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ABSTRACT
Background. The emollient properties of phthalates have led to their extensive produc-
tion and intense use in plastic products. Owing to their weak covalent bonding with the
plastic polymers, phthalates enter into the environment during their manufacturing,
processing, disposal, consequently found their way directly into water sources, soil, and
sediments.
Methods. The present study envisaged the toxic effects of diethyl phthalate (DEP)
on physiological and biochemical attributes of Spirodela polyrhiza, when exposed to
various concentrations of DEP (0, 10, 20, 40, 80, 100, 200, and 400 ppm) for short term
exposure period of seven days.
Results. Plants of S. polyrhiza accumulated significant amount of DEP (112 mg kg−1

fw) when exposed to various concentrations of DEP for seven days. Results depicted
that DEP toxicity significantly (p≤ 0.05) affected growth parameters and pigments in
treated S. polyrhiza as compared to control. Further, high doses of DEP (400 ppm)
caused significant decrement in carbohydrate (86%), protein (76%) and elevation in
MDA content (42%). Meanwhile, DEP altered the activities of antioxidant enzymes
(SOD, CAT, APX, GPX and GR) along with the induction of enhanced levels of proline,
electrolyte leakage and phenolic content. Scanning electron microscopic and confocal
studies also confirmed oxidative stress in plants under DEP stress.
Conclusions. Present findings will help understand the accumulation, tolerance, and
detoxification mechanisms of DEP by S. polyrhiza to counteract the effects of reactive
oxygen species (ROS), along with the evaluation of environmental threat for aquatic
plants in aquatic ecosystems.

Subjects Ecology, Plant Science, Ecotoxicology, Environmental Contamination and Remediation
Keywords MDA, Oxidative stress, Ecotoxicology, Spirodela polyrhiza, Diethyl phthalate

INTRODUCTION
Phthalates or phthalic acid esters (PAEs) are a group of organic compounds that are
widely used as additives in many plastic products. PAEs are intended to soften and
improve the flexibility of various products such as paints, toys, home furniture, synthetic
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fibers, and varnishes (Ventrice et al., 2013; Sun et al., 2012). There has been a tremendous
increase in the production of PAEs, with an average annual production in the world was
recorded to be 6 million tons per year (Niu et al., 2014). PAEs detach easily from plastic
products as they are bound via weak vander waal interaction or hydrogen bond (Gao
&Wen, 2016). Thus, PAEs easily leach out from the plastic products and enter into the
surrounding environment during their large scale production and extensive use (Huang
et al., 2008; Chi, 2009). Interestingly, PAEs have the potential to bioaccumulate in living
organisms and due to their suspected carcinogenic, estrogenic, and teratogenic properties,
PAEs have become a threat to human health and the ecosystem (Zhang et al., 2015). A
considerable amount of attention has been paid to adverse effects of PAEs on human health
in recent years because of their tendency to cause endocrine disruption, mutagenicity,
teratogenicity, reproductive disorders, hypertension, hypospadias and malformations
(Gomez-Hens & Aguilar-Caballos, 2003; Koch et al., 2005; Amin et al., 2018). Furthermore,
USEPA (United States Environmental Protection Agency) classified six phthalates as
priority organic pollutants, namely diethyl phthalate (DEP), dimethyl phthalate (DMP),
dibutyl phthalate (DBP), butyl benzyl phthalate (BBP), di-n-octyl phthalate (DnOP)
and diethylhexyl phthalate (DEHP) (USEPA, 2013; Wang et al., 2013; Zhang et al., 2016).
Perusal of literature reported frequent occurrence of PAEs in aquatic and terrestrial
organisms such as algae, phytoplankton, zooplankton, mice, fish, and also in human urine,
blood, breast milk and saliva (Mankidy et al., 2013; Gu et al., 2017; Bai et al., 2017), leading
to harmful consequences in these organisms.

Diethyl phthalate (DEP) is also one of the most common PAEs in air, soil, and water
(Wang et al., 2008; Staples, Parkerton & Peterson, 2000). It is colorless and has a faint,
disagreeable odor, often used in cosmetics, and fragrances (Api, 2001). Besides this, other
industrial uses include plasticizers, detergent base, aerosol sprays, herbicides, and coating
of medicines (Ghorpade et al., 2002; McCarroll, 2006). Likewise other PAEs, DEP is also
unable to link covalently to polymer products and readily enters into the environment.
Thus, a significant amount of DEP is quite detectable in air, soil, and water that led
to exposure of living organisms to this compound (Leitz et al., 2009; Langer et al., 2010).
Concentration of DEP in drinking water ranges from 0.00001–0.0046 ppm, in river water at
0.00006–0.044 ppm, and in industrial wastewaters at 0.00001–0.060 ppm (ATSDR, 1995).
Aquatic organisms like fish accumulated about 2 ppm of DEP in their tissues, while 1ppm
of DEP was reported in oysters. Moreover, DEP in plastic packaging may incorporate into
food products at concentrations of about 2–5 ppm. Also, the daily consumption of DEP
by human beings has been estimated to be 4 mg based on food intake. However, annual
exposure from drinkingDEP contaminated water has been estimated to beminimal (0.0058
mg/year/person) (ATSDR, 1995).

