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In order to assess implications of Cd-induced oxidative stress in roots of the citrus rootstock Citrumelo,
seedlings were hydroponically exposed to two relatively realistic Cd concentrations during 7 days. Our
results showed that increasing Cd concentrations in external solution were associated with higher Cd
accumulations in roots. At 5 wM Cd the accumulation of Cd in roots was over 70-f higher than in aerial
part (stem +leaves). Malondialdehyde (MDA), superoxide radical (O,°*~), hydrogen peroxide (H,0,) and
lipoxygenase activity (LOX) increased in Cd-exposed roots, suggesting a metal-induced oxidative stress.
The Cd treatment enhanced the activity of antioxidant enzymes superoxide dismutase (SOD), catalase
(CAT) and guaiacol-type peroxidase (G-POD), as well as the content of secondary metabolites i.e. soluble
phenolics (SPs) and lignin. Histochemical analyses of roots showed that Cd, H,0,, (02*~), lignin and
G-POD displayed a similar location pattern. Almost all analyzed parameters showed a similar dynamic
tendency with increases under 5 .M Cd followed by decreases under 10 M Cd, suggesting that a complex
coordinated Cd-defensive mechanism is operating in Citrumelo roots exposed to environmental realistic
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1. Introduction

Cadmium (Cd) is nowadays among the most widespread toxic
heavy metals in the environment [1]. It causes many toxic effects
on plants being one of the most harmful symptoms the generation
of reactive oxygen species (ROS) under Cd-induced oxidative stress
[2]. Oxidative stress has often been discussed as the primary effect
of Cd exposure [3]. Contrarily to the ability of redox-active met-
als to produce ROS, Cd is a non-redox-active metal being unable
to catalyze the ROS formation through Fenton and/or Haber-Weiss
reactions [4]. Mechanisms by which the Cd induces the genera-
tion of ROS include inefficient operation of ROS quenching systems
including the glutathione-ascorbate cycle, inhibition of antioxi-
dant enzymes, disruption of the mitochondrial electron transport
chain and/or metabolic disturbances of essential elements [3,5].
Cd also produces oxidative stress either via the induction of both
LOX and plasma membrane-bound NADPH oxidase activities which
cause the oxidation of polyunsaturated fatty acids (PUFAs), or by
the peroxidase-mediated production of HyO, [6]. Roots are the
main interface to Cd exchange between the environment and the
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plant, so the root metal immobilization constitutes an important
barrier to Cd entry [7]. The binding of Cd to functional groups of
the cell wall (e.g. carboxyl, phenolyl, hydroxyl, amino acyl) form-
ing stable complexes is considered as the pivotal reaction to block
the Cd absorption [8]. Increases in peroxidase (POD) activity and
lignin synthesis are important features observed during cell wall-
Cd-binding [9]. Last synthesising steps in lignin polymerization are
catalyzed by different POD isoenzymes that use hydrogen perox-
ide (H,0;) as co-substrate [10]. POD activity is also involved in
the Cd-induced antioxidant defence mechanism [11]. It requires
a concerted action of enzymatic and non-enzymatic antioxidant
compounds [4]. Glutathione (GSH) and ascorbate (AS) are the
major non-enzymatic antioxidants, and together with antioxidant
enzymes i.e. SOD, CAT, PDO and APX (ascorbate peroxidase), may
control the cellular levels of H,O, and superoxide radical (O,°*—)
[2].

Despite that responses of citrus rootstocks to several environ-
mental stresses such as salinity and drought have been extensively
studied [12,13]; scarce information can be found on plants’ ability
to cope with the Cd-induced oxidative stress. Most available studies
have been only focused on the uptake and tissular distribution of Cd
[13,14], without considering biochemical and physiological events
underlying in the roots exposed to different Cd concentrations [15].
Thus, in this work we analyzed the changes of both oxidant and
antioxidant markers occurring in the roots of Citrumelo seedlings
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exposed to different Cd concentrations. We hypothesized that com-
bining biochemical and histochemical indications given by oxidant
and antioxidant markers will allow us to identify and locate phys-
iological processes characterizing the responses of roots to Cd and
also to confirm its role as stress factor.

