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Phytoremediation is a low-cost alternative technology based on the use of plants to remove pollutants from the
environment. Persistent organic pollutants such as DDTswith a long half-life in soils are attractive candidates for
remediation. This study aimed to determine the potential of antioxidant response use in the evaluation of plants'
tolerance for selecting species in phytoremediation purposes. Alfalfa and soybean plants were grown in DDT
contaminated soils. After 60 days, growth, protein content, antioxidant capacity, GST activity, concentration of
proteic and non-proteic thiol groups, chlorophyll content and carotenoid contentweremeasured in plant tissues.
Results showed no effect on alfalfa or soybean photosynthetic pigments but different responses in the protein
content, antioxidant capacity, GST activity and thiol groups on roots, stems and leaves, indicating that DDTs
affected both species. Soybean showed higher susceptibility than alfalfa plants due to the lower antioxidant
capacity and GST activity in leaves, in spite of having the lowest DDT accumulation. This study provides new
insights into the role of oxidative stress as an important component of the plant's response to DDT exposure.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

The organochlorine pesticide dichlorodiphenyltrichloroethane
(DDT) and its metabolites dichlorodiphenyldichloroethylene (DDE)
and dichlorodiphenyldichloroethane (DDD) belong to persistent organ-
ic pollutants (POPs), regulated by the Stockholm Convention and
characterized by a long half-life, bioaccumulative behavior and ability
to produce chronic adverse effects on humans and animals. DDT was
widely used throughout the world to control arthropod disease-
vectors and agricultural pests before it was banned. Consequently, the
residues of DDT and metabolites are widely distributed in different
environmental compartments [1,2]. Nowadays, DDT is still in use for
malaria control in developing countries [3]. Considering the physico-
chemical properties of DDTs (DDT + DDD + DDE) and their bioaccu-
mulation potential, phytoremediation is a likely tool to clean soils
contaminated by DDTs. This technique is defined as the use of green
plants to remove pollutants from the environment or to render them
harmless [4]. It has been well-demonstrated that some crops
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incorporate organochlorine pesticides from soil, depending on plant
species, soil type and involved insecticide [5,6]. In this sense, previous
studies showed that soybean and alfalfa plants grown in DDT polluted
soils (500 ng g−1 dry weight) bioconcentrate pesticides in roots
reaching values of 830 and 1120 ng g−1 dry weight of DDTs, respective-
ly [7].

However, the extent of phytoremediation success is conditioned by
two main factors: the pollutant availability that would have a direct
consequence on the soil-root transfer [8], and the toxicity, that might
limit the plant growth affecting uptake and translocation processes.
Moreover, each plant species will also influence those processes by
modifying the soil–root environment with root exudates and specific
rhizospheric interactions as well as having different levels of tolerance
towards the contaminants [9]. Identification and selection of suitable
plants for pollutant removal from the environment require a broad
knowledge of the physiological and biochemical features of the different
plant species. Edwards [11] defined the xenome as “the biosystem re-
sponsible for the detection, transport and metabolism of xenobiotics
within the plant tissues”. Pollutants induce plant stress because they
may elicit toxic effects by disrupting membrane integrity or metabolic
pathways, making it necessary to safely sequester, extrude or detoxify
the plants rapidly through biotransformation. During severe and persis-
tent stress conditions, reactive oxygen species (ROS) accumulate
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causing several damages including membrane and protein modifica-
tions if they are not detoxified by cell mechanisms. The oxidative stress
in several plant species is indicated by an enhancement of lipid peroxi-
dation, protein oxidation and activation of the antioxidant system [11].

However, plants cells are equipped with both non-enzymatic anti-
oxidants and enzymatic ROS scavengers to protect themselves from
oxidative damage [13]. In classical oxidative stress studies, the variation
of levels or activities of individual antioxidants is used to indicate ROS
mediated toxicity. Particularly, GSTs are a family of very abundant and
ubiquitous enzymes present in aerobic organisms that catalyze the
conjugation of GSH to a wide variety of hydrophobic and electrophilic
compounds to form less- or non-toxic derivatives [16]. This conjugation
reaction is involved in the detoxification and processing of various
xenobiotics, which after glutathionylation are rapidly transported to
the vacuole [17]. The role of glutathione-S-transferase (GST) during
various stress conditions in plants has been reported [15].

The redox state of thiol (SH) groups affects the activity and structure
of many enzymes, receptors and transcription factors, and organisms
maintain it in proteins and low-molecular-mass thiols with complex
regulatory machinery [18]. Oxidation of cysteine SH groups can cause
intermolecular protein cross-linking and enzyme inactivation, leading
eventually to cell death. The protein S-thiolation is a process in which
protein-SH groups form mixed disulfide with low-molecular-mass
thiols such as GSH [19]. Moreover, it represents a post-translational
modification that possesses an antioxidant role in the protection against
irreversible oxidation, or may alternatively serve in a regulatory role,
analogous to other post-translational modifications such as protein
phosphorylation [20]. Themeasurements of a limited number of antiox-
idants do not consider that the antioxidant systems can act in a cooper-
ative way [14]. Therefore, a more holistic determination of total
antioxidant capacity will provide a better understanding of an
organism's resistance to toxicity caused by ROS. Additionally, the deter-
mination of pigment concentration [12] has also been employed as a
marker to assess plant damage by pollutant exposure.

The present study investigates the GST activity, total antioxidant
capacity, and the concentration of proteic and non-proteic thiol groups
as useful biomarkers for selecting plant species to remediate soils
contaminated with DDTs.
2. Materials and methods

2.1. Plant growth

Plantswere grown in rectangular pots of 6000 cm3filledwith 1000 g
of dry polluted soil (455.3 and 63.5 ng g−1 dry weight of DDE and DDT,
respectively), obtained from a typical apple and peach field settled in
Villa Regina city in the Upper Valley of the Rio Negro basin, Argentina
(S 39°04.9′14″, W 67°02.9′59″) [21].

Seeds ofGlycinemax “soybean” (5) andMedicago sativa “alfalfa” (50)
were placed in three separate pots and kept in a greenhouse at a tem-
perature of 10–26 °C under natural sunlight (light:dark cycle 14:10 h).
Planted control pots with non-polluted soil were also established. All
pots were weeded on demand and watered weekly with tap water.
2.2. Plant sampling

Soybean and alfalfa plants were destructively harvested at 60 days
after germination (appearance of the first true leaves). Roots, stems
and leaves were separated and washed to remove attached soil parti-
cles. For soybean plants, roots, stems and leaves were obtained, while
for alfalfa plants, due to the small size of each individual, the aerial
tissues (stems + leaves) were pooled. Samples from each pot were
composited and individually analyzed. All sampleswere kept in a freez-
er at−80 °C until biochemical analysis.
2.3. Tissue homogenization

Formeasurements of protein content, total antioxidant capacity, GST
activity and proteic and non-proteic sulfhydryl groups, roots and aerial
tissues were homogenization following themethod described byMarti-
nez-Dominguez et al. [22], with somemodifications. Briefly, the tissues
were prepared in liquid nitrogen andhomogenized (1:2w/v) in ice-cold
0.1 M sodium phosphate buffer containing 20% glycerol, 14 mM
dithrothreitol (DTE), 1 mM phenylmethylsulfonylfluoride (PMSF) and
1 mM (ethane-1,2-diyldinitrilo) tetra acetic acid (EDTA) and adjusted
pH to 6.5. All reagentswere obtained from Sigma-Aldrich. Homogenates
were centrifuged at 15,000 ×g for 20 min (4 °C) and the supernatants
were collected and stored at−80 °C for later use.

2.4. Protein determination

Protein concentration was assayed with bovine serum albumin
(BSA; Sigma-Aldrich) as standard protein according to the Bradford
method [23].