The fate of DEP in the environment is also widely explored in plants, as DEP act as a
stressor to plants. Previous literature data reported the adverse effects of DEP on plants
as it inhibited seed germination, root, and shoot elongation (Saarma et al., 2003; Xuan et
al., 2006). Saarma et al. (2003) observed the role of DEP in retarding the growth of radish
(Raphanus sativus). Further experiments by the authors, dealing with the study of in vitro
protein labeling coupled with two-dimensional gel electrophoresis revealed that heat shock
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proteins (HSPs) were not affected by DEP (Saarma et al., 2003), although some heat shock
proteins act as an indicator of DEP stress. Previous reports suggested that DEP may act
as phytotoxins (Xuan et al., 2006). Cheng (2012) observed acute toxic effects of DEP on
greater duckweed at concentrations ranged from 0 to 2 mM. However, much attention
has been given to oxidative effects on animals and terrestrial plants in literature but
very little information is available regarding physiological and biochemical perturbations
caused by DEP on aquatic plants, as it is still under investigation. So, the present study
envisaged the role of DEP in retarding the growth of Spirodela polyrhiza and alterations of
various biochemical indices by triggering the generation of reactive oxygen species (ROS)
during DEP mediated oxidative stress. Oxidative stress refers to a disproportioned cellular
redox reaction that causes DNA disruption, membrane damage, enhancement in lipid
peroxidation and inhibition of protein synthesis (Ruley, Sharma & Sahi, 2004; Sharma &
Kaur, 2018). To cope with the oxidative stress and to counteract the harmful effects of ROS,
plants have evolved a complex network of antioxidant defence mechanism. This involves
a plethora of antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX), guaiacol peroxidase (GPX), and glutathione reductase (GR).

Spirodela polyrhiza, commonly known as duckweed, was employed as a model plant
in this present investigation to evaluate the phytotoxicity of DEP and its accumulation
potential as it is very easy to culture in lab conditions and very sensitive to heavy metals
and pollutants (Appenroth et al., 2010). Thus, the present study was conducted to explore
the DEP accumulation potential of S. polyrhiza interference with various biochemical
parameters, namely chlorophyll, anthocyanin, protein, carbohydrate, MDA, phenol,
electrolyte leakage, and proline content, and also its detoxification potential by activation
of antioxidant defence system (SOD, CAT, APX, GPX and GR). Scanning electron and
confocal micrographs also revealed oxidative stress in plants under DEP stress. This study
will help explore the underlying mechanisms of DEP toxicity to S. polyrhiza by correlating
the DEP inference with plant growth and oxidative stress indicators and to figure out
oxidative damage due to exposure of DEP.

MATERIALS AND METHODS
Experimental material, plant growth conditions and treatments
Plants of Spirodela polyrhiza were collected from Sewage Treatment Plant (STP) of Guru
Nanak Dev University, Amritsar, where it flourishes in abundance in the treated chamber.
Plant material was cleaned properly with distilled water and then acclimatized for a week
in 3% Hoagland nutrient medium in a seed germinator under controlled conditions
(temperature: 25 ± 2 ◦C; light intensity: 115 µmol m2 s−1 light/dark cycle: 16/8 h).
The Hogland nutrient medium comprised of macronutrients (KNO3, CaNO3.4H2O,
Iron, MgSO4.7H2O, NH4NO3), micro nutrients (H3BO3, MnCl2.4H2O, ZnSO4.7H2O,
CuSO4.5H2O, Na2MoO4.2H2O, Fe-EDTA) and phosphate (KH2PO4) mixed in 1000
ml Millipore water. After acclimatization period, healthy fronds of S. polyrhiza were
inoculated in Petri plates containing 100 ml of Hoagland nutrient medium, where plants
without having DEP added in the medium served as control. S. polyrhiza were exposed
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with different concentrations of DEP (0, 10, 20, 40, 80, 100, 200 and 400 ppm) for seven
days in triplicates.

Diethyl phthalate (DEP) (99.0% purity, CAS: 84-66-2) was purchased from Hi-Media,
Mumbai (India). Other chemicals used as ingredients of the Hoagland nutrient medium
(3%)were of analytical grade. Stock solution of DEPwas prepared using 1ml of ethanol, 2-3
drops of Tween-20 and distilled water in the required proportion to obtain the solubility of
solution (Chen et al., 2011). Further, required concentrations for treatment were prepared
by diluting a stock solution of phthalate in the Hoagland nutrient medium. The plants
were harvested after seven days and then stored at−80 ◦C, till analyzed for various growth
and biochemical parameters.

Analysis of accumulated DEP content in S. polyrhiza
Accumulated DEP content in S. polyrhiza was analyzed by the ultrasonication method of
Ma et al. (2013) with some modifications. The plant sample (0.5 g) was homogenized in 20
ml acetone (HPLC grade). Extract was collected and sonicated for 30 min. 20 ml hexane
(HPLC grade) was added and further sonicated for the next 30 min. Filteration of the
extract was done using Whatman no. 42 filter paper and the extract was evaporated in a
rotary evaporator until the volume reduced to 5 ml. Hexane (2–3 ml) was added in the
remaining extract and again evaporated to 1 ml. Finally, 4 ml acetonitrile (ACN) was added
and the extract was filtered using a syringe filter with dimension 0.22 µm before analysis.
Analysis of accumulated DEP content in plant was determined using reverse phase-high
performance liquid chromatography (RP-HPLC) purchased from Shimadzu (Japