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Abstract: Polygonum orientale with beautiful red flowers can be found as one dominant species in the vicinity
of most water bodies and wetlands in China. However, its phytoremediation potential has not been sufficiently
explored because little is known about its resistance to inorganic or organic pollutants. We investigated P. orientale
response to low and moderate levels of phenol stress (< 80 mg L'). Endpoints included phenol tolerance of
P, orientale and the removal of the pollutant, antioxidant enzyme activities, damage to the cell membrane, osmotic
regulators and photosynthetic pigments. In plant leaves, phenol stress significantly increased the activities of
peroxidase (POD) and catalase (CAT), as well as the contents of proline, soluble sugars and carotenoids, whereas
superoxide dismutase (SOD), H,O, and electrolyte leakage (EL) levels remained unaltered. On the other hand,
there were significant decreases of soluble protein and chlorophyll contents. We demonstrated that, in combination
with phenol tolerance and its removal, P. orientale has efficient protection mechanisms against phenol-induced
oxidative damage (< 80 mg L'). We propose that P. orientale could be used as an alternative and interesting

material in the phytoremediation of phenol.

Introduction

Phenol is an aromatic organic compound with a characteristic
pungent odor and is highly toxic. The production of phenol
arises from the rapid development of chemical industries, such
as petrochemicals, paper-making and pharmaceutical products
(Jordan et al. 2002). Consequently, phenol contaminated
wastewater is being discharged into aquatic environments in
China (Yu et al. 2007).

The discharge of phenol into aquatic environments
is increasingly restricted (Coniglio et al. 2008). However,
Paisio et al. (2009) reported that phenol concentrations in
the 50-600 mg L' range still occur in aquatic environments.
These concentrations may potentially harm the growth and
propagation of aquatic species and cause serious health issues
in humans (D’Alessandro et al. 2012). Numerous techniques
have been developed to eliminate or degrade phenolic
contaminants such as distillation, extraction using organic
solvents, membrane adsorption and separation. However,
there are limitations with these methods, e.g. low efficiency,
high cost, toxic compound formation and secondary pollution
(Busca et al. 2008).

Phytoremediation is an efficient, economical, eco-
-friendly and aesthetically advantageous method using plants
to enrich, degrade and absorb toxic compounds. There are
some successful examples of higher plants for phenol removal
(Flocco et al. 2002, Ibafiez et al. 2012, Singh et al. 2008).
However, for remediating and beautifying the banks of water

bodies in the urban environment, these plant species are still
limited. Recently, we screened for phenol resistant plants with
ornamental value, including potential protective mechanisms
against toxic stress.

Polygonum orientale, present in the vicinity of most
wastewater bodies and wetlands in China, could be found as
a dominant species with red flowers in the growth area (Yang
etal. 2008). It is an annual plant belonging to the Polygonaceae
family and has been used as a medicinal plant. However, its
potential phytoremediation capability has not been sufficiently
explored. We investigated the response of P. orientale to low
and moderate concentrations of phenol (< 80 mg L), assessing
the removal ratio from culture solution, lipid peroxidation
(MDA), activities of antioxidant enzymes including superoxide
dismutase (SOD), peroxidase (POD), catalase (CAT), the
number of osmotic regulators, as well as the photosynthetic
pigments in the leaves. The results could assist in estimating
the resistance mechanisms in P. orientale to phenol exposure
and its phytoremediation potential.

Experimental procedure

Plant samples and cultivation

Plant samples of P. orientale were collected from the Fenhe
River wetland (37°51'N, 112°30'E), Taiyuan, Shanxi province,
China (Fig. la). After diseased and yellowing leaves were
removed, the plants were washed. The roots were soaked in
0.1% KMnO, for 10 minutes to kill the microorganisms.
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Healthy plant material of similar size (ca. 70-80 cm high and
2.5-3 cm wide) was selected for this experiment. The plants
were cultivated in plastic buckets (25 cm diameter and 35 cm
deep) with one plant per bucket. The containers were filled
with 3 L of distilled water containing 150 ml of Hoagland
nutrient solution (pH 6.85). In addition, 30 mg CuSO, and
30 mg ampicillin were added to the buckets to inhabit algae
and other microorganisms (Coyner et al. 2001). Plants were
exposed to an outdoor space (ca. 15 h light/9 h dark; day/night
temperature of 30/27°C and 65+5% relative humidity).
After 7 day acclimation each bucket had the culture solution
renewed. To prepare the phenol culture medium, a stock phenol
solution (5 000 mg L') was added to each bucket to provide
final concentrations of 5, 20 and 80 mg L. They were based
on a previous inquiry showing that the concentration of phenol
in wastewater which discharged into aquatic environments of
Fenhe River wetland area ranged from 4.68 to 82.17 mg L.
And in our preliminary experiment, some abnormal characters
of P. orientale appeared when the phenol treatments were over
80 mg L!. Two controls (control 1 with no phenol and control
2 with no plant) were placed under the same conditions. Each
treatment (5 mg L'; 20 mg L'; 80 mg L', control 1 and control
2) was triplicated to minimize experimental error. All of the
buckets were sealed with plastic film at the top.

