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a  b  s  t  r  a  c  t

Soil  contamination  by organic  compounds  is  of great  concern  worldwide  since  it  could  act  as  a major  envi-
ronmental  repository.  The  success  of  phytoremediation  is  conditioned  by  two  main  factors:  the  availability
and  toxicity  of the  compound  to  be  remediated,  and  the  plant  species  ability  to  incorporate  or  degrade
the  contaminants.  This  study  aimed  to assess  the  potential  of  different  plants  species  for  remediation  of
aged  DDTs  residues  in soil.  Tomato,  sunflower,  soybean  and  alfalfa  plants  were  grown  in  contaminated
soils  (p,p′-DDE 455.3,  p,p′-DDT  63.5  ng  g−1 dry  weight)  for 15  and  60 days.  Phytoremediation  was  evalu-
ated  by  studying  the  pollutant  dynamics  in  the  soil–plant  system  and  lipid peroxidation  (LPO)  as  an  effect
biomarker.  Results  showed  that soil  DDTs  levels  were  diminished  after  60 days  of  plant  growth,  due  to the
combined  effect  of  DDTs  uptake  by roots  and rhizospheric  degradation.  The  relative  accumulation  of  each
compound  was dependent  on  soil levels  (p,p′-DDE  >  p,p′-DDT  >  p,p′-DDD)  and  all  species  presented  root
>aerial  accumulation  pattern,  evidencing  DDTs  translocation.  Tomato  plants  were  the most  effective  in
the  enhancement  of pollutants  bioavailability  in the  rizospheric  soil.  Plants  growth  induced  physicochem-
ical  changes  in  soil  and  those  are  evidenced  by increasing  dehydrogenase  activity  and  DDTs  metabolism,
mainly  in soybean  and  tomato  soil  fractions.  Root  bioconcentration  factors  >1  were  observed  in 15  days

tomato  and  alfalfa  plants.  Growth  dilution  effect  was  observed  in  roots  of all species  at  60  days,  except
soybean.  DDTs  uptake  nor  affected  tomato  and  alfalfa  plants  growth  neither  caused  oxidative  stress.
Considering  the  accumulation  potential,  tolerance  (expressed  as  no evident  phytotoxicity  effects)  and
interaction  with  soil  matrix  in terms  of  metabolism  and  availability,  tomato  plants  seems  to be  the  best
phytoremediator  candidates  for  aged  soil DDTs  residues.

©  2014  Elsevier  B.V.  All  rights  reserved.
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. Introduction

Soil contamination by persistent organic pollutants (POPs) is
 widespread environmental problem. The organochlorine insec-
icide p,p′-DDT [2,2-bis(chlorophenyl)-1,1,1-trichloroethane] has
een used worldwide for several decades to control arthropod dis-

ase vectors and agricultural pests. Due to the effects induced by
,p′-DDT on wildlife and human health (Turusov et al., 2002), it
as banned for agricultural purposes, being only employed for

∗ Corresponding author. Tel.: +54 223 4751107ext297; fax: +54 223 4753150.
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alaria disease vectors control (Foght et al., 2001). As p,p′-DDT
s a lipophilic compound it remains adsorbed to soil particles,
eading to half-lives of up to 30 years in this matrix. Although
,p′-DDT can be microbiologically or abiotically degraded to
,p′-DDD [1,1-dichloro-2,2-bis(chlorophenyl)ethane] or p,p′-DDE
1,1-dichloro-2,2-bis(chlorophenyl)ethylene], these metabolites
re also hydrophobic and persistent compounds (Aislabie and
loyd-Jones, 1995). Much of the concern over these compounds
s related to their toxicity (mutagenicity, estrogenicity, and/or
arcinogenic effects) and biomagnifications through aquatic and

errestrial food chains (Kelly and Gobas, 2001; Kidd et al., 2001).

DDTs residues in soil still represent a continuous source of pol-
ution to the environment (Gong et al., 2004; Miglioranza et al.,
013), and levels above soil quality guidelines have been reported
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orldwide (Zhou et al., 2013). Thus, actions toward environmental
ollution prevention should focus on the reduction of DDT and its
etabolites soil levels.
Traditional remediation procedures include soil removal, chem-

cal treatment or biological degradation (Xia et al., 2012). However,
ost of these techniques are destructive and expensive, so there

