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Abstract

The present study investigates the effect of soil amended with sewage sludge on oxidative
changes in zucchini and cucumber plants (Cucurbitaceae) and the consequent activation of
their antioxidative systems and detoxification mechanisms. The plants were grown in pots
containing soil amended with three concentrations of sewage sludge (1.8 g, 5.4 gand 10.8
g per pot), while controls were potted with vegetable soil. The activities of three antioxidative
enzymes, ascorbate peroxidase (APx), catalase (CAT) and guaiacol peroxidase (POx),
were assessed, as well as of the detoxifying enzyme S-glutathione transferase (GST). Lipid
peroxidation was evaluated by measuring the extent of oxidative damage; a-tocopherol
content, the main lipophilic antioxidant, was also measured. Visible symptoms of leaf blade
damage after sewage sludge application occurred only on the zucchini plants. The zucchini
and cucumber plants showed a range of enzymatic antioxidant responses to sewage
sludge application. While APx and POx activities increased significantly with increasing
sludge concentration in the zucchini plants, they decreased in the cucumber plants. More-
over, although the activity of these enzymes increased gradually with increasing doses of
sewage sludge, these levels fell at the highest dose. An inverse relationship between perox-
idases activity and CAT activity was observed in both investigated plant species. In con-
trast, although GST activity increased progressively with sludge concentration in both the
zucchini and cucumber leaves, the increase in GST activity was greater in the zucchini
plants, being visible at the lowest dose used. The results indicate that signs of sewage
sludge toxicity were greater in zucchini than cucumber, and its defense reactions were
mainly associated with increases in APx, POx and GST activity.

Introduction

The production of sewage sludge is steadily increasing, and with it the importance of the ques-
tion of its safe and sustainable disposal, as it often contains a variety of toxic compounds.
These pollutants include inorganic compounds such as heavy metals, and organic chemicals,
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such as Polycyclic Aromatic Hydrocarbons (PAHs) and other Persistent Organic Pollutants
(POPs) characterized by high persistence, potential for bioaccumulation, biomagnification,
and toxicity [1-6]. Consequently, the storage and utilization of such deposits present a risk for
the environment, and specific methods are required to ensure safe disposal.

One such method is phytoremediation, which is based on the use of physiological processes
of vegetation and microorganisms to extract, degrade, stabilize and/or remove contaminants
from given matrices [7-9]. However, the plants used in phytoremediation not only need a high
capacity to absorb pollutants, but also should be resistant to the stress caused by their presence.
Plant-based techniques are inexpensive and socially acceptable, can be applied on a large scale
and in most cases are carried out successfully. Although phytoremediation techniques are
known to be capable of removing heavy metals [10-12], the process of organic compound phy-
toremediation still requires elucidation. The key problems are associated with the hydropho-
bicity of organic compounds (log K, between 5.0 to 8.3). Studies have shown that substances
with a log K, greater than 3.5 are not available to plants, since they are strongly adsorbed by
soil particles and do not pass into the soil solution from which they could be taken up [13-14].
However, an exception is the group of plants belonging to the Cucurbitaceae, including among
others, the cucumber, squash and pumpkin [15-17]. This group of plants has the potential to
accumulate higher levels of organic compounds in their tissues [5, 17-30], and the accumulated
compounds have been found to originate from the soil rather than the air [15].

The use of sludge contaminated with a range of inorganic and organic compounds as fertil-
izer may affect the development and physiology of the plants grown on it. On the one hand,
the addition of sewage sludge to soil creates better conditions for plant growth by improving
the physicochemical properties of soils, such as total organic carbon content, cation exchange
capacity and microbiological profile [31-32]. On the other hand, repeated application of sew-
age sludge increases not only the heavy metal content in soil, but also its uptake and accumula-
tion in plant tissues [33]. Therefore, a number of studies have assessed the methods used to
reduce sludge toxicity, such as composting the sludge with plant material [32], the use of sur-
factant amendment [6] or conversion of sludge to sewage sludge biochar [34]. Most current
studies regarding the impact of sewage sludge on crops concern mainly biomass growth or
improvement of soil conditions. There are few papers addressing the biochemical changes
caused by the application of sewage sludge.

Many worldwide studies report that abiotic stresses, such as the presence in soil of inorganic
compounds, such as heavy metals [35], or organic compounds, such as PCBs and PCDD/F [5],
or the presence of osmotic stress [36], UV radiation [37] and acid rain [38-40] are the main
causes of secondary oxidative stress [41]. This phenomenon, occurring in plant tissues, is char-
acterized with overproduction of Reactive Oxygen Species (ROS) such as superoxide anions
(0,7), hydroxyl radicals (-OH) and peroxyl radicals (ROO-), singlet oxygen ('O,) and hydro-
gen peroxide (H,0,). These molecules are highly reactive and may cause the oxidation of
important cellular compounds, resulting in lipid peroxidation and irreversible protein degrada-
tion, as well as reduced plant growth and development, by damaging nucleic acids and other
biologically important molecules. Although ROS are produced as a natural phenomenon in
plant tissues which accompanies photosynthesis and respiration [42], the balance between
their production and disposal is disturbed under oxidative stress.

One symptom of lipid damage is the presence of elevated levels of the end products of poly-
unsaturated fatty acid oxidation. These compounds react with thiobarbituric acid (thiobarbitu-
ric acid-reactive-substances; TBARS) to form a chromogen. TBARS concentration is reliable
marker of lipid peroxidation. Plants possess extensive and efficient enzymatic and non-enzy-
matic antioxidant defense systems which operate to control the cascade of uncontrolled oxida-
tion and to protect plant cells from oxidative damage by scavenging ROS. Antioxidative
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enzymes such as superoxide dismutase (SOD; EC 1.15.1.1) [43] or catalase (CAT; EC 1.11.1.6)
[44] can directly remove ROS, while such others as ascorbate peroxidase (APx; EC 1.11.1.1) or
glutathione reductase (GR; 1.8.1.7), related to the Halliwell-Asada cycle, work using low molec-
ular weight antioxidants [45]. Another group of antioxidant enzymes comprises phenolic per-
oxidases, e.g. guaiacol peroxidase (POx; EC 1.11.1.7) [46]. These enzymes are present in the
plant cell wall in soluble forms. The peroxidases involved in the defense response are responsi-
ble for the stiffening of the cell wall. The non-enzymatic system includes antioxidants such as
ascorbic acid [47], glutathione and other non-protein thiol groups [48], phenolic compounds
[49], carotenoids and a.-tocopherol [50].

Glutathione S-transferase (GST; EC 2.5.1.18) [51] is one of the biotransformation enzymes
which take part in the second phase of xenobiotic detoxification and catalyse conjugation of
the chemical pollutant to an endogenous substrate: reduced glutathione. Plant GST's were dis-
covered as a part of herbicide detoxification in terrestrial plants but many authors have demon-
strated their involvement in the detoxification of polycyclic aromatic hydrocarbons (PAHs),
PCBs and heavy metals [5, 12, 52].

This study evaluates the physiological response of two plant species belonging to the Cucur-
bitaceae family, zucchini and cucumber, to the compounds present in sewage sludge. To iden-
tify differences between the two investigated species, the following characteristics were
examined: morphological change, degree of oxidative reaction assessed as TBARS content, and
the concentration of o-tocopherol, the main lipophilic, non-enzymatic antioxidant. In addi-
tion, the study measures the enzymatic activities of APx, CAT and POx to determine the effi-
ciency of the antioxidative system, and uses GST activity to evaluate the performance of
detoxification reactions.

Materials and Methods
Soil preparation

Sewage sludge from the Lodz Municipal Wastewater Treatment Plant (LM WWTP) was col-
lected. It was dried at 70°C for 72 hours, then homogenized into small particles with a mortar
and used as soil fertilizer for zucchini and cucumber cultivation. The information regarding the
content of toxic substances in control soil and in the soil amended with sewage sludge at dose of
9 t-ha! is presented in Table 1. The vegetable potting soil (specific for the above vegetable
growth) used in the experiment was from Hollas Sp. z o.0. Paslek. Sewage sludge was obtained
from the resources of the Lodz Wastewater Treatment Plant (location: Sanitariuszek 66, 93-469
16dz, Central Poland) as part of a research and scientific cooperation between the Wastewater
Treatment Plant, the University of Lodz and the European Regional Centre for Ecohydrology of
the Polish Academy of Sciences, Lodz. Our experiment was carried out in the growth chambers
in the laboratory of the Department of Plant Physiology and Biochemistry, University of Lodz.

Four treatments were used: a control (C) in which no sludge was added, and three treat-
ments of 1.8 g, 5.4 g and 10.8 g sewage per pot. The first corresponds to a dose of 3 tonnes ha™
yr'! permitted by the Regulation of the Minister of the Environment dated 6 February 2015
concerning municipal sewage sludge (Dz.U. Nr 2015 r., poz. 257); the second is equivalent to 9
tonnes, the permitted amount for three years applied in one dose; and the third, 18 tonnes ha™*
yr! is above the permitted level. Treatments are designated by the numerical dose per pot.

Plant material

Zucchini (Cucurbita pepo L.) cv “Atena Polka” and cucumber seeds (Cucumis sativus L.) cv
“Cezar” were germinated in Petri dishes for seven days and the seedlings were planted into
either control or sewage sludge-amended soil. They were grown in a growth chamber at
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Table 1. Physico-chemical properties of the untreated and sewage sludge amended soil at the dose

of9t-ha™.
Properties Unit Control Soil mixed with 9 t/ha of sewage sludge
pH 6.02+/-0.4 6.4+/-0.4
Total Organic Carbon ag/kg 15.18 22.67
Total Nitrogen % 0.52+/-0.08 0.66+/-0.10
N-NO3 mg/kg d.w. 782+/-234 859+/-257
P mg/kg d.w. 437+/-88 728.7+/-146
K mg/kg d.w. 2341+/-445 2809+/-534
Ca mg/kg d.w. 2640+/-501 2755+/-523
Mg mg/kg d.w. 1099 1221
Cl mg/kg d.w. 69.4+/-17.4 127.3+/-31.8
Na mg/kg d.w. 150 190
Pb mg/kg d.w. 5.7+/-1.4 7.1+/-1.8
Cd mg/kg d.w. <0.21 <0.21
Cr mg/kg d.w. <4.2 31.3+/-6.4
Cu mg/kg d.w. 22.2+/-4.6 31.3+/-6.4
Ni mg/kg d.w. 4.9+/-1.1 6.4+/-1.5
Zn mg/kg d.w. 22.4+/-4.2 72.8+/-13.6
Fe mg/kg d.w. 2297+/-430 3311+/-619
Mn mg/kg d.w. 115+/-23.7 112.3+/-23.1

doi:10.1371/journal.pone.0157782.t001

23 + 0.5°C with 16 h light/8 h dark cycle with 250 umol m™*s™' photon flux density during the
light period and 60% relative humidity. Three-week old zucchini plants and five-week old
cucumber plants with five fully expanded leaves were used for subsequent analysis. All bio-
chemical analyses were carried out on the second, third and fourth leaves from the control and
treated plants. The leaves were harvested in the middle of the 16 h light period.

Preparation of enzyme extracts from leaf tissues

The leaves of the zucchini and cucumber plants were ground (1:10, w/v) in an ice-cold mortar
using 50 mM sodium phosphate buffer (pH 7.0) containing 0.5 M NaCl, 1 mM EDTA, and 1
mM sodium ascorbate. The slurry was filtered through two layers of Micracloth. The filtrates
of homogenized zucchini and cucumber leaves were then centrifuged (15000g x 15 min). After
centrifugation, the supernatant was collected and APx, CAT, GST and POx activities as well as
protein concentration and degree of lipid peroxidation were measured.

Enzyme assay

APx activity [EC 1.11.1.11] was assayed following the oxidation of ascorbate to dehydroascor-
bate at 265 nm (e = 13.7 mM ' cm™) according to Nakano and Asada with some modifica-
tions [53]. The assay mixture contained 50 mM sodium phosphate buffer pH = 7.0, 0.25 mM
sodium ascorbate, 25 pM H,0O, and the enzyme extract (5-10 pg protein). The addition of
H,O, started the reaction. The obtained values were compared with those of another reaction
mixture without the enzyme extract to correct for non-enzymatic oxidation of ascorbate. The
enzyme activity was expressed in nkat mg™' protein.

CAT activity [EC 1.11.1.6] was measured spectrophotometrically according to Dhinsa et al.
[43]. A reaction mixture composed of 50mM sodium phosphate buffer (pH = 7.0), 15 mM
H,0, and the enzyme extract (5-10 pg protein) was used. The decomposition of H,0, (g =
452 mM™"' cm™") was measured at 240 nm. CAT activity was expressed in pkat mg™ protein.
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The total GST activity [EC 2.5.1.18] was determined with 1-chloro-2,4-dinitrobenzene
(CDNB) according to Habig et al. with some modification [54]. GST catalyses the conjugation
of L-glutathione (GSH) to CDNB through a thiol group of GSH. The product of CDNB conju-
gation with GSH, dinitrophenyl thioether, absorbs at 340 nm (& = 9.6 mM ™ em™). The reac-
tion solution contained 100 mM potassium phosphate buffer (pH 6.25), 0.75 mM CDNB, 30
mM GSH and the enzyme extract (50 pg protein). The enzyme activity was expressed in nkat
mg ' protein.

POx activity [EC 1.11.1.7] was assayed with guaiacol according to Maehly and Chance, with
modifications, [55]. The reaction mixture contained 49 mM sodium acetate buffer (pH 5.6) 5
mM guaiacol, 15 mM H,0,, and the enzyme extract (15-25 ug protein). A linear increase in
absorbance at 470 nm was observed due to the formation of tetraguaiacol (the millimolar
extinction coefficient of tetraguaiacol at 470 nm; € = 26.6 mM ™' cm™"). This was monitored for
four minutes at 25°C. The enzyme activity was expressed in pkat mg™ protein.

All assays were performed spectrophotometrically (UNICAM UV 300 UV -visible spec-
trometer) at 25°C.

Degree of lipid peroxidation (TBARS)

Concentration of lipid peroxides was estimated spectrofluorometrically according to Yagi [56]
by measuring the content of 2-thiobarbituric acid reactive substances (TBARS). The concentra-
tion of lipid peroxides was calculated in terms of 1,1,3,3-tetraethoxypropane, which was used
as a standard and expressed in nmol g™ fresh mass.

Protein content

The protein content was determined by Bradford’s method [57] with standard curves prepared
using bovine serum albumin.

Determination of a-tocopherol

Whole leaves were homogenized (1:5 w/v) in an ice-cold mortar using 50 mM sodium phos-
phate buffer, pH 7.0, containing 0.5 M NaCl, 1 mM EDTA and 1 mM sodium ascorbate. Crude
homogenate obtained after filtration was assayed for o-tocopherol content according to Taylor
et al. [58]. After saponification of the sample with KOH in the presence of ascorbic acid, o-
tocopherol was extracted with n-hexane. Fluorescence of the organic layer was measured at
280 nm (excitation) and 310 nm (emission) using a F-2500 Fluorescence Spectrophotometer
(Hitachi, Limited, Tokyo Japan). The concentration of o.-tocopherol was expressed as pug g
fresh mass of the original plant tissue.

Statistical analysis

All measurements were performed in two replicates in three to four independent experiments
(n = 6-8). Variation is given as the standard deviation (S.D.) of means. The nonparametric
Mann-Whitney Rank Sum Test was used to evaluate the significance of differences between
mean values. P = 0.05 was taken as the level of significance.

Results

Some visible symptoms in the form of small protrusions of leaf surface were observed on zuc-
chini plants immediately after the application of the smallest dose of sewage sludge (Fig 1).
Although this dose did not cause any other morphological changes, the two higher doses pro-
duced more severe, visible damage.
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Chlorotic spots and bleaching appeared in some parts of the leaf surface, particularly within
the ribs, for the plants treated with the medium dose (5.4g). These changes were found most
commonly on the oldest leaves and the intensity of changes increased with leaf age. Addition-
ally, the edges of the leaves demonstrating these changes were slightly rolled downward and
the surface was distorted between the leaf ribs.

At the highest dose (10.8g), the changes were similar but more intense: the white spots on
the leaves were more numerous, necrotic changes appeared particularly on the edges of the
leaves and the leaves themselves became umbrella-shaped. Moreover, the plants were much
smaller than controls. In contrast to zucchini, no signs of damage were seen on cucumber
plants regardless of the variant.

Zucchini Cucumber

Control

1.8

5.4

10.8

Fig 1. Visible injuries on leaves of zucchini and cucumber grown on the control and sewage sludge
amended soil.

doi:10.1371/journal.pone.0157782.g001
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Fig 2. TBARS concentration in the leaves of zucchini (square without filling) and cucumber (square
with dots) grown on the control and sewage sludge amended soil. Concentrations are expressed in nmol
g f.m. Bars represent S.D. of means (n = 5-8). Symbols (*), (**), and (***) indicate values that differ
significantly from controls at P<0.05, P<0.01, and P<0.001, respectively. Activities are expressed in nkat mg™

protein.

doi:10.1371/journal.pone.0157782.9002

Sewage sludge application did not cause significant changes in TBARS concentration, an
indicator of oxidative lipid damage, in the zucchini nor the cucumber plants (Fig 2). TBARS
concentrations were slightly higher at medium and high doses (5.4g and 10.8g) in the zucchini
leaves and in the low and medium doses (1.8g and 5.4g) in cucumber. However, the changes
were statistically significant only in the cucumber leaves at the medium dose of 5.4g (129% of
the control value, P<0.05).

The concentration of a-tocopherol, a lipophilic antioxidant, increased with sewage sludge
addition both in the zucchini and cucumber leaves. However, significant changes were
observed only for the maximum dose of 10.8g: 265% (P<0.01) for zucchini and 160%

(P<0.05) for cucumber, compared with the control (Fig 3).

The nature of the changes observed for the antioxidative enzyme system was closely con-
nected with both the investigated plant species and with the dose of sewage sludge. In the leaves
of the zucchini plants, APx activity was highest at the medium dose (5.4g) (270% of the control
value; P<0.001); however it was still significantly higher than controls at the other doses: 178%
for 1.8g (P<0.01) and 217% for 10.8g (P<0.001) (Fig 4). In contrast, the cucumber plants dem-
onstrated significant decreases to 55% (P<0.01), 53% (P<0.01) and 47% (P <0.05) for doses of
1.8g, 5.4g and 10.8g, respectively.

CAT activity showed the opposite tendency. While it decreased to 89% (P<0.05) and 79%
(P<0.01) of control values in the zucchini leaves, it increased to 116% (P<0.01) and 128%
(P<0.05) of control values in the cucumber leaves for the 5.4g and 10.8g doses, respectively
(Fig 5).

POx activity increased in the zucchini leaves to 149% (P<0.05), 265% (P<0.001) and 234%
(P<0.001) of control values, and decreased to 67% (P<0.001), 63% (P<0.001) and 48%
(P<0.001) of controls in the cucumber leaves, for the 1.8g, 5.4g and 10.8g doses, respectively

(Fig 6).
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Fig 3. a-Tocopherol concentration in the leaves of zucchini (square without filling) and cucumber
(square with dots) grown on the control and sewage sludge amended soil. Concentrations are
expressed in yg g’ f.m. For further explanation, see Fig 2.

doi:10.1371/journal.pone.0157782.g003

The activity of GST, one of the main detoxifying enzymes, was increased in the leaves of
both investigated plants. In the zucchini plants, GST activity increased even after the addition
of the smallest dose of sludge, reaching 123% (P<0.01), 193% (P<0.001) 199% (P<0.001) of
control values for the 1.8g, 5.4g and 10.8g doses respectively. In the cucumber leaves, GST
activity was found to be 124% (P<0.05) and 175% (P<0.01) of control values for the 5.4g and
10.8g doses, respectively (Fig 7).

45

40 APXx

35

30

25

20

15

10

APx activity [nkat mg'1 protein]
—

Control 1.8 5.4 10.8
Experimental variant

Fig 4. Activity of APx in the leaves of zucchini (square without filling) and cucumber (square with
dots) grown on the control and sewage sludge amended soil. For further explanation, see Fig 2.

doi:10.1371/journal.pone.0157782.g004
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Fig 5. Activity of CAT in the leaves of zucchini (square without filling) and cucumber (square with
dots) grown on the control and sewage sludge amended soil. Activities are expressed in pkat mg™
protein. For further explanation, see Fig 2.

doi:10.1371/journal.pone.0157782.9g005

Discussion

Although abiotic stresses are known to have a significant influence on plants, the impact of
sewage sludge supplementation on plant growth and oxidative damages remains poorly under-
stood, as does antioxidative response. Our findings demonstrate the different responses to sew-
age sludge application by zucchini and cucumber, two members of the Cucurbitaceae family.
Due to its high organic matter and nutrient content, sewage sludge is regarded as an excellent
fertilizer; however, the presence of associated micropollutants can hamper this positive influ-
ence on plant growth and development.

Our findings indicate that sewage sludge has a stronger effect on the zucchini than the
cucumber plants, as demonstrated by the changes observed on the leaves after sewage sludge
application. This difference could be attributed to either an increased sensitivity of zucchini
plants to the substances present in the sewage sludge, or to a greater uptake of toxic compounds
from the soil. In fact, some studies report that zucchini plants take up persistent organic pollut-
ants (POPs) such as PCDD, PCDF and PCB from soil to a greater extent than cucumber plants
[15, 23-24]. Many reports have identified discrepancies between members of the Curbitaceae
with regard to their uptake of hydrophobic components: for example, zucchini were found to
be far more contaminated with chlordecone than cucumber plants grown in the same medium
[59]. Moreover, there is evidence that zucchini can accumulate metals such as zinc and cad-
mium to a similar extent as spinach, which is known to be an effective bioaccumulator of heavy
metals [60]. Hence, the morphological changes such as white spots or protrusions observed on
the zucchini leaf blades in the present study (Fig 1) may well be the result of higher accumula-
tion of toxic substances from the applied sewage sludge than demonstrated by the cucumber
plants. For effective phytoremediation of pollutants present in sewage sludge, it is crucial to use
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Fig 6. Activity of POx in the leaves of zucchini (square without filling) and cucumber (square with dots) grown on
the control and sewage sludge amended soil. Activities are expressed in pkat mg™' protein. For further explanation, see

Fig 2.

doi:10.1371/journal.pone.0157782.g006

plants that have the ability to take up, translocate and accumulate the toxic substances it
contains.

Environmental stresses may cause excessive ROS formation, which has the potential to
interact with many cellular components, resulting in inter alia damage to membrane lipids and
proteins. Many reports indicate that oxidative stress is an important component of the plant
response to various toxic chemicals such as heavy metals [35], insecticides [61] or herbicides
[62]. The concentration of TBA-reactive substances is one indicator of the degree of lipid oxi-
dative damage. Although damage to the zucchini leaves was visible, only a slight increase in
TBARS concentration was found in the tissues (Fig 2). This greater degree of lipid peroxidation
appeared only in the 5.4g and 10.8g sewage samples, and these doses correlated with the sever-
ity of changes observed on the leaves. However, the concentration of a-tocopherol, the main
antioxidant of the lipid fraction, also increased significantly in these variants, particularly for
the maximum (10.8g) dose (Fig 3); this reflects its protective role, which is associated with pre-
venting the formation of lipid peroxides from cellular lipids. In contrast to zucchini, the
cucumber plants did not show any morphological changes nor any progressive increase in
TBARS related to stress severity; however, the variant administered the highest dose of sewage
sludge (10.8g) did display elevated levels of a-tocopherol. It is possible that in the case of
cucumber plants, the antioxidant defense was not sufficient to completely block the formation
of lipid peroxides at the 5.4g dose. For the 10.8g sample, the increase in a-tocopherol concen-
tration was much lower in cucumber (163% of control) than zucchini plants (267% of control).

PLOS ONE | DOI:10.1371/journal.pone.0157782 June 21,2016 10/17



el e
@ ' PLOS ‘ ONE The Different Physiological and Antioxidative Zucchini and Cucumber Responses to Sludge Application

1.4

GST
1.2

0.8

0.6

0.4

GST activity [nkat mg . protein]

0.2

Control 1.8 5.4 10.8
Experimental variant

Fig 7. The activity of GST in the leaves of zucchini (square without filling) and cucumber (square with
dots) grown on the control and sewage sludge amended soil. Activities are expressed in nkat mg™
protein. For further explanation, see Fig 2.

doi:10.1371/journal.pone.0157782.g007

The type of technology used for sludge treatment is another factor with a significant impact
on the oxidative damage experienced by the plants and their antioxidative response. The appli-
cation of anaerobic mesophillic digested (AM) and autothermal thermophilic aerobic digested
(ATAD) sludge on alfalfa (Medicago sativa L.) plants caused a significant increase in the con-
centration of malondialdehyde (MDA), a major cytotoxic product of lipid peroxidation, in the
underground plant organs but not in the leaves [63]. Supplementation with AM sludge, the
type used in the present study, tends to result in a lesser degree of oxidative stress in plant tis-
sues than ATAD sludge. Moreover, the ability to scavenge ROS excess appears to be more suc-
cessful in plants treated with AM than those with ATAD sludge. It is possible that the small
range of lipid oxidative damage observed in the tested zucchini and cucumber plants may be
due to the fact that AM technology was used to treat the sludge. It has been found that refinery
sludge inhibited the growth of alfalfa and induced oxidative stress, but had little impact on
lipid peroxidation [64], while another study showed that in alfalfa plants, the application of
sewage sludge was associated with a significant reduction in the degree of oxidative damage to
lipids during drought, as well as H,O, concentration [65]. It is possible that the wide range of
nutrients present in the sludge exert a beneficial influence by reducing the effect of toxic sub-
stances that can cause oxidative stress, and consequently, oxidative damage.

On the other hand, the degree of lipid peroxidation (TBARS content) in Sinapis alba, Triti-
cum aestivum, Phaseolus vulgaris and Vicia faba seedlings was found to clearly increase in the
presence of pollutants such as 1,2,4 —trichlorobenzene, carbazole, fluorene or phenanthridine.
In these cases, TBARS content could be considered a biomarker for this kind of soil contamina-
tion [66-67] and serve as an early warning of phytotoxicity in vivo.

One defensive strategy used by plants to counter the effects of oxidative stress is based
around adjusting the response to the environmental stressors through changes in the activity of
antioxidant enzymes. The zucchini and cucumber plants investigated in this study showed a
diversity of enzymatic antioxidant responses to sewage sludge application. While APx activity
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in the zucchini plants increased significantly after the application of sewage sludge, it decreased
in the cucumber plants (Fig 4). Moreover, similar changes were observed in the tested plants
with regard to POx activity (Fig 6). The activities of APx and POx in the leaves of zucchini plants
changed in a concentration-dependent manner: rising with increasing quantities of sewage
sludge, reaching their highest value in the 5.4g sample, and then falling in the highest sewage
sludge dose (10.8g). Nevertheless, the values observed at 10.8g were still higher than controls.

A similar trend in APx activity, first increasing and then declining, was also observed in
Arabidopsis thaliana plants treated with increasing phenantrene concentrations [68]. Both
APx and glutathione peroxidase activity changed in the same way in Arabidopsis thaliana
plants exposed to 2,3,7,8-tetrachlorinated dibenzo-p-dioxin [69]. A similar situation concern-
ing APx and POx was also found in phenol-treated Arabidopsis thaliana plants [70]. It is possi-
ble that the decline in APx and POx activities observed at the maximum sewage sludge dose
(10.8g) indicates that the production of toxic ROS may have overwhelmed the plant antioxi-
dant systems at this dose, causing the observed damage to tissue structures.

In both the zucchini and cucumber plants, an inverse relationship was observed between
the activity of peroxidases and the activity of CAT. While in the zucchini plants, APx and POx
activity rose and CAT activity fell with increasing amounts of sewage sludge, the opposite situa-
tion was observed in the cucumber plants (Figs 4-6). It is worth noting that the morphological
changes appeared only on the zucchini leaves. It cannot be excluded that, in the investigated
plants, this behavior may be associated with a model of antioxidant response where APx and
GST activities rise and CAT decreases. It is possible that despite the transient increase in
TBARS concentration, morphological changes on the leaves of cucumber plants were pre-
vented by increased CAT activity, and stressor-triggered biochemical changes tend to appear
much earlier in plant tissues than visible toxicity symptoms. On the other hand, CAT activity is
highly sensitive to the presence of many toxic substances; for example cyanide, azide, hydroxyl-
amine, 3-amino-1,2,4-triazole, mercaptoethanol, urea and H,O, have been found to act as
CAT inhibitors [71-73]. As zucchini plants have been found to be capable of more efficient
absorption of substances from the soil, including toxic substances, it seems possible that the
presence of absorbed substances or their metabolites in tissues may inhibit CAT activity. In
addition, CAT is not capable of decomposing H,O, if the compound is present at concentra-
tions too low for APx activity, due to its high Michaelis constant (K,,) [71]. H,O, acts as a sig-
naling molecule: it initiates a signal transduction leading to enzyme activation or the
expression of genes encoding such proteins as GST and POx [74]. A rapid decline of CAT
mRNA observed the phenanthrene-treated Arabidopsis thaliana plants has been attributed to
an attempt to increase H,O, signaling and induce PCD [68]. Similar changes have also been
observed after O3 and Cd ** stress [75-76]. Previous studies suggest that reduction of CAT
activity is a distinctive, non-specific reaction of plants to stress factors such as low temperature
[77], salinity [78], water deficit [79], SO, fumigation [80], herbicides [81] and acid rain [82].

Similar trends were seen in GST activity in both zucchini and cucumber leaves; it increased
gradually with the quantity of sewage sludge used. However, the increase in GST activity was
higher in the zucchini plants and was observed even at the lowest administered dose. Increased
GST activity in plant tissues indicates exposure to xenobiotics [83]. GST catalyzes the conjuga-
tion of electrophilic substrates with reduced glutathione, resulting in the formation of products
which are more polar and less toxic [52, 84]. In other studies, GST activity has been found to
significantly increase after exposure to a range of pollutants, including PAHs [67], hexachloro-
benzene [83] and atrazine [85], and during detoxification of heavy metals [86-88]. The activity
of GST was fond to be significantly elevated in the aquatic macrophyte Ceratophyllum demer-
sum when exposed to low 3-chlorobiphenyl concentrations [89]. However, reduced GST activ-
ity was observed at higher 3-chlorobiphenyl levels, suggesting that its capacity may be limited.
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Among the investigated plants of the Cucurbitaceae family, zucchini showed more pro-
nounced signs of toxicity than cucumber after sewage sludge application. The defensive reac-
tions of zucchini plants are mainly associated with increases in peroxidase, APx, POx and GST
activity. As the results of the lipid peroxide assay indicate a low level of oxidative damage in the
tested plant tissues, the antioxidant system appears to function efficiently. However, further
studies are needed to integrate knowledge about the activity and efficiency of the antioxidative
system, and the detoxification reactions associated with the uptake of toxic compounds such as
heavy metals and organic substances from sewage sludge.
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