2.5. Determination of antioxidant capacity

Antioxidant capacity was assayed according to the method de-
scribed by Amado et al. [24] which is based on the detection of ROS by
fluorometry (ex/em: 485/520 nm). The assay was performed with
some modifications of Vianna [25], which allows their use in samples
with low protein content. Peroxyl radicals were generated in
the analyzed samples by thermal decomposition at 37 °C of 2,2′-
azobis(2-methylpropionamidine) dihydrochloride (ABAP, Sigma-
Aldrich), resulting in the emission of a fluorescent signal caused by
the reaction between ROS and 2′,7′-dichlorodihydrofluorescein
(H2DCF) probe, that resulted in the previous cleavage of 2′,7′-
dichlorodihydrofluorescein diacetate (H2DCF-DA, Invitrogen) by alka-
line hydrolysis for 30 min. The blanks were prepared with the buffer
of homogenization and with and without ABAP or probe addition. The
reaction buffer, containing 30 mM HEPES (pH 7.2), 200 mM KCl, and
1 mM MgCl2, was added to the samples. Then, ABAP (10 mM) was
added to three wells of each sample, while the same volume of ultra-
pure water (Milli-Q) was added to the three remaining wells. Immedi-
ately before the microplate reading, the hydrolyzed probe was added
to the wells at a final concentration of 40 μM and lectures were per-
formed in a fluorescence microplate reader (Victor2 D, Perkin Elmer,
Waltham, MA, USA). The oxidation of non-fluorescent H2DCF by the
ROS generated by thermal decomposition of ABAP into a fluorescent
compound (DCF) was detected at 485 (excitation) and 520 (emission)
wavelengths (nm), every 5 min for 30 min.

Total fluorescence production was calculated according to Eq. (1),
and the results were expressed in percentage of antioxidant capacity
(%AC).

%AC ¼ ΔBlank−ΔSampleð Þ=ΔBlank� 100 ð1Þ

ΔBlank = NF Blank with ABAP − NF Blank without ABAP;
ΔSample = NF Sample with ABAP − NF Sample without ABAP; NF
(Net fluorescence) = AF with H2DCF− AF without H2DCF; AF= aver-
age fluorescence, calculated from each triplicate.

2.6. Measurement of glutathione-S-transferase (GST) activity

GST activity was based on methodology described by Habig and
Jakoby [26] where the absorbance generated by the conjugation
of 1 mM glutathione (GSH, Sigma-Aldrich) with 1 mM of 1-chloro-
2,4-dinitrobenzene (CDNB, Sigma-Aldrich) was monitored at 340 nm
during 1 min at 25 °C.
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2.7. Measurement of proteic (P-SH) and non proteic (NP-SH)
sulfhydryl groups

The measurement of P-SH and NP-SH sulfhydryl groups was based
on Sedlak and Lindsay [27] and Ferreira Cravo [28]methods. Determina-
tion of total sulfhydryl contentwasmeasured before deproteinization of
homogenates with trichloro acetic acid (TCA, 50%). Total and NP-SH
content was detected using 2,3 naphthalene carboxaldehido (NDA)
(10 mM; Sigma). Fluorescence readings (485 and 530 nm) were done
using a fluorescence microplate reader (Victor2 D, Perkin Elmer, and
Waltham, MA, USA). P-SH was estimated as the difference between
total and NP-SH content. Both P-SH and NP-SH were referred to the
glutathione (GSH) concentration curve.
2.8. Measurement of chlorophyll content and carotenoid content

Chlorophyll content and carotenoid content in leaves were spectro-
photometrically determined. Samples were homogenized with acetone
(0.25:5 w/v) and incubated for 1 h at 4 °C in darkness, centrifuged at
590 ×g for 5 min at 4 °C and measured at the wavelength of 663, 646
and 470 nm. The chlorophyll (a, b) and carotenoid concentrations
were estimated according to the absorbance coefficients determined
by Lichtenthaler [29] and results expressed as mg g−1 of dry weight.
2.9. Statistical analysis

The protein content, GST activity, antioxidant capacity against
peroxyl radicals, proteic (P-SH) and non-proteic (NP-SH) sulfhydryl
groups, and chlorophyll and carotenoid content results represent the
mean of three independent determinations in different plant tissues.
All variables were analyzed by means of parametric one-way ANOVA
[30]. Previously, normality and variance homogeneity were verified
and mathematical transformation applied if at least one assumption
was violated. In all cases, the significance level was fixed at 0.05.
Fig. 1. Protein content in roots and aerial tissues of 60-days old alfalfa (a) and soybean
(b) plants grown in polluted (Ex) and unpolluted (Un) soils. Different letters indicate
significant differences (p ≤ 0.05).
3. Results and discussion

3.1. Protein content

Plant protein content might be affected by several stressors includ-
ing xenobiotics [31,32]. Fig. 1 shows the protein content in aerial and
root tissues of exposed and unexposed soybean and alfalfa plants. The
DDT exposure did not affect the general pattern of protein content
being “roots b leaves”. However, when comparing exposed and control
plants, a protein depletion in soybean leaves and an increment in alfalfa
was observed in the exposed plants (Fig. 1 a and b). The results observed
in soybean plants might indicate either a reduction or inhibition in the
synthesis of or an enhancement in the degradation of proteins. Roots
of both species did not show changes in the protein content after DDT
exposure (Fig. 1). Some authors showed that pesticides decrease the
soluble protein content in many plants, such as trigonella [33] and
sunflower [34]. Protein synthesis inhibition during shoot emergence
by the exposure to the herbicide Butachlor was reported for rice by
Janardhan [35] and Noviel [36]. Moreover, Sharma [37] reported a
decrease in the protein content when rice seedlings were exposed to
the insecticide imidacloprid and, Sammaiah [10] reported a dose-
dependent effect, with increased protein content in Solanummelongena
(eggplants) exposed to 500–1000 ppm of Endosulfan and reduction at
higher concentrations. These authors proposed that low pesticide
doses have a positive effect on the germination and growth of the seed-
ling but at higher levels it becomes phytotoxic. On the other hand, it was
also proposed that the increasing of protein content can be connected
with an increase in the nitrogen content and in this sense some insecti-
cides increase the nitrate reductase activity [38].

3.2. Antioxidant and metabolic responses

3.2.1. Total antioxidant capacity against peroxyl radical (AC)
This parameter is used to evaluate the overall resistance of organ-

isms to ROS toxicity. The methodology used in this study allows the
comparison of responses among different tissues and species, and re-
sults showed the differences in the susceptibility of the studied species,
showing specie and tissue-specific responses to DDTs. Plant exposure
leads to reduced AC in alfalfa aerial tissues and soybean leaves (Fig. 2)
and an increase of AC in soybean roots and stems. The depletion of
the AC indicates the pro-oxidant condition elicited by DDT exposure
followed by damage in the antioxidant system and/or to the use of anti-
oxidants to copewith this stress. The increased AC in roots and stems of
soybean plants suggested a mild pro-oxidant condition that usually
promotes the expression of antioxidant genes [13].
Fig. 2. Antioxidant capacity (%AC) of roots and aerial tissues of 60 days-old alfalfa and
soybean plants grown in polluted (Ex) and unpolluted (Un) soils. Different letters
indicate significant differences (p ≤ 0.05).



Fig. 4. SH-proteic and SH-non proteic groups in roots (a) and aerial tissues (b) of 60 days-
old alfalfa and soybean plants grown inpolluted (Ex) and unpolluted (Un) soils. * indicates
significant differences (p ≤ 0.05).
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Together with the biochemical responses, it is important to consider
that alfalfa and soybean plants differ in their pesticide uptake ability [7].
The observed species-specific differences, might be attributed to the
higher DDTs bioconcentration by alfalfa tissues (root: 1100 ng g−1;
aerial: 840 ng g−1), creating a more pro-oxidant condition where the
spending of antioxidants (or damage to the antioxidant system) is
observed instead of antioxidant inductions, as observed in soybean
roots and stems which accumulate 100 ng g−1 and 15 ng g−1 of DDTs,
respectively [7]. However, the lower antioxidant capacity in exposed
soybean leaves indicates different tissue susceptibility to DDTs.