s a need to develop more environmentally friendly options.
hytoremediation constitutes an emergent technology that uses
he vegetation abilities to remove organic or inorganic con-
aminants from soil, water or sediments (Alkorta and Garbisu,
001). Phytoremediation occur by several pathways, plants can
egrade organic pollutants through enzymatic activities in a pro-
ess called phytodegradation. Once in plants tissue, pollutants
an be accumulated (phytoaccumulation) or volatilized (phyto-
olatilization). Moreover, organic pollutants can be biodegraded
y the rhizospheric community (rhizodegradation). All these pro-
esses can occur simultaneously, leading to a more effective
hytoremediation (Pilon-Smit, 2005). Compound characteristics,
lant species and environmental conditions should be consid-
red as key factors in phytoremediation studies since it could
etermine which of the remediation pathway will predomi-
ate (Schnoor et al., 1995; Kvesitadze et al., 2006). Direct plant
ptake of organic contaminants is primarily limited by the com-
ound availability and uptake mechanisms. Soil conditions (pH,
rganic carbon, water content, texture) (Ryan et al., 1988) and
lant physiology (MacFarlane et al., 1990) might influence on
hose processes. Plant uptake and translocation will be depend
n plant physiology, root morphology and biochemical compo-
ition (Trapp, 1995). Additionally, root exudates vary through
lant life cycle modifying soil pollutants availability (White et al.,
006).

Moreover, phytoremediation might be limited due to the toxic
ffect of contaminant on plant metabolism, growth or on rhizo-
pheric communities (Chaudhry et al., 2005; Susarla et al., 2002).
owever, other variables can be measured, including biochemi-
al changes related to oxidative stress. It is known that several
rganic compounds might increase the generation of reactive oxy-
en species (ROS) and this enhancement might generate oxidative
amage, including membrane lipid peroxidation, enzyme inac-
ivation and DNA breakage (Valavanidis et al., 2006; Monserrat
t al., 2007; Ramirez-Sandoval et al., 2011). These biochemical
esponses can be detected earlier than growth and developmen-
al effects being useful as toxicity markers. Therefore, the study
f these biochemical parameters could be useful to determine
he most efficient plant species for phytoremediation purposes.
aking this statement into account, the aim of this work was
o assess the potential of different plant species for remediation
f aged DDTs residues in soil by studying the pollutant dynam-
cs in the soil–plant system and lipid peroxidation as a toxicity
iomarker.

. Material and methods

.1. Soil

Typical Patagonian soils were obtained from a typical apple and
each field settled in Villa Regina city in the upper valley of the Rio
egro watershed (S 39◦04.9′14′′ W 67◦02.9′59′′). Soils belongs to

he Aridisols order (Soil Survey Staff, 1999), with 2.7% of organic

arbon, 14.1% of sand, 62.9 of silt and 23% of clay and are highly
DTs polluted (455. 3 and 63.5 ng g−1 dry weight of p,p′-DDE, and
,p′-DDT, respectively) (Gonzalez et al., 2010). Soil was air-dried
ntil constant weight and ground to obtain a homogeneous matrix
nd kept at 4 ◦C before conducting the experiment.
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.2. Plant growth

Seeds of tomato (10), sunflower (10), soybean (10), and alfalfa
100) were placed in rectangular pots of 6000 cm3 covered with
luminum foil and containing 1000 g of Villa Regina dry soil
nder greenhouse conditions (10–26 ◦C, light:dark 14:10 h). Three
lanted pots were established for each species and time period.
fter 2 days of plant emerging, the number of individuals per pot
as reduced to 2 by extracting those plants grown close to the

order of the pot or near to other plant. Unplanted pots (Un) were
lso established. All pots (planted and unplanted) were weeded on
emand and weekly watered with tap water.

.3. Soil and plant sampling

Destructive harvest was  performed at 15 (first period) and 60
ays (second period) after germination to study the influence of

ife stage on pesticide uptake and lipid peroxidation levels. Two
r three plants were harvested per pot and period. Root, stem and
eaves obtained from each pot were composite and analyzed as a
ingle pool. Within pots, three separated soil fractions that varied
n the influence exerted by the plant root were defined according
o White (2001). Bulk soil samples (BS), that has no contact with
lant roots, were taken from the top of individual planted pots.
he near-root soil (NRS) was  operationally defined as the soil that
as under root influence and it settled within the volume occu-
ied by them. The rhizosphere soil (Ri) was defined as the soil
hat remained attached to the roots and needs to be mechanically
emoved was  obtained by washing roots with distilled water and
entrifugation of water-Ri solution at 840 × g for 10 min at room
emperature (this procedure was  selected to preserve fine roots
uring rhizosphere extraction). Additionally, soil samples from Un
oils were obtained at 15 and 60 days.

Plant and soil sub-samples were air dried, kept at room temper-
ture or frozen (−80 ◦C) until analysis.

.4. DDTs extraction and purification

All solvents were residue analysis quality and other reagents
ere obtained from Merck Co. (Darmstadt, Germany).

DDTs were extracted according to Metcalfe and Metcalfe (1997),
ith modifications of Miglioranza et al. (2003). Sub-samples of

 g of dry soil and 3 g of wet weight plant tissues were homoge-
ized with sodium sulfate and spiked with 20 ng of PCB #103 as

nternal standard; they were Soxhlet extracted (8 h) with a mix-
ure of hexane–dichloromethane (50:50), and then concentrated
nder vacuum and nitrogen flow to a final volume of 2 mL.  For plant
xtracts, lipid percentage was  calculated after removing them by
el permeation chromatography in Bio Beads S-X3 (200–400 mesh
ize, Bio Rads Laboratory, Hercules, CA, USA), and dried under vac-
um and nitrogen flow to constant weight. Clean up of all extracts
ontaining pesticides was  performed by silica gel chromatography
nd extracts were concentrated to 1 mL  and kept in sealed vials at
20 ◦C prior to chromatographic analysis.

.5. Chromatographic determination

DDTs (p,p′DDE, p,p′-DDT and p,p′-DDD) were identified and
uantified using a Gas Chromatograph (with autosampler) Shi-
adzu 17-A gas equipped with a 63Ni Electron Capture Detector

GC-ECD) and a capillary column coated with SPB-5 [(5%phenyl)-

ethyl polysiloxane, 30 m × 0.25 mm i.d. × 0.25 �m film thickness;

upelco Inc.]. One microliter was splitless injected at 275 ◦C. The
CD temperature was  290 ◦C. The oven temperature program was:
tart at 100 ◦C and held for 1 min, followed by an increase of
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◦C min−1 up to 150 ◦C, held for 1 min, then 1.5 ◦C min−1 up to
40 ◦C, and then 10 ◦C min−1 up to 300 ◦C for 10 min. Ultra-high
urity Helium was used as carrier gas (1.5 mL  min−1) and nitrogen
s make-up gas (Miglioranza et al., 2003). The standard solutions
sed for identification and quantification of single compounds
ere a Standard Pesticide Mixture of organochlorine pesticides

rom Ultra Scientific, RI, USA and PCB #103 from Accustandard
bsolute Standards, INC, CT, USA. Retention times of each com-
ound were confirmed by running solution of single compounds
rom Dr. Ehrenstorfer, Augsburg, Germany, with purity ≥96%.

.6. Quality control and assurance

Laboratory and instrumental blanks analyzed throughout the
rocedure indicate that there were not contaminants or interfer-
nce on samples during laboratory handling. Single compounds
ecoveries, calculated by spiking matrix and surrogate recovery,
ere greater than 90%. Instrumental detection limits (DL) for
DTs were calculated according to Keith et al. (1983) and were
0.2 ng mL−1, method detection limits were <0.033 ng g−1.

.7. Dehydrogenase activity determination

Soil dehydrogenase activity (DHA) analysis was  used to assess
he microbiological activity on soil fraction (Wu et al., 2008;
osalewicz and Nosalewicz, 2011) differing in their proximity to

oots (BS and NRS) from plants grown on Villa Regina soil.
One gram of soil samples was incubated, in triplicate, during

4 h at 25 ◦C and darkness with 0.2 mL  of 0.4% 2-p-iodophenyl-
 p-nitrophenyl-5 tetrazolium chloride (INT) as a substrate. The

odonitrotetrazolium formazan (INTF) formed was measured spec-
rophotometrically at 490 nm (Trevors, 1984; García et al., 1997).

.8. Soil pH and humidity

Soil pH was measured in soil/deionized water suspension 1/2.5
w/v). Water content was determined by constant-weight drying
n an oven at 110 ◦C.

.8.1. Lipid peroxidation
The thiobarbituric acid reactive substances method (TBARs)

Khan and Panda, 2008) was used to estimate lipid peroxidation
LPO) in plants grown in Villa Regina soil (DDT polluted). Addi-
ionally, LPO control was established by grown plants in non-DDT
olluted soil. Tissues were homogenized (1:5) in trichloroacetic
cid (TCA) 0.1%. Extract (41.2 �L) was added to a reaction mix-
ure made with 150 �L of 20% acetic acid, 150 �L of thiobarbituric
cid (0.8%), 50 �L of Milli Q water and 20 �L of sodium dodecyl
ulfate (SDS, 8.1%). Samples were heated at 95 ◦C for 30 min  and
fter cooling for 10 min, 100 �L of Milli Q water and 500 �L of n-
utanol were added. The organic phase (150 �L) was  obtained by
entrifugation at 3000 × g at 15 ◦C for 10 min, and the fluorescence
as registered in a microplate reader (excitation: 515 nm,  emis-

ion: 553 nm). Tetramethoxypropane (TMP, Across Organics) was
mployed as an external standard and LPO levels were expressed
s nanomoles of TMP  per gram of wet tissue.

.9. Statistical analysis

Pesticide residues data are expressed in ng g−1 on a dry weight
asis (dw). Values of pesticides, LPO and DHA represent the mean of

hree independent extractions and quantification of different soils
r plant tissues. Statistical analysis was performed using Infostat
oftware Package (Grupo InfoStat, 2008). Non-parametric ANOVA
riedman tests or a t-paired test for dependent samples were

s
r
u
o

eering 71 (2014) 501–508 503

pplied to assess differences among plant tissues or soil fractions
ithin species at 15 and 60 days of growth. One  way ANOVA tests

ollowed by Tukey analysis or a Student t test was used to test differ-
nces among species. When parametric requirements (normality
nd variance homogeneity) were not fulfilled a Kruskal Wallis test
ollowed by a pair comparison was used. The significance level was
et at  ̨ = 0.05 (Zar, 1984).

. Results and discussion

.1. Soils

.1.1. Unplanted pots
Unplanted pots (Un) were established for determining the influ-

nce of wetting on DDTs soil content throughout the exposition
eriod when plants are not present. Soil DDTs levels increased from
18 ng g−1 dw (day 1) to 1143 and 823 ng g−1 dw at 15 and 60 days,
espectively. Pollutant enhancement by watering regimen in this
oil was previously reported by Mitton et al. (2012) and this behav-
or was also informed for other soils and compounds (White et al.,
998; Kottler et al., 2001). The reason for the changes associated
ith the additions and losses of water from soil are uncertain. It
as been suggested that soil organic matter becomes fragmented
nd more porous and the mesh structure disintegrates upon dry-
ng (Kottler et al., 2001; White, 2001), leading to pollutants release
rom soil matrix.

Additionally, microorganism catabolic activity accounts for the
emoval of hydrophobic organic contaminants from soil (Semple
t al., 2003). The initial soil (p,p′-DDE + p,p′-DDD)/p,p′-DDT) ratio
as 7.18 and increased up to 8.4 and 9.6 in Un soils at 15 days and

0 days, respectively. A detailed analysis of DDTs levels in those
oils showed that the relations of DDT, DDE and DDD  in the initial
oil to Un soil were 1.7, 2 and 3.2 at 15 days and 1.1, 1.5 and 1.4
t 60 days, respectively. These results, showed the enhancement
f DDTs availability followed by metabolism triggered by watering
egimen.

.1.2. Planted soil (polluted soil)
When comparing BS samples from planted and Un soil samples,

he joined effect of plant growth and soil wetting can be assessed.
t 15 days, the lowest levels were found in BS for p,p′-DDT and
,p′-DDD in soybean pots and for p,p′-DDD in tomato pots (Table 1).
hese results were in agreement with the higher DHA in BS of these
pecies (Fig. 1), indicating that microbial activity was influenced by
he plant presence at 15 days. The subsequent plant growth induced
oth chemical and physical changes in soil leading to an increase
f BS/Un ratio for p,p′-DDD in all species that was also related with

 DHA enhancement (Table 1).
The NRS showed similar p,p′-DDT and p,p′-DDE levels than BS

nd Un soil but lower p,p′-DDD levels at 15 days of growth (Table 1).
lant growth changed the NRS/BS ratios of p,p′-DDT and p,p′-DDE
eing higher than 1 for all species after 60 days except for soybean
hat showed a markedly reduction on p,p′-DDT levels (Table 1). At
5 days DHA was dependent on plant species (Fig. 1). Tomato and
oybean showed lower DHA in NRS than in BS, while sunflower and
lfalfa showed the inverse pattern. At 60 days, tomato and alfalfa
lants changed the DHA pattern, with higher values in NRS.

Changes in DDTs levels and DHA in the soil fractions might
e linked to variations on microbial communities due to different
ind and quantity of root exudates (Ziegler et al., 2013). Results

howed that at 15 days the higher microbial activity could be
esponsible of the p,p′-DDD metabolism in tomato and soybean BS
nder anaerobic conditions. So, DDA (bis(4′-chlorophenyl) acetate)
r DDMU (1-chloro-2,3-bis-(4′-chlorophenyl) ethylene) might be
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Table 1
BS/Un, NRS/BS and Ri/BS ratios for DDTs in tomato, sunflower, soybean and alfalfa cultures at 15 and 60 days. Un: unplanted soil; BS: bulk soil; NRS: near root soil; Ri:
Rhizosphere.

Compound BS/Un NRS/BS Ri/BS

15 60 15 60 15 60

Tomato p,p′-DDT 0.9 0.7 1.1 1.5 2.5 1.5
p,p′-DDE 0.8 0.9 1.1 1.1 2.4 1.0
p,p′-DDD 0.5 3.7 0.8 0.5 5.1 0.4

Sunflower p,p′-DDT 1.2 0.7 0.9 1.5 1.3 1.5
p,p′-DDE 1.2 1.0 0.7 1.1 1.2 1.0
p,p′-DDD 1.1 3.5 0.4 0.7 2.0 0.6

Soybean p,p′-DDT 0.6 3.8 1.4 0.3 2.1 0.2
p,p′-DDE 0.9 1.2 1.0 0.9 1.4 0.7
p,p′-DDD 0.4 4.2 0.5 0.5 3.6 0.5

Alfalfa p,p′-DDT 0.9 0.8 

p,p′-DDE 0.9 0.9 

p,p′-DDD 0.8 2.4 

Fig. 1. Dehydrogenase activity (DHA, mg  kg−1 h−1 as mean + 1 standard error) in
unplanted soil (Un), bulk soil (BS) and near root soil (NRS) of tomato, sunflower,
soybean and alfalfa plants at 15 and 60 days of growth in Villa Regina soil. Upper case
l
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etters indicate statistically significant differences (p < 0.05) between stages for each soil
raction; lower case letter indicate statistically significant differences (p < 0.05) between
RS  and BS within each growth stage.

ormedalthough these compounds were not analyzed in this work
Heberer and Dunnbier, 1999; Gao et al., 2010; Purnomo et al.,
010). Moreover, several factors affect the soil enzymatic activ-

ty such as humidity, pH, and oxygen availability and it is known
hat plant growth can modify these parameters (Wolińska and
ennicelli, 2010). Water content ranged between 30 and 35% and
H values ranged between 7.7 and 8.8 in BS and between 7.9 and
.7 in Un soils at 15 and 60 days. The optimum pH for DHA was
eported between 6.6 and 9.5, with very low activity below or
bove these values (Trevors, 1984). In this study, pH or soil humid-
ty did not explain differences found on DHA. Oxygen diffusion
ate is usually considered to be the most critical proximal regu-
ator of microbial activities ,(Wolińska and Stępniewska 2011) and
he deshydrogenases are sensitive enzymes that indirectly depend
n the soil aeration status (Wolińska and Bennicelli, 2010). In this
ense, DHA was  higher in BS at 60 days (Fig. 1) and it is known
hat DHA increase under anaerobic conditions. Plant growth and

etabolism would probably decrease the O2 soil levels leading to
igher DHA and favoring the anaerobic metabolism of p,p′-DDT and
herefore increasing p,p′-DDD levels in BS. Moreover, the NRS by
efinition is a transition soil fraction under the influence of root
lant and those factors that can affect DHA might be quite variable

xplaining the lack of a clear pattern.

The NRS/BS and Ri/BS ratios showed an increase of p,p′-DDT,
,p′-DDE and p,p′-DDD concentration in Ri from 15 days (Table 1).
he p,p′-DDT levels in Ri ranged between 150.5 and 269.5 ng g−1

t
(
a
(

0.9 1.9 1.3 1.4
0.9 1.9 1.5 1.1
0.0 0.9 4.0 0.7

ry weight for alfalfa and tomato, respectively, and p,p′-DDE lev-
ls between 1248.5 and 2032.8 ng g−1 dry weight for soybean and
omato, respectively. Although at 15 days the “rizhospheric effect”
ncreased the pesticide availability in this soil compartment it was
ependent on the specie. Previous studies showed the DDTs avail-
bility enhancement by root exudates, that are rich in carboxylic
cids, among other compounds such as carbohydrates and amino
cids in rhizospheric soil (White et al., 2003; Rentz et al., 2005;
itton et al., 2012). Moreover, this process was  related with basic

H values (8–10). In this study, BS and NRS from tomato showed
igher pH values (8.8 and 8.3 respectively) than the remaining
pecies which ranged between 7 to 8, suggesting that this species
ad high carboxylic acids content on their root exudates. It is known
hat carboxylic acids might stimulate alkalinity release in soil due
o the decarboxilation by soil microorganism and cations release
y disruption of soil structure (Rukshana et al., 2012).

At 60 days, the Ri/BS relationship was lower than at 15 days
Table 1). This time-dependent decrease of DDTs levels in Ri might
e explained by the continuous DDT uptake by plant roots which
as also accomplished by an increased pesticide availability. In

his sense, other authors reported changes in pesticide levels in
ifferent soil fractions. Gonzalez et al. (2003) found a decrease

n p,p′-DDT and p,p′-DDE concentration in Ri relative to BS after
0 days growth in tomato plants. White et al. (2001) reported a
ecrease of p,p′-DDE levels in Ri of pumpkin and spinach grown
uring 80 days, suggesting plant-facilitated mobilization and/or
egradation of p,p′-DDE residues. Moreover a similar pattern for
,p′-DDE in the soil fractions of alfalfa, rye, and bean was  reported
White, 2000).

.2. Plant uptake and tissue distribution pattern

DDTs levels in tomato, sunflower, soybean, and alfalfa tissues
rown for 15 and 60 days are shown in Fig. 2. At both stages, all
pecies accumulated more DDTs in the root than in aerial parts,
ndependently of the lipid content, indicating that other factors
re involved on root uptake from soil. The relative accumula-
ion of each compound was  dependent on soil levels following
he pattern p,p′-DDE > p,p′-DDT > p,p′-DDD (p < 0.05). However, the
elation between parental compound and metabolites varied with
lant species and growth period. Since the biochemical character-

stics of plants significantly affect the uptake of organic chemicals,
he type and quantity of lipids may  have a significant effect on

he storage capacity of high lipophilic compounds such as DDTs
Simonich and Hites, 1994; Whitfield et al., 2008). Lipid percent-
ge ranged between 0.1–0.6 in roots and 0.1–0.8 in aerial tissues
Table 2). At 15 days, tomato plants showed the higher p,p′-DDT
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Fig. 2. DDTs concentration (ng g−1 dw) in roots (a) and aerial tissues (b) of tomato,
sunflower, soybean and alfalfa plants 15 and 60 days of growth. Upper case let-
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ers indicate statistically significant differences (p < 0.05) in DDTs compounds between
tages within each species and tissue; lower case letters indicate statistically significant
ifferences (p < 0.05) for DDTs among species for one tissue and stage.

evels in root despite its lower lipid content, while for aerial tis-
ues, lipids correlated with DDTs accumulation in tomato, soybean
nd sunflower plants. Root tissues showed a growth dilution effect
eading to lower p,p′-DDT levels in 60 days plants, except soybean.
owever, root lipid percentage was not affected by growth indi-
ating that besides its hydrophobic characteristic, other process
re involved on the DDTs accumulation in this organ. In aerial tis-

ues no differences were found for DDTs levels between stages,
uggesting the continuous DDTs transference from root.

The (p,p′-DDE + p,p′-DDD)/p,p′-DDT ratio was lower in aerial tis-
ues than in roots at both stages, except for sunflower. These results

able 2
ipid percentage in roots and aerial tissues of tomato, sunflower, soybean and alfalfa
lants at 15 and 60 days of growth.

Specie Lipid (%)

15 60

Tomato Root 0.17 0.28
Aerial 0.84 0.34

Sunflower Root 0.49 0.60
Aerial 0.28 0.19

Soybean Root 0.10 0.16
Aerial 0.57 0.16

Alfalfa Root 0.37 0.30
Aerial 0.33 0.74
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uggest that accumulation or translocation is dependent on plants
pecies and growth stage.

.2.1. Root–soil interface
Root bioconcentration factor (RBCF) was  calculated by deter-

ining the dry-weight ratio of DDTs concentration in root to
hat in BS of the corresponding pot (Table 3). At 15 days, tomato
nd alfalfa bioconcentrated DDTs from soil (RBCF > 1). Except for
omato, p,p′-DDD RBCF were higher than p,p′-DDT and p,p′-DDE
BCF. Considering the result obtained in Ri, the high p,p′-DDD and
,p′-DDT availability leads to a high bioconcentration. This result
howed the root exudates effect in the soil–root interface. Partic-
larly, despite the high p,p′-DDD availability in Ri, tomato plants
id not bioconcentrate this compound. At 60 days alfalfa plants
ioconcentrated p,p′-DDT in roots (RBCF > 1) while tomato plants
iminished all RBCF. Sunflower and soybean RBCF did not vary
etween 15 and 60 days. These results agree with the growth-
ilution effect because all of them, except soybean, showed lower
DTs concentration in roots growth at 60 days (Fig. 2). In this sense,

his lower root bioconcentration in older plants was  previously
eported (Gonzalez et al., 2003). However when the biomass and
DTs concentration are considered together all species increased
DTs burden at 60 days with soybean rising up to 34 times (data
ot shown). So, root pesticide uptake might be a continuous pro-
ess and the extent of the uptake depends on the plant species
Gonzalez et al., 2003).

Except for 15 days alfalfa plants, the (p,p′-DDE + p,p′-DDD)/p,p′-
DT ratio in roots of all species and stages was higher than in Ri

uggesting the p,p′-DDT metabolism in roots or preferential uptake
rom soil.

.2.2. Root to aerial route
Water and solutes are transported upward from the root into

ther plant parts through the xylem. This flux is driven by the
ater potential gradient, created throughout the plant during tran-

piration. The combination of solubility of chemicals in water and
he solubility within the cell membrane, which is rich in lipids,
etermines the chemicals movement into roots and subsequent
ransport to the plant shoot. The less polar the compound, the more
etain on lipid fraction, being less mobile across the endodermis
Trapp, 1995). Depending on the species and compound, the uptake
nd translocation lead to different plant tissue distribution pattern.
ranslocation was  evaluated by the ratio of contaminant concen-
ration in aerial tissues to that in roots, named aerial translocation
actor (ATF), and as the ratio of contaminant concentration in the
eaves to that in the stem (leaf translocation factor, LTF, Table 3).
DTs translocation was observed in all species at both stages
espite it was low (AFT < 1), mainly due to the high lipophilicity
f these compounds (Kow: 4.9–6.9). Although, alfalfa showed the
igher AFT, it is difficult to attribute these values to the translo-
ation, due to their small size and its proximity to the soil. In
he remaining species, the ATF increased, indicating the continu-
us DDTs translocation throughout life cycle associated with plant
rowth. Consequently, the DDTs burden in 60 days plants was
p to 8 times greater than in 15 days plants (data not shown).
he root–stem–leaves pathway was evaluated in 60 days plants
hrough the LTF and values agree with the soil uptake route with
ow transference to aerial tissues. However, high LTF were found for
,p′-DDD in tomato plants. The higher transpiration rate of tomato
lants could explain the higher DDTs translocation (Murano et al.,
010). Although translocation is highly dependent on plant transpi-

ation, other mechanisms have been proposed for high lipophilic
ompounds such as dieldrin and p,p′-DDT in some plant species
Whitfield et al., 2008; Chhikara et al., 2010; Murano et al., 2010).
n this sense, some studies demonstrated the presence of a lipid
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Table 3
DDTs root bioconcentration factors (RBCF), aerial translocation factor (ATF), and leaves translocation factors (LTF) of tomato, sunflower, soybean and alfalfa plants, growth at
15  and 60 days. LTF was only calculated for 60 days plants. * p,p′-DDD values in root and aerial tissues were below detection limit; ** stems and leaves were not discriminated
in  any stage.

Species Compound RBCF ATF LTF

15 60 15 60 60

Tomato p,p′-DDT 1.79 0.70 0.03 0.09 0.28
p,p′-DDE 2.23 0.59 0.01 0.03 0.26
p,p′-DDD * 0.24 * 0.07 1.85

Sunflower p,p′-DDT 0.77 0.50 0.01 0.06 0.46
p,p′-DDE 0.85 0.74 0.01 0.03 0.78
p,p′-DDD 0.99 1.05 0.00 0.11 0.26

Soybean p,p′-DDT 0.39 0.19 0.02 0.13 0.63
p,p′-DDE 0.33 0.85 0.02 0.09 0.52
p,p′-DDD 0.76 0.54 0.07 0.18 0.53

Alfalfa p,p′-DDT 1.46 1.21 0.11 0.11 **

p,p′-DDE 1.66 1.61 0.11 0.09 **

p,p′-DDD 1.74 1.05 0.06 0.05 **

Table 4
Lipid peroxidation (LPO) in roots and aerial tissues of 15 and 60 days tomato, sunflower, soybean and alfalfa plants. LPO was expressed as nanomoles of TMP (tetram-
ethoxypropane) per gram of wet  tissue, estimated by the TBARs (thiobarbituric acid reactive substances) method. Upper case letters indicate statistically significant differences
(p  < 0.05), between unexposed and exposed plants within each tissue, for each species; lower case letters indicate statistically significant differences (p < 0.05) between stages within
each  tissue.