2. Materials and methods
2.1. Plant material and growth conditions

Seeds of Citrumelo (Citrus paradisi Macf. x Poncirus trifoliata
(L.) Raf.), a well known commercial citrus rootstock, were used
as plant material. Seeds were kindly provided by CITRUSVIL SA
(Tucuman, Argentina). Seeds were soaked in distilled water at 45 °C
overnight, and then surface-sterilized with 10% sodium hypochlo-
rite for 15 min. Sterilized seeds were thoroughly washed with
distilled water, sown on wet vermiculite in 15cm x 20cm x 5cm
plastic boxes and transferred to a germination chamber at 30°C
in darkness. To avoid water evapotranspiration the boxes were
sealed with a plastic film. After 7-d incubation, seedlings of equal
size were carefully selected and transplanted to 250-mL plastic
pots filled with wet vermiculite (three seedlings per pot). Seedlings
were allowed to grow for further 4 weeks in a growth chamber
under 30/25 °C day/night temperature, 180 umolm~2s~! photon
flux density, 12-h photoperiod and 70% relative humidity. Weekly,
each pot was supplied twice with 25 mL distilled water. After this
time, seedlings with 2 leaves and equal root length and similar
weight were transferred to 600-mL plastic pots (six seedlings per
pot; 15 pots per treatment) filled with 500 mL Cd solution. Cd was
supplied as CdCl,-2%2H,0 and the Cd solution was made with dis-
tilled water, but not with Hoagland nutrient solution to avoid the
Cd chelation and/or Cd competition with Hoagland components.
Cd concentrations were 0 (control), 5 and 10 WM. Treatment solu-
tions were continuously aerated by bubbling filtered air. Seedling
transpiration was compensated by replenishing the pots once with
distilled water. Seven days after beginning the Cd treatment, uni-
formly sized roots were cut from 30 seedlings (two seedlings per
pot) for each treatment and stored at —20°C prior to chemical
determinations. For microscopical analyses uniform roots from
40 seedlings (two to three seedlings per pot) for each treatment,
were either collected and used without prior fixation for in situ
observations of Cd accumulation and studied oxidant and antiox-
idant markers (25 roots), or fixed in FAA (formaldehyde/acetic
acid/ethanol, 5:5:90) for lignin and suberin staining (15 roots).

2.2. Growth parameters

Five 7-d old seedlings from 5 pots for each treatment were col-
lected, washed with distilled water and divided into roots, stems
and leaves. Root and stem lengths were measured with a plastic
ruler (accuracy +0.5 mm). Samples were weighed to determine the
fresh weight (FW), dried at 60°C for 48 h and reweighed to dry
weight (DW) determination.

2.3. Cadmium content

Samples of powdered roots, stems and leaves, digested in a con-
centrated HNO3/HCIOg4 (4:1, v/v) mixture, were used to determine
the Cd content by atomic absorption spectrometry.

2.4. Determination of H,0,, MDA and SPs

H,0, was determined according to Alexieva et al. [16]. Roots
(0.5 g FW)were homogenized with 3 mL 1% trichloroacetic and cen-
trifuged at 3000 x g for 5min, and the supernatant (0.5 mL) was
added with 5 mL 100 mM potassium phosphate buffer (pH 6.8) and

2mL 1M KI. The resulting mixture was incubated in darkness at
room temperature for 30 min and the absorbance was measured
at 390 nm. H,0, concentration was calculated from a calibration
curve made with pure H,0,. MDA was determined using thiobar-
bituric acid (TBA) [17]. Roots (0.5g FW) were homogenized with
7.5mL 80% ethanol and centrifuged at 3000 x g for 10 min, and
the supernatant (1 mL) was added with 1 mL 0.5% (w/v) thiobar-
bituric acid in 20% (w/v) trichloroacetic acid. The resulting mixture
was heated in boiling water for 25 min, and then quickly cooled on
ice. After centrifugation at 3000 x g for 10 min, the absorbance was
measured at 440, 532 and 600 nm. MDA concentration was cal-
culated using the extinction coefficient 155mM~1cm~! [18]. SPs
were measured colorimetrically using the Folin-Ciocalteu reagent
[19]. Roots (0.2 g FW) were homogenized with 3 mL 96% ethanol
incubated in darkness at room temperature for 48 h and centrifuged
a 3000 x g for 5 min. The resulting supernatant (0.1 mL) was added
with 0.2mL (1:1, v/v) diluted Folin-Ciocalteu reagent and 1.8 mL
distilled water. After incubation at room temperature for 2 min, the
reaction mixture was added with 0.8 mL 7.5% Na,CO3 and incu-
bated at room temperature for 5min. The absorbance was read
at 760 nm. SPs concentration was determined using a calibration
curve made with pure phenol.

2.5. Enzyme activities

LOX was extracted according to Baracat-Pereira et al. [20]. Roots
(0.5 g FW) were homogenized in 50 mM sodium phosphate buffer
(pH 6.5) and centrifuged at 10,000 x g for 10 min at 4°C, and
the supernatant was used as enzyme extract. LOX activity was
measured reading the increase of absorbance at 234 nm (forma-
tion of conjugated dienes) from added linoleic acid as substrate,
and expressed as AAj3smin~!1g~1FW [21]. SOD and CAT were
extracted by homogenizing roots (0.5gFW) in 10 mM potassium
phosphate buffer (pH 7.0) containing 0.1 mM EDTA and centrifug-
ing at 10,000 x g for 5min at 4°C. The resulting supernatant was
used as enzyme extract. SOD activity was measured as the inhibi-
tion of nitroblue tetrazolium (NBT) photoreduction at 560 nm [22].
One SOD unit was defined as the enzyme activity that inhibited
the photoreduction of NBT by 50%. CAT activity was determined by
monitoring the consumption of HyO, at 240 nm during 1 min [23].
One CAT unit was defined as the enzyme activity that decomposed
1 pmol of Hy0, per min. POD activity was extracted by homoge-
nizing roots (0.5 g FW) in 10 mM sodium phosphate buffer (pH 6.0)
containing 1 M KCI and centrifuging at 10,000 x g for 5 min at 4°C,
and the supernatant was used as enzyme extract. Homogenization
in presence of high salt concentration allowed us to obtain both
soluble and ionically cell wall-bound POD activity [24]. POD activ-
ity was assayed by monitoring the oxidation of guaiacol (G-POD)
and syringaldazine (S-POD) at 470 and 530 nm during 1 min, and
expressed as AA4700r530 min~! g~ FW, respectively [25].

2.6. Microscopical analyses

Cd histolocalization was made based on the chelating ability
of QAI [2-(8-quinolylazo)-4,5-(diphenyl)imidazole] to produce a
rosy-purple precipitate after reacting with Cd [26]. Transversal
freehand root sections directly were cut approximately 2-cm from
the apex in order to reduce the Cd leaching. Root sections were
washed several times with distilled water and then washed with
50 mM borate buffer (pH 10). Sections were sequentially incubated
at room temperature for 15 min with each of two masking solu-
tions: (a) 2-aminoethylamine 0.33 mM, (b) triethylenetetramine
0.66 mM. This treatment prevents staining effects of other metals
such as Zn, Cr, Cu, and Pb [26]. Sections were placed during 3 h in
QAI staining solution, prepared by dissolving 3 mg of QAl in 0.5 mL
dimethyl sulfoxide containing 50 p.L 0.5N NaOH and diluted with
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29 mL distilled water. Stained sections were washed with distilled
water, transferred to slides and mounted in 50% (v/v) glycerol for
microscopical observations. To detect the accumulation of H, 05, 2-
cm root segments taken approximately 2-cm above the apex were
washed with distilled water and stained by vacuum infiltration
with a recently prepared 0.1% DAB (3,3’-diaminobencidine) solu-
tion (pH 3.8) for 5min [27]. Staining solution was not buffered
because the DAB was insoluble under pH above 4.0. Infiltrated
segments were incubated in the same DAB solution at room tem-
perature for 24 h in darkness and fixed in FAA for at least 1 h. For
visualizing in situ the O,*~ generation, roots segments were stained
by vacuum infiltration with 0.35% NBT solution containing 10 mM
buffer potassium phosphate (pH 7.0) and 0.01% sodium azide for
5 min. Infiltrated segments were placed under a 40 W fluorescent
lamp at room temperature for 60 min, washed with distilled water
and fixed in FAA [28]. Transversal freehand sections were cut from
both H,0, and 0,°~ fixed segments and put on slides for micro-
scopical observations. The accumulation of H,0, was visualized
by a brown color, whereas a dark blue color indicated the gener-
ation of O,°~. Histological staining to visualize the POD activity
was developed using guaiacol as enzyme substrate [9]. Transver-
sal freehand root sections directly were cut approximately 2-cm
from the apex and incubated in 50 mM phosphate buffer (pH 6.0)
atroom temperature for 3 min. Incubated sections were transferred
to slides and treated with 50 pL 1.2 mM guaiacol and 50 pL 5 mM
H,0, [29]. Brown staining occurred where G-POD activity was
present. An enzyme control was incubated using the same tissues
and conditions but without H,0,. For lignin and suberin visualiza-
tion, transversal freehand sections were cut approximately 2-cm
from the apex and fixed in FAA at room temperature overnight.
Fixed sections were clarified in 10% sodium hypochlorite solution
for 12 h, washed with distilled water and stained either with 1%
(w/v) toluidine blue in 96% ethanol (lignin) or 0.3% (w/v) Sudan IV
in water-ethanol (3:1, v/v) (suberin) [30]. Stained sections were
washed with 70% ethanol and mounted in 50% (v/v) glycerol for
microscopical observations.

Histochemical observations were performed using a binocular
light microscope and photomicrographs were taken with a digital
camera.

2.7. Statistics

All analyses were carried out in triplicate. Data presented are
means 4+ SD of three independent experiments. Data were sub-
jected to analysis of variance and differences were significant at
p<0.05.

3. Results
3.1. Growth parameters and Cd accumulation

Citrumelo seedlings exposed to different Cd concentrations dur-
ing 7 days did not produce visual symptoms of metal toxicity. At 5
and 10 wM Cd, the root and leaf biomass based on DW decreased
15.5 and 15.8% (root) and 14.5 and 14.9% (leaf) when comparing
with 0 wM Cd (control), whereas the stem biomass was not affected.
Root and stem lengths were unchanged by Cd exposure. Tissular
accumulation of Cd was increased by increasing Cd concentration
in the treatment solution. Under two Cd concentrations, the metal
accumulation ranked as follows: roots >leaves > stems. Obtained
Cd accumulations were: 316.68 and 346.15; 4.07 and 24.34; 0.35
and 1.11 wgg~! DW at 5 and 10 wM Cd solution, in roots, leaves and
stems, respectively. Root accumulation under 5 uM Cd was ~72-f
higher than in aerial part (stem +leaves). Attempts to detect Cd in
Cd-untreated (control) seedlings failed (Table 1).

Table 1
Growth parameters and Cd accumulation in Citrumelo roots treated with 0, 5 and
10 wM Cd. Data are means of three independent experiments +SD (n=5).

Parameter Cd
oM 5uM 10 M

Root FW (g) 1.106+0.10 1.088 + 0.08 1.095 + 0.10
Root DW (g) 0.248 +0.01 0.212 £+ 0.01 0.211 + 0.02°
Root length (cm) 13.12+2.19 12.85 + 1.80 12.35 £ 2.02
Cd(pngg™' DW) ND 316.68 + 15.23°  346.15 + 12.30°
Stem FW (g) 0.731+0.60 0.787 + 0.43 0.750 + 0.47
Stem DW (g) 0.209 +0.06 0.219 + 0.05 0.216 + 0.06
Stem length (cm) 7.67+0.93 7.36 + 0.69 743 £ 0.72
Cd (pngg~' DW) ND 0.35 + 0.02° 1.11 £ 0.10°
Leaf FW (g)? 1.093+0.12 1.136 + 0.20 1.125 £ 0.14
Leaf DW (g)? 0.291+0.02 0.246 + 0.01 0.245 + 0.01°
Cd (pngg' DW) ND 4.07 £ 0.8 2434 +2.12°
Root/shoot (DW/DW) 1.18+0.14 0.97 £ 0.11 0.98 + 0.10

2 Corresponds to the first pair of leaves.
" Values significantly different to the control (p <0.05).

3.2. H,0,, MDA and SPs contents

As shown in Table 2, the content of H,0,, MDA and SPs signifi-
cantly increased in Cd-treated roots. H,O, was strongly enhanced
under two Cd concentrations being the highest value observed at
5uM Cd. At 5 and 10 uM Cd, the contents of H,O0, were 3.3- and
2.4-f higher than the Cd-untreated content. Roots exposed to both
Cd concentrations resulted in a strong MDA accumulation with the
highest value observed at 10 wM Cd. Although there were no signif-
icant differences between Cd concentrations, MDA contents were
2.3- and 2.0-f higher than the control content. SPs content also
increased by Cd exposure, but in less extent than H,O, and MDA.
The highest increase (53.7%) was observed at 5 wM Cd, whereas at
10 wM Cd it was only 18.1%.

3.3. Enzyme activities

Under Cd exposure the LOX activity strongly increased reach-
ing at 10 .M Cd 3.6-f higher activity than the control. At 5 puM
Cd the enzyme activity was 2-f greater (Fig. 1). This result indi-
cates that an enzymatic lipid peroxidation is strongly occurring
in Cd-exposed Citrumelo roots. Fig. 2A and B shows G-POD and
S-POD activities under two Cd concentrations. G-POD strongly
increased under 5 uM Cd reaching ~11-f higher activity than the
Cd-untreated activity, whereas at 10 wM Cd this increase was only
3-f greater (Fig. 2A). Contrarily, the S-POD activity significantly
decreased by Cd treatments (34.5% and 24.4% at 5 and 10 uM
Cd, respectively) (Fig. 2B). Interestingly, both highest G-POD and
lowest S-POD activities were observed at 5 M Cd. SOD and CAT
activities were enhanced by Cd exposure, but their activity pat-
terns were different. SOD activity under two Cd concentrations was
increased by a similar percentage (33.7%) compared with the Cd-
untreated activity (Fig. 2C). CAT activity strongly increased at 5 uM
Cd reaching 8.4-f higher activity than the control, whereas at 10 uM
Cd, practically, no enzyme activity was detected (Fig. 2D).

Table 2
Concentration of H;0,, MDA and SPs in Cd-exposed Citrumelo roots. Data are means
of three separate experiments & SD (n=3).

Marker Ccd

oM 5uM 10 uM
H,0; (molg~! FW) 0.44 + 0.03 1.45 + 0.20° 1.04 + 0.10°
MDA (nmolg~! FW) 7.78 + 0.06 17.89 + 1.81° 16.54 + 2.00°
SPs (wmol ph.eq.g~! FW) 1.49 + 0.20 2.29 + 031 1.76 £ 0.19

" Values significantly different to the control (p <0.05).
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Cd (uM)

Fig. 1. LOX activity in Cd-treated Citrumelo roots. Data are means of three separate
experiments (n=3). Bars indicate standard deviation (SD). Asterisks in Cd-treated
columns indicate values significantly different to the control (p <0.05).

3.4. Histochemical localizations

As shown in Fig. 3B and C largest amounts of rosy-purple Cd-
QAI precipitates were found in exodermis and vascular cylinder,
whereas less amounts were observed in cortex and endodermis.
Rosy-purple color was depending on the Cd concentration, but
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Fig. 3. Histochemical visualization of Cd in Citrumelo roots: (A) control; (B, C) 5 and
10 wM Cd. Arrows indicate major rosy-purple Cd-QAl deposits in exodermis and vas-
cular cylinder, as well as small colored deposits in cortex and endodermis. c: cortex;
en: endodermis; ep: epidermis; ex: exodermis; vc: vascular cylinder. Bar =50 pm.
Colored scale indicates the amount of Cd-QAI precipitate.

there were no significant differences in the distribution of colored
precipitates between Cd concentrations. Rosy-purple precipitates
were never observed in Cd-untreated roots (Fig. 3A). To visualize
the Cd-induced ROS generation, root sections were histochemically
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Fig. 2. Changes in G-POD (A), S-POD (B), SOD (C), and CAT (D) activities in Cd-treated Citrumelo roots. Data are means of three separate experiments (n=3). Bars indicate
standard deviation (SD). Asterisks in Cd-treated columns indicate values significantly different to the control (p <0.05).



G. Podazza et al. / Journal of Hazardous Materials 215-216 (2012) 83-89 87

Fig. 4. Histochemical visualization of H,0, (A-C) and radical O,*~ (D-F) in Cit-
rumelo roots exposed to 0, 5 and 10 wM Cd. White and black arrows indicate major
and minor localizations of H,0, and O,°~, respectively. c: cortex; en: endodermis;
ep: epidermis; ex: exodermis; vc: vascular cylinder. Bar =50 pwm.

stained for visualizing H,0, and O,°~. Roots exposed to two Cd
concentrations significantly enhanced H,0, production compared
with Cd-untreated roots (Fig. 4A-C). Like to Cd, the accumulation
of H,0, was more abundant in vascular cylinder and exodermis
than in endodermis and cortex (Fig. 4B and C). Agreeing with
chemical measurements, the color intensity was higher at 5 uM
Cd (Fig. 4B). The histolocalization of O,*~ showed a similar dis-
tribution pattern than H,0,, but the difference in color intensity
between Cd treatments was less pronounced (Fig.4D-F). 0,°*~ accu-
mulation clearly was evident in the cortex at 10 uM Cd (Fig. 4F).
G-POD was visualized in both Cd-exposed and control roots, but
it was more intense in the former indicating an increased activity
(Fig. 5A-C). Although G-POD was visualized in exodermis, cortex,
and vascular cylinder, the highest color intensity was observed in
exodermis and vascular cylinder under 5uM Cd (Fig. 5B). Stain-
ing specificity of G-POD activity was confirmed by evidence that
root sections incubated without H,O, were not stained (data not
shown). Histochemical detection of S-POD activity gave no rea-
sonable color. Lignin deposition occurred in both Cd-treated and
Cd-untreated root cell walls, but it was more intense in the former
(Fig. 5D-F). Lignification was evident in exodermis and vascular
cylinder being clearly higher under 5uM Cd (Fig. 5E). Suberin
deposition mainly occurred in exodermis and in minor extent in
endodermis. It was slightly higher at 5uM Cd, but practically,
there were no visible differences between control and Cd-exposed
roots (Fig. 5G-1I).

Fig. 5. Histochemical visualization of G-POD activity (A-C), lignin (D-F) and suberin
(G-1) in Cd-treated Citrumelo roots. Arrows indicate major localization of G-POD,
lignin and suberin in exodermis and vascular cylinder. c: cortex; en: endodermis;
ep: epidermis; ex: exodermis; vc: vascular cylinder. Bar =50 pm.

4. Discussion

Cd causes molecular damages directly itself or indirectly
through the formation of ROS [31]. Our data showed a significant
accumulation of H,0,, O,*~ and MDA as well as a strong increase
of the LOX activity in roots of Citrumelo seedlings exposed to dif-
ferent Cd concentrations (Fig. 1 and Table 2). These results indicate
that in Cd-treated roots both ROS-dependent (non-enzymatic)
and LOX-dependent (enzymatic) lipid peroxidation occurs. MDA
accumulation, routinely used to estimate ROS-dependent lipid
peroxidation, was less pronounced than LOX increase, so it is possi-
ble to accept that enzymatic lipid peroxidation is the predominant
mechanism operating in Cd-exposed roots. This assumption could
agree with previous findings indicating an earlier increase of the
LOX activity in plant cells under heavy metal stress [32]. However,
we do not measure the time-progress of LOX activity and MDA
production and then we are unable to assume that this mechanism
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is operating in Citrumelo roots. Cd affects several antioxidant
enzymes, but contrasting results have been reported. Both stim-
ulatory and detrimental effects were frequently observed [3,5].
In this study enhanced and declined CAT activity was observed in
roots exposed to both low and high Cd concentrations (Fig. 2D). A
decreased CAT activity produces a delay in H,O, removal which
enhances its accumulation and concomitantly produces a shift in
the generation of ROS giving an increased free radical mediated
lipid peroxidation [5]. Similar increase and decline in CAT activity
was found in Cd- and Pb-stressed plants [33,34]. Our data also
indicate an increase and decline of the guaiacol-type peroxidase
activity (G-POD) at 5 and 10 wM Cd (Fig. 2A). Unlike our results,
decreases of CAT activity are generally accompanied by increases
in G-POD activity, which contributes to scavenging the excess of
H,0, [35]. Although we cannot explain the behavior of CAT and
G-POD occurring in Citrumelo roots, it is possible that 5uM of
externally applied Cd represents an optimum threshold level for
both oxidant and antioxidant processes. Supporting this assump-
tion, maxima contents of H,0,, MDA and SPs as well as greater
staining of H,0,, O,*~ and lignin in histochemical analyses were
also found at 5 uM Cd (Table 2, Figs. 4A-F and 5D-F). Based on
these results we hypothesized that in Cd-exposed Citrumelo roots,
antioxidant enzymes respond in a coordinated manner to combat
the Cd-induced oxidative stress up to a moderate external Cd
concentration (5 wM). However, LOX and SOD activities were not
decreased by the high Cd concentration (Figs. 1 and 2C), suggesting
that a disturbance in the coordination among antioxidant enzymes
seems to be occurring. In these conditions the defense provided
by antioxidant enzymes could become insufficient to cope up with
the increased Cd load, leading to an oxidative stress. A similar
hypothesis has been postulated to explain the distribution pattern
of SOD and CAT activities in Cd-stressed Ceratophyllum demersum
plants [36]. It has been assumed that root length is a more accurate
indicator of heavy metal toxicity than the biomass production [37];
however, in our study there were no significant changes in the
root length of Cd-treated seedlings when comparing with initial
root length, suggesting that further analyses are needed to get a
better knowledge of relationships between growth parameters
and oxidative stress occurring in Cd-exposed Citrumelo roots.