3.2.2. GST activity
The DDT exposuremodified GST activity in all plants (Fig. 3 a and b)

with increased activity in alfalfa roots and significant depletion in
soybean leaves. GSTs represent more than 1% of soluble proteins in
plant cells, therefore this lower activity in soybean leaves also correlated
well with the reduced protein content (Fig. 1). Results from this work
are in agreement with previous reports on other species and com-
pounds with roots showing the highest GST activity and its induction
by pesticide exposure [39]. The close relation between roots and soil
matrix that leads to a main DDT uptake route is also contributing to
the generation of biochemical responses in this organ. In this sense,
GST induction in soybean and alfalfa rootsmight be linked to ametabol-
ic detoxification response to DDT accumulation.

3.3. Concentration of sulfhydryl groups

Emerging evidence indicates that abiotic stress induces changes in
the cellular redox status that can be sensed by oxidative modifications
of protein redox sensitive cysteines [39]. The increased levels of SH-
non proteic groups found in alfalfa roots and soybean leaves (Fig. 4 a
and b, respectively) could indicate a general mechanism of redox regu-
lations by increasing levels of lowmolecular weight thiols, like glutathi-
one. On the other hand, SH-proteic did not vary between exposed
or unexposed plants, except for alfalfa aerial tissues that showed a de-
crease in this parameter. This result might indicate that DDT presence
Fig. 3. GST-activity in roots and aerial tissues of 60 days-old alfalfa (a) and soybean
(b) plants grown in polluted (Ex) and unpolluted (Un) soils. Different letters indicate
significant differences (p ≤ 0.05).
in alfalfa roots could enhance the oxidant environment in cells leading
to protein oxidation.

Additionally, previous works showed increased lipid peroxidation
levels in alfalfa aerial tissues grown in polluted soils [7]. Therefore,
this effect biomarker can be linked to the results of SH-proteic groups
of this work, suggesting that despite the increased GST activity of alfalfa
plants, the AC decreased, indicating that the defense responsemight not
be enough to avoid oxidative damage.
3.4. Pigment content

Pollutant effects on chlorophyll content might result in varying re-
sponses depending on plant age and specie and exposition time [40].
Fig. 5. Chlorophyll content (a, b, and total chlorophyll) and carotenoid levels in aerial
tissues of 60 days-old alfalfa and soybean plants grown in polluted (Ex) and unpolluted
(Un) soils. Different letters indicate significant differences (p ≤ 0.05).
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Results showed that neither chlorophyll nor carotenoid contents were
affected by DDT exposure (Fig. 5) indicating that DDTs have no effect
on the pigment content on 60 day-old plants.

4. Conclusions

The biochemical parameters analyzed in this work: protein content,
antioxidant capacity, GST activity and SH group content, could be suit-
able endpoints for the assessment of DDT exposure in soybean and alfal-
fa plants. However, the studied species presented different responses
against a similarDDT exposure. The highest sensitivity of soybeanplants
to DDTs was expressed on the basis of the antioxidant responses found
in this study. Comparing these results with previous works, higher
bioconcentration seems to be linked to higher plant ability to pesticide
uptake.

The protein content, antioxidant capacity, GST activity and SH group
content could be used as complements to chemical analysis in the selec-
tion of candidates for phytoremediation purposes. Moreover, results are
of concern for the understanding of the response mechanism of plants
to persistent organic pollutants. Further studies could be linked to
gain some insights into the study of these responses at earlier stages
of growth in alfalfa and soybean plants. The knowledge about how
crops could be affected by current and legacy pesticides such as DDTs
and how they deal with it, is a topic of concern from the point of view
of food production and agro-based economies that should be more
deeply investigated.
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