Species LPO

15 days 60 days

Unexposed Exposed Unexposed Exposed

Tomato Root 14.99 ± 17.7Aa 24.32 ± 26.1Aa 5.43 ± 1.5Aa 14.52 ± 8.9Aa

Aerial 10.01 ± 4Aa 13.44 ± 8.4Aa 13.96 ± 9.3Aa 25.08 ± 13.3Aa

Sunflower Root 33.27 ± 4.2Aa 14.96 ± 6.0Ba 1.79 ± 1.0Ab 2.13 ± 0.3Aa

Aerial 29.39 ± 5.7Aa 8.02 ± 2.5Bb 19.15 ± 3.4Aa 24.2 ± 1Aa

Soybean Root 60.92 ± 13.3Aa 14.00 ± 6.8Ba 10.06 ± 2.0Ab 11.44 ± 5.7Aa

Aa 37 Ba Bb Aa
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Aerial 116.02 ± 22.6
Alfalfa Root 50.99 ± 18.8Aa

Aerial 104.76 ± 35.4Aa

ransfer protein (LTP), proteins which contain a hydrophobic cav-
ty, in phloem sap of tomato plants (Maldonado et al., 2002; Mitton
t al., 2009). This kind of proteins can be related to DDTs translo-
ation ability in plants and more research is required to determine
he mechanisms involved in DDTs translocation.

.3. Plant responses and toxicity

Phytotoxicity of a xenobiotic is indicated by the stress responses
hat can be molecular, physiological and/or morphological. Any
actor altering growth or metabolism, will also affect the phytore-

ediation process. It is known that organic contaminants could
nhibit plant growth (Zhang et al., 2011; Ahammed et al., 2012).
n the current study, polluted soils had no statistically significant
ffect on tomato plant growth. A biomass reduction of about 37% in
oot and 49% in aerial was observed in 15 days tomato plants from
olluted soils but no differences were found for length. Moreover
t 60 days plants were recovered from this effect observed at early
rowth stages (data not shown).

Sunflower plants showed 70% reduction of root length and 35%
ower aerial biomass (p < 0.05) when exposed to DDTs for 15 days
nd, similarly to tomato, no difference was observed between
xposed or non exposed plants after 60 days. For soybean plants
n inverse pattern was found with an increase of aerial length
t 15 days and a significant reduction (45%) after 60 days expo-
ure. At 15 days, exposed alfalfa plants showed higher root and

erial biomass (p < 0.05) than unexposed plants, but a trend toward
iomass reduction with growth was observed at 60 days.

On the other hand, the role of oxidative stress in the phytotox-
city of several organic chemicals has been documented (Macek

a
i
e
a

.87 ± 4.5 39.93 ± 3.3 65.43 ± 13

.76 ± 7.1Aa 32.49 ± 6.9Aa 65.78 ± 38.6Aa

.04 ± 12.9Aa 70.93 ± 25.1Aa 139 ± 26.8Aa

t al., 2000; Susarla et al., 2002) and correlation between morpho-
ogical signals of phytotoxicity and oxidative damage was observed
Bhattacharjee, 2005). Lipid peroxidation (LPO) might be a good
iomarker of oxidative damage and the results, estimated by the
BARs method are shown in Table 4. Differences in LPO levels
etween young and old plants are linked to the development
f antioxidant defenses with growth (Kuk et al., 2003, 2006). In
his sense, the studied species were in line with this statement
nder non-exposed conditions. However, LPO response to DDT
xposure was species dependent. Tomato and alfalfa plants which
howed the highest pesticide levels did not show differences in
PO compared with unexposed plants. Conversely, for sunflower
nd soybean, at 15 days, roots and aerial LPO was lower in exposed
han in unexposed plants, suggesting the trigger of antioxidant
esponses at early stages, thus reducing LPO levels. However, at
0 days this defense might be overcome in aerial soybean tissues,
s LPO content was higher in exposed plants (Table 4).

Thus, the studied species had different susceptibility and growth
esponse to DDTs exposure. These results indicate that tomato and
lfalfa plants are not being affected by DDTs uptake, in terms of
rowth and LPO and, moreover, they showed to be the best DDTs
ccumulators.

. Conclusion

This study demonstrated the differential uptake, translocation

nd effect on final DDTs level and availability in soil by the stud-
ed species. On the basis of its higher accumulation potential, no
vident phytotoxicity effects and enhancement of soil microbial
ctivity, tomato plants figure out as the best phytoremediation
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andidate. The mechanism involved on reduction of soil DDTs lev-
ls by tomato plants are not only related to compounds uptake
nd translocation either also with in situ metabolism in soil matrix.
his result is of remarkable concern since biodegradation is the
ost desirable remediation pathway for highly recalcitrant com-

ounds since solve the problems linked to plant management after
ollutant uptake. Moreover, it will allow the use of edible species
nd the remediation of soils devoted to food production. So, fur-
her efforts will be required to understand the DDTs metabolism
n the root soil interface of tomato plants considering molecular
pproaches to gain more insight in the knowledge about micro-
ial density, activity and diversity as well on the induction of genes
ncoding enzymes involved in the DDTs degradation process. On
he other hand, the formation of DDT by-product such as DDA and
DMU are also of environmental concern so their monitoring is

ecommended during phytoremediation studies.
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