Phenol determination

The extracted phenol residual from the culture solution
was determined using a spectrophotometric assay, with
a wavelength of 272 nm (Wright et al. 1999), evaluated
daily for 7 days. A calibration curve was used to analyze the
remaining concentration of phenol, based on standardized pure
phenol concentrations. Results were expressed as residual
phenol, defined as the ratio between the concentration of the
phenol removed and its initial concentration. For analysis the
value was the mean + standard error (SE) of three replicate
plants per treatment.

Determination of lipid peroxidation
(MDA content), cell membrane permeability
(EL) and H,O,

Lipid peroxidation of leaves was determined using
malondialdehyde (MDA) content (Dhindsa et al. 1981). MDA
was measured following the methods of Zhou (2001) with some
modifications. Leaves (0.5 g) were immediately homogenized
in 0.25% thiobarbituric acid, heated at 98°C for 30 minutes,
then centrifuged at 10 000 % g for 10 minutes. The absorbance
of the supernatant was measured at 450 532 and 600 nm.

Membrane permeability was detected by measuring
electrolyte leakage (EL, Jia et al. 2013). The electrolyte leakage
was calculated as EL(%)=S /S,x100%, where S, was the initial
electric conductance and S, was the final electric conductance.

H,O, content was measured following the methods
in Sergiev (1997). The content of H,0, was calculated using
a standard curve, prepared from diluted commercial H,0, of
known concentrations. Absorbency was recorded at 240 nm
using the molar extinction coefficient of 43.6 M-lcm.

Antioxidant enzyme activity assays
One gram of fresh leaf material (without the main midribs)
was cut into pieces and homogenized using 1 mL of chilled

NaH,PO,/Na,HPO, buffer (PBS, 50 mM, pH 7.8) containing
0.1 mM ethylenediaminetetraacetic acid (EDTA) and 1%
polyvinylpyrrolidone (PVP). The homogenate was centrifuged
at 12 000xg for 30 min at 4°C and the resultant supernatant
was collected for protein assay and the determination of SOD,
POD and CAT activity (Li et al. 2013).

SOD activity was estimated using the modified method
of Dhindsa and Matowe (Dhindsa et al. 1981). The reaction
mixture consisted of 50 mM PBS (pH 7.8), 13 mM methionine,
75 uM nitroblue tetrazolium (NBT), 0.1 mM EDTA-Na, and
3 mL enzyme extraction. The reaction was started by adding
50 uL of 2 uM lactochrome. After 10 minute illumination
at 25°C using a non-illumination surface as reference, the
absorbance was measured at 550 nm. The dark control was
the complete reaction medium without the enzyme incubated
in the dark. One unit of enzyme activity was defined as the
quantity of SOD required to produce a 50% inhibition in the
reduction of NBT and the results were recorded as a unit of
SOD activity per milligram of protein (U mg! protein).

POD activity was measured following the modified
method of Prado et al. (2012). We added 100 uL of supernatant
to the 2 mL reaction mixture containing 50 mM potassium
phosphate buffer (pH 6.0), 1% guaiacol and 0.4% H,O.,.
Guaiacol oxidation was recorded at 420 nm against a blank
without H,O,. POD activity was expressed as U mg"' protein.
The unit of POD was defined as the amount of enzyme causing
the formation of 1 umol tetraguaiacol per minute using a molar
extinction coefficient of 26.6 nM-'cm™.

To measure CAT activity, the enzyme extraction was
added to 3 mL 50 nM PBS buffer (pH 7.0) and incubated at 25°C.
After 5 minutes the reaction was started by adding 0.02 mL 6 uM
H,O, with the absorbance changes recorded at 240 nm against
a blank without H,O, for 1 min. The result of CAT activity was
expressed as U mg! protein™'. One CAT unit was defined as the
enzyme activity that decomposed 1 pmol of H,O, per min using
amolar extinction coefficient of 39.4 mM'cm™ (Abei et al. 2013).
The antioxidant enzyme activity was measured on the 1st, 3rd, Sth
and 7th days of the experiment.

Determination of osmotic regulators

The soluble protein, proline and soluble sugar contents were
selected as the osmotic regulators. They were determined on
the 1st, 3rd, Sth and 7th days. Soluble protein was determined
using Bradford’s methods (Bradford 1976) with bovine serum
albumin as a standard and Coomassie brilliant blue as colorant.

Proline content of leaves was estimated following the
method of Bates et al. for free proline determination (Bates et
al. 1973). Plant samples (0.5 g) were homogenized in 10 ml
3% sulfosalicylic acid and heated at 100°C for 10 min. After
centrifugation at 3000 x g for 5 min, the supernatant (2 mL)
was mixed with 2 mL glacial acetic and 2 mL acid-ninhydrin
reagent in a test tube and then heated for 30 min at 100°C. After
the reaction was terminated using an ice bath, the mixture was
extracted with 4 mL of toluene. The absorbance was recorded
at 520 nm using toluene as a blank. Proline concentration was
determined using a standard curve as ug g' FW.

Sugars were determined following Li’s method (Bates
et al. 1973). Leaf dry tissue was extracted using distilled water.
In a test tube, 1 mL of the carbohydrate extract was mixed
with 9 mL anthrone sulfuric acid reagent, and then heated
at 100°C for 30 minutes. The absorbance was measured at
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630 nm against a blank containing distilled water and anthrone
reagent. Soluble sugar concentration was determined using
a calibration curve prepared with sucrose solution.

Determination of chlorophyll and carotenoids

To determine chlorophyll and carotenoid content we used
0.2 g of fresh leaf material (without the main midribs) soaked
in 25 ml 95% (V/V) ethanol at 4°C in darkness until the tissue
turned white. Using the spectrophotometer we determined
chlorophyll a, b and carotenoid contents in extracts at 649, 665
and 470 nm, respectively. These data were collected on day 1,
3,5 and 7, and calculated following the equations described by
Lichtenthaler and Wellburn (Bates et al. 1973).

Data analysis

Data were analyzed using Excel 2010 and SPSS 16.0 software.
The analyzed values were expressed as means + standard
error (SE). Data were analyzed using one-way analysis of
variance (ANOVA) with the Duncan’s multiple range tests to
separate means. All figures were created using Excel 2010 and
Photoshop CS5 software.

Results

Phenol tolerance of P. orientale and the removal

of the pollutant

The residual phenol extracted from culture solution was
invested to determine the phenol removal efficiency. For plants
exposed to 80 mg L' of phenol, the residual amount of phenol
was 57.3%, while at 20 mg L' it consistently decreased to
33.07% at the end of the experiment (Fig. 1). However, the
residual phenol at 5 mg L' dropped sharply, reaching a removal
percentage of approximately 100% after 5 days (Fig. 1). In
addition, no phenol was found in control 1 and only 0.2 mg L"!
of phenol reduction was determined in control 2.

The effect of phenol on lipid peroxidation,
electrolyte leakage and H,0, contents

MDA values in P. orientale leaves under the three increasing
phenol exposure showed similar trends. There were no
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Fig. 1. Removal efficiency of phenol. The variation in phenol
removal in culture solution by Polygonum orientale plants
treated for 7 days with three different phenol concentrations.
Each data point represents the average of three replicates,
and vertical bars indicate mean + SE

significant differences (P>0.05) between the treated and
untreated plants (Fig. 2a).

The extent of cell membrane damage estimated using
leaf electrolyte leakage was similar to the variations in MDA
content. The ion leakage in P. orientale leaves varied slightly
showing a fluctuating trend, but no significant difference
occurred compared with the control (P>0.05; Fig. 2b).

When we analyzed H,O, levels, only plants exposed
to 80 mg L' showed a significant increase in leaves after
a 5-day exposure (P<0.05). However, there was no significant
difference observed at day 7 (P>0.05; Fig. 2c¢).

The effect of phenol on antioxidant enzyme activity
The SOD activity in leaf of plants exposed to 5 mg L' of
phenol was slightly higher than that of the control group during
the experiment (Fig. 3a). However, we found no significant
difference in SOD activity between the treatments and the
control (P>0.05).

In the first 24 h, only plants exposed to the highest
phenol concentration (80 mg L) showed a significant
increase of POD activity compared with the control (Fig. 3b).
The POD activity in the leaves of plants from the other two
phenol treatments increased smoothly as phenol concentration
increased. Until day three, significant differences in POD

DOmgl m5mgL' s20mgL’ msomglL’

aad?d

Electrolyte leakage (%) MDA (n mol mg-'protein)

H,0, (umol g* FW)

Days

Fig. 2. Parameters for damage of cell membrane.

The variation in MDA levels (a), electrolyte leakage (b) and
H,O, content (c) in the leaves of Polygonum orientale treated
with four different phenol concentrations after 1, 3, 5 and
7 days. Data are presented as means + SE of three replicates.
Different letters indicate significantly different values according
to Duncan’s multiple range test (P<0.05).
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activity were observed in each treatment (P<0.05). From day 3
to 5, these values for each phenol treatment maintained higher
level compared with the control. After day 5, POD levels then
decreased in each phenol treated group until day 7. After this,
plants exposed to 80 mg L' had higher levels of POD activity
in their leaves, compared with 5 mg L' group and 20 mg L™
group which converged close to the control level.

At day 1, foliar CAT activity significantly peaked
(P<0.05; Fig. 3c) for plants exposed to 5 mg L' phenol
compared to the control ones and then gradually decreased
at higher exposures. From day 5, foliar CAT activity did not
differ between the 5 mg L' phenol treatment and the control
(P>0.05). At 20 mg L' phenol it peaked on day 3, whereas at
80 mg L its maximum values were reached on days 5 and 7.
Overall, foliar CAT activity in each treatment showed an initial
increase, and then decreased over time.

The effect of phenol on osmotic regulators

The soluble protein contents in leaves of plants treated with 20
and 80 mg L' phenol decreased significantly compared with
the control in the first 3 days, but the values increased from day
3 to day 7 (Fig. 4). Foliar protein content in plants treated with
5 mg L' was consistently higher compared with the control
over the first 3 days (P<0.05; Fig. 4a). However, at day 7, there
was no significant difference in the 5 and 20 mg L' treatments
compared with the control (P>0.05).

35, 0OO0mgl m5mgL’ m20mglL’ msomgl’

da_
a

SOD activity
(U mg-1 protein)

POD activity
(U mg-' protein)

POD activity
(Umg-' protein)

Fig. 3. Variations of antioxidative enzymes. Variations in
activities of SOD (a), POD (b) and CAT (c) in leaves of
Polygonum orientale treated with four different concentrations
of phenol after 1, 3, 5 and 7 days. Data are presented as
means * SE of three replicates. Different letters indicate
significantly different values according to Duncan’s multiple
range test (P<0.05).

Foliar free-proline concentration generally increased as phenol
exposure rose (Fig. 4b). These values increased for 3 days
before decreasing slightly. On day 5, 80 mg L' group reached
the maximum 15.64 mg g level (2.05 fold higher than the
control). During the 3rd and 5th day, significant differences
were displayed by plants in each phenol treated group compared
with the plants in control group (Fig. 4b).

Foliar soluble sugar content generally significantly
increased for plants exposed to phenol (P<0.05; Fig. 4c). The
lowest phenol treatment (5 mg L) showed a rapid increase
within 3 days, followed by a decline. Plants treated with 20 mg
L' of phenol showed a similar trend up to day 3, followed by
a slow decline. We found that plants exposed to 20 mg L' of
phenol showed the highest soluble sugar content across all
treatments. In contrast, foliar soluble sugar content in plants
treated with 80 mg L' phenol showed a relative slow increase
compared with the other two treatments, with a numerical-
-wave trend observed during the experiment (Fig. 4c).

The effect of phenol on photosynthetic pigments

Phenol stress altered chlorophyll and carotenoids content
in P, orientale leaves (Table 1). In the first 3 days, we found
significant differences in chlorophyll content (chl a, chl 5 and
chl a + b) showing a downward trend (P<0.05). The groups in
order of decreasing chlorophyll content (chl a, chl b and chl
at+b) were 80 mg L' group >20 mg L' group > 5 mg L' group,

DOmgl m5mglL’ @20mgL’ @gomglL’

Soluble Protein
(mg g'FW)

Proline content
(mg g DW)

<

(mg g-' DW)

w

Soluble sugars content

(=]

Fig. 4. Variations of osmotic regulators. Variations of total
soluble protein contents (a), proline contents (b), and soluble
sugars contents (c) in leaves of Polygonum orientale treated

with different concentrations of phenol after1, 3, 5 and 7
days. Data are presented as means * SE of three replicates.

Different letters indicate significantly different values according
to Duncan’s multiple range test (P<0.05)



www.czasopisma.pan.pl P N www.journals.pan.pl
-_—

Phytoremediation of phenol using Pol%&vl)‘rﬁ‘orientale and its antioxidative response 43

respectively. Subsequently, the chlorophyll content in 5 and
20 mg L' groups recovered respectively, with no significant
differences compared with the control on day 7 (P>0.05). The
chlorophyll content of 80 mg L' group showed a relatively
smooth recovery, with a significant difference compared with
the control (P<0.05) to day 7. For chlorophyll a/b, we found
a significant decrease (P<0.05) with plants under higher phenol
stress (20 and 80 mg L'). Conversely, carotenoid levels showed
a significant increase (P<0.05) in plants under moderate to high
phenol stress (> 20 mg L") for the first 5 days, followed by
a gradual decrease.

Discussion

Phenol tolerance of P. orientale and the removal

of the pollutant

Phenol disrupts metabolic and growth processes in plants,
although different plant species have a diversity of responses
to this compound (Flocco et al. 1973, Gonzélez et al. 1973).
Consequently, the concept that P. orientale could detoxify
and simultaneously maintain normal plant metabolism
requires investigation. The time required to achieve this
phytoremediation process also requires further research.
In hydroponics, P. orientale can remove 5 mg L'phenol in
5 days (Fig. 1). This agrees with the response of Vetiveria
zizanoides L. Nash (Singh et al. 2008). However, as the phenol
concentration increased, the removal rate dropped below 50%
and more time was needed to achieve a better removal. This
confirms previous findings with other plant species such as
alfalfa (Medicago sativa L.), which removed 100% of 100 mg
L phenol in 30 days (Flocco et al. 2002). In addition, as the

removal rate caused by physical mechanisms like evaporation
was too small in this study, it could be considered as minority
or even depreciable. Above all, we indicated that P. orientale
could tolerate phenol stress under the concentration below
80 mg L' and it maintained a relatively effective removal rate.

Analysis on the damage of cell membrane

The accumulation of malondialdehyde (MDA) is an integrated
indicator of lipid peroxidation (Smirnoff 1993). According
to Mittler’s report (Mittler 2002), high H,O, levels could
accelerate the Haber-Weiss reaction, resulting in the formation
and prompting of lipid peroxidation. In addition, ion leakage
levels are an important manifestation of membrane damage
during plant stress (Turkan et al. 2005). Thus, increases in
MDA, H,O, and EL indicate cell damage (Jia et al. 2013,
Wang et al. 2012). Leaf MDA content and electrolyte leakage
did not vary between treated and untreated P. orientale plants.
Consequently, the structure and function of cell membranes
would be unaffected by low and moderate phenol concentrations
(below 80 mg L™). Significant increase in foliar H,O, content
at higher phenol concentrations only appeared for a short
time during the experiment. This suggests the occurrence of
effective defensive mechanisms either preventing or removing
H,0O,. Our findings imply that at phenol concentrations
< 80 mg L' P. orientale plants can tolerate or avoid cellular
level damage and maintain normal metabolism.

Antioxidative response of P. orientale treated

with phenol

The antioxidant system in plants results from sequential and
simultaneous actions by several antioxidant enzymes such as

Table 1. Changes of photosynthetic pigments (Foliar chlorophyll a, chlorophyll b, chlorophyll a+b, chlorophyll a/b and carotenoid
content in Polygonum orientale plants exposed to increasing levels of phenol, at day 1, 3, 5 and 7 after the exposure.)

Days phenol stress chl a chl b chl a+b® chl a/b° Carotenoid
(mg L) (mgg™ - FW) (mgg' - FW) (mgg' - FW) (%) (mgg' - FW)
17.52+0.01 a2 6.58+0.03 a 24.10+£0.04 a 2.67+0.05 a 2.92+0.05c¢c
1 17.09+0.04 b 6.25+0.04 b 23.34+0.08 a 2.73t0.15 a 3.02+0.02 bc
40 14.44+0.05 ¢ 6.20+£0.07 b 20.64+0.12 b 2.33+0.21b 3.98+0.03 b

80 12.27+0.04 d 5.86+0.03 ¢ 18.13+0.07 ¢ 2.09+0.86 c 4.69+0.07 a
17.61+£0.06 a 6.54+0.01 a 24.15+£0.07 a 2.69+0.03 a 2.97+0.16 d

3 5 16.89+0.08 b 6.48+0.03 a 23.37+0.12 b 2.61£0.12 a 3.17+0.02 ¢
40 13.91£0.08 ¢ 5.95+0.02 b 19.861£0.10 ¢ 2.33+0.09 b 4.74+0.01 b

80 11.75+0.06 d 5.74+0.02 c 17.49+0.08 d 2.05+0.04 c 5.21+0.07 a
17.65+0.03 a 6.62+0.02 a 24.27+0.05 a 2.67+0.04 a 2.95+0.04 ¢

5 5 17.47+0.14 a 6.58+0.03 a 24.051+0.16 a 2.66+0.16 a 3.03+0.10 ¢
40 15.17+0.03 b 6.14+0.03 b 21.31£0.06 b 247+0.11 b 4.09+0.04 b

80 12.46+0.06 c 5.81+0.08 ¢ 18.2710.14 c 2.14+0.05c 5.7320.10 a
17.64+0.06 a 6.59+0.01 a 24.23+0.07 a 2.68+0.06 a 2.97+0.11 ¢

- 17.54+0.02 a 6.53+0.02 a 24.07+0.05 a 2.69+0.04 a 2.99+0.17 ¢
40 17.39+0.05 a 6.49+0.04 a 23.88+0.09 a 2.68+0.09 a 3.3320.11 b

80 15.13+0.09 b 6.04+0.03 b 21.17+0.13 b 2.51+0.16 b 4.79+0.03 a

2 Values followed by different lowercase letters for a given treatment are significantly different at P<0.05

® a+b the summation of chlorophyll a and chlorophyll b
¢ alb the content of chlorophyll a to the content of chlorophyll b
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SOD, CAT and POD. Because SOD can disproportionate O,
into O, and H,0, SOD is considered the first defensive line
playing a key role in scavenging ROS, protecting cells in higher
plants. High SOD activity has been associated with stress
tolerance in plants where the overproduction of O,  occurs
(Scebba et al. 1999). However, we found no significant change
in SOD activity in response to the presence of the xenobiotic.
This result was similar to Ibafiez et al. (2012) on Vicia sativa
L. Therefore, we indicated that the maintenance of constant
SOD levels could suffice, ensuring the plant protection against
excess O, induced by low and moderate levels of phenol
(<80 mg L', Ibanez et al. 2012).

The accumulated H,O, can be scavenged and
converted into water and oxygen by POD and CAT (Gill and
Tuteja 2010). POD is an oxidoreductive enzyme related to the
metabolism of phenol (Flocco et al. 2002). POD is the primary
H,0,-scavenging enzyme that detoxifies H,O, in the chloroplasts
and cytosol of the plant cells (Zhang et al. 2011). CAT is an
enzyme in cells that catalyzes rapid H,O, decomposition
(Tayefi-Nasrabadi et al. 2011). Both enzymes constitute the
main H,O, scavenging system in plant cells. Foliar CAT activity
in P, orientale increased sharply in the early period of phenol
treatment, with a significant decline as phenol concentrations
were reduced in the culture solutions (Fig. 3). Conversely, POD
activity showed a different response. The delayed response
indicates that POD was less sensitive than CAT in phenol
stress. Foliar POD played a significant role at the latter part of
the experiment (3—7 days) especially under the highest phenol
concentration (80 mg L"). The increase of foliar POD and CAT
activities in association with relatively small H,O, levels implies
the presence of an effective scavenging system to protect cells
from oxidative damage. Furthermore, POD and CAT play a key
role in sequentially scavenging for H,O,. These underlying
mechanisms require further investigation.

The amount of osmotic regulators

The accumulation of organic osmolytes such as soluble
protein, free proline and soluble sugars is a well-characterized
biochemical response of plant cells to stress conditions (Hare,
and Cress 1997).