It is known that SPs participate in ROS scavenging due to avail-
ability of hydroxyl groups in their molecules [38]. Soluble phenolics
(SPs) pathway to ROS scavenging involves a G-POD-mediated elec-
tron donation to H,O, detoxification [39]. Positive correlations
between G-POD activity and SPs accumulation under heavy metal
stress were found in many plants [31,38,40]. Agreeing with these
findings, significant increases of both SPs and G-POD were observed
in Cd-treated roots (Table 2 and Fig. 2A), suggesting that the SPs-
dependent ROS scavenging pathway occurs in Citrumelo roots.
Contrarily to powerful antioxidant activity, SPs can also act as
prooxidant molecules via the phenoxyl radical (POO*) generation
in both antioxidant reactions and lignin synthesis [10,11]. Under
normal growth conditions these radicals have not a harmful proox-
idant activity, because they are rapidly changed to non-radical
products by polymerization reactions or to parent phenolics by
enzymatic and non-enzymatic reductions [41]. However, under
stressful conditions the heavy metals can act as spin stabilizers of
POOs*, giving a longer radicals’ lifetime and consequently enhanc-
ing the SPs-prooxidant effects [39]. As prooxidant molecules, SPs
can induce the lipid peroxidation of PUFAs [41]. According to our
data, LOX, MDA and SPs contents increased in Cd-exposed roots,
but the SPs accumulation was less pronounced; suggesting that
ROS-induced- and LOX-catalyzed-lipid peroxidation are the main
lipid oxidative pathways operating in Citrumelo roots. Therefore,
we hypothesized that SPs mainly are channeled via G-POD activ-
ity toward the synthesis of lignin and other cell wall polymerized
phenolic compounds which contribute to immobilize the Cd in

roots. Cell wall lignification naturally occurs during the root devel-
opment, but prematurely it also occurs in response to different
biotic and abiotic stresses. Many POD isoenzymes catalyze lignin-
related oxidations being G-POD and S-POD the best characterized
POD activities involved in lignin synthesis [42]. In our study G-POD
activity increased significantly under Cd exposure whereas S-POD
activity decreased compared with Cd-untreated roots (Fig. 2A and
B). This fact suggests that G-POD rather than S-POD is the main
POD isoenzyme involved in Citrumelo root lignification. Our results
disagrees with previous reports indicating that S-POD is the main
POD activity involved in lignin synthesis due to only cell walls that
are undergoing this activity are able to oxidize syringaldazine [43].
Conclusive evidence on the involvement of G-POD activity in the
lignification occurring in Cd-treated Citrumelo roots was provided
by us, via the direct correlation observed between measured G-
POD activity and H,0, accumulation with in situ histolocalization
of lignin deposition, G-POD activity and H,O, production in these
roots (Figs. 2A, 4A-C, 5A-F and Table 2). Contrarily, the S-POD activ-
ity did not show any correlation with both lignin synthesis and
H,0, accumulation. Supporting the postulated protective mecha-
nism:

SPs synthesis — lignin deposition — Cd immobilization

we found in Citrumelo roots under 5 wM Cd a metal concentrations
over 70-f higher than the observed in aerial part (stem+leaves)
(Table 1). Although the histochemical localization of Cd and lignin
were coincident under both Cd concentrations, attempts to his-
tochemical detection of SPs failed. Direct correlations between
POD activity and SPs content under Cd stress were also found in
Matricaria chamomilla roots [38], Crotalaria juncea leaves [40], and
Brassica juncea shoots [44]. Despite the role that exodermis and
endodermis suberization plays to avoid the entry of heavy metals
into the plant [45], in our study practically no visible differences
in suberin deposition between Cd-treated and Cd-untreated roots
were observed (Fig. 5G-1)

5. Conclusion

Enhanced activities of antioxidant enzymes including G-POD
activity associated to lignin synthesis, as well as increased con-
tents of both SPs and H,0, observed in this study suggest that in
Citrumelo roots exposed to environmental realistic Cd concentra-
tions an efficient ROS scavenging system to mitigate the oxidative
stress and an active mechanism to retain the Cd in roots avoiding
its transport to aerial parts, are occurring. Histochemical detection
of Cd, lignin, H,0,, 0,*~ and G-POD also contribute to support this
conclusion.
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