from sub-
strate toxicity. Appl Environ Microbiol 58:1847–1852

10. Kanemori M, Mori H, Yura T (1994) Induction of heat shock
proteins by abnormal proteins results from stabilization and not
increased synthesis ofs32 in Escherichia coli. J Bacteriol 176:
5648–5653

11. Kirby C (1980) The hormone weedkillers, Croydon: BCPC Pub-
lications

12. Lambert LA, Abshire K, Blankenhorn D, Slonczewski JL (1997)
Proteins induced inEscherichia coliby benzoic acid. J Bacteriol
179:7595–7599

13. Loos MA (1975) Phenoxyalkanoic acids. In: Kearney PC, Kauf-
man DD (eds) Herbicides: chemistry, degradation, and mode of
action, vol. 1. New York: Marcel Dekker, pp 1–128

14. Lupi CG, Colangelo T, Manson CA (1995) Two-dimensional gel
electrophoresis analysis of the response ofPseudomonas putida
KT2442 to 2-chlorophenol. Appl Environ Microbiol 61:2863–
2872

15. O’Farrell PH (1975) High resolution two-dimensional electro-
phoresis of proteins. J Biol Chem 250:4007–4021

16. Oh KH, Tuovinen OH (1991) Detection and identification of
substituted phenols as intermediates of concurrent bacterial degra-
dation of the phenoxy herbicides MCPP and 2,4-D. FEMS Micro-
biol Lett 79:141–146

17. Pinkart HC, Wolfram JW, Rogers R, White DC (1996) Cell enve-
lope changes in solvent-tolerant and solvent-sensitivePseudomo-
nas putidastrains following exposure too-xylene. Appl Environ
Microbiol 62:1129–1132

18. Ramos JL, Duque E, Huertas MJ, Haidour A (1995) Isolation and
expansion of the catabolic potential of aPseudomonas putida
strain able to grow in the presence of high concentrations of
aromatic hydrocarbons. J Bacteriol 177:3911–3916

19. Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning, 2nd
edn. New York: Cold Spring Harbor Laboratory Press

20. Sandmann ERIC, Loos MA, van Dyk LP (1988) Aromatic metab-
olism by a 2,4-D degradingArthrobacter sp. Can J Microbiol
34:125–130

21. USEPA (1988) 2,4-D. Rev Environ Contam Toxicol 104:63–72
22. van Dyk TK, Majarian WR, Konstantinov KB, Young RM, Dhur-

jati PS, LaRossa RA (1994) Rapid and sensitive pollutant detection
by induction of heat shock gene-bioluminescence gene fusions.
Appl Environ Microbiol 60:1414–1420

23. Varela P, Jerez CA (1992) Identification and characterization of
GroEL and DnaK homologues inThiobacillus ferrooxidans.
FEMS Microbiol Lett 98:149–154

24. Vercellone-Smith P, Herson DS (1997) Toluene elicits a carbon
starvation response inPseudomonas putidamt-2 containing the
TOL plasmid pWW0. Appl Environ Microbiol 63:1925–1932

25. Warth AD (1991) Mechanism of action of benzoic acid onZy-
gosaccharomyces bailii: effects on glycolytic metabolite levels,
energy production, and intracellular pH. Appl Environ Microbiol
57:3410–3414

38 CURRENT MICROBIOLOGY Vol. 41 (2000)