Our present study indicated that higher phenol
stress (>20 mg L) significantly decreased soluble protein in
P, orientale leaves for 3 days. This result is similar to Lemna
polyrrhiza L. (John et al. 2008) and Phaseolus vulgaris L.
(Bhardwaj et al. 2009) when plants were under heavy metal
stress. These results might occur from the oxidative damage
to plants through the formation of reactive oxygen, causing
damage to proteins and chlorophyll (Xu et al. 2013). However,
soluble protein stimulation in leaves, induced by a low
concentration of phenol stress (< 5 mg L'; Fig. 4), might be
associated to the increase of various antioxidant enzymes
during the experiment.

Proline response has been investigated in different
plant species (Kuldeep and Rana 2012, Li et al. 2013, Prado
et al. 2012). This amino acid controls osmotic adjustment in
relation to different types of environmental stress, with one
possible role in conferring stress resistance. Among these roles,
balancing capacity as an osmolyte stabilizing protein, regulating
cytosolic pH and scavenging of hydroxyl radicals have been
investigated (Kishor et al. 2005). The protective action of
proline is thought to be connected with its ability to detoxify

ROS (Tripathi and Gaur 2004) and to inhibit lipid peroxidation
(Mehta and Gaur 1999). We found that foliar proline content
increased in P. orientale plants exposed to phenol, especially
over 20 mg L. Proline may play a role in osmoregulation and
osmotolerance. P. orientale appears to have relatively stronger
self-protection from proline bioaccumulation. Kuldeep et al.
found similar results in Ricinus communis and Brassica juncea
where salinity and drought affected cadmium-contaminated
soil (Kuldeep and Rana 2012). Apart from proline’s direct
function as ROS scavenger, the protective action of proline is
thought to be connected with its ability to protect and stabilize
ROS scavenging enzymes and activate other alternative
detoxification pathways (Szabados and Savoure 2010). Our
results suggest that proline production is coordinated with
the unaltered MDA, with the notable increase in activity of
antioxidant enzymes in P. orientale.

Soluble sugars accumulation in response to plant
stress is widely accepted (Latef et al. 2010). These sugars have
multiple roles, such as energy providers for general metabolism
and the synthesis of new stress-responsive compounds, they
are also available as osmoprotectants (Leslie et al. 1995).
Increased phenol concentrations (ca. 20 mg L") may promote
the accumulation of soluble sugars. Conversely, the numerical-
-wave trend caused by the 80 mg L' phenol level may indicate
some disturbance.

Changes of photosynthetic pigments

Changes in chloroplasts are considered an important index in
estimating plant response to environmental stress (Strzatka et
al. 1995). We found that phenol stress caused a decrease in Chl
a, Chl b, Chl (@ +b) and Chl a/b, especially when the phenol
concentration reached 80 mg L. This may be attributed to
chloroplast disorganization and photosynthesis alteration (Li et
al. 2000, Parlak and Yilmaz 2013). The chlorophyll content in
chl a, chl b and chl a+b decreased until day 5 of the experiment
(Tab. 1). This could be attributed to reduction in the synthesis
rate of chlorophyll and physiological stress from chlorophyll
decay (Latef et al. 2010). The decline in chl @ was significantly
greater than chl b, based on the significant decrease in chl
a/b values. We suggest that chl a is more sensitive to phenol
stress than chl b. Chlorophyll content (chl @, chl b and chl
a+b) recovered after 5 days (Tab. 1), attributing this result to
P, orientale adapting to phenol stress. Carotenoids play a role
in protecting the photosynthetic apparatus against ROS when
induced by various environmental factors (Strzatka et al.
2003). In this study, carotenoid content showed a significant
increase, suggesting that there is a photo-protective mechanism
in P, orientale to avoid damage caused by ROS.

Conclusion

1) Polygonum orientale can tolerate phenol stress <80 mg L,
according to the result showing no damages in this concentration
range of phenol. 2) P, orientale can remove 5 mg L' of phenol in
a short time (5days), and the removal efficiency decreases with
the phenol concentration increase. 3) The multiple mechanisms
including antioxygenation of enzymes, osmotic adjustment
and photo-protective mechanisms enable P. orientale to avoid
oxidative damages induced by phenol. Finally, considering the
overall response from P. orientale to low or moderate phenol
stress (0-80 mg L"), we suggest that P. orientale is phenol
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tolerant and could be used as a new phytoremediation material
to establish a plant-based remediation strategy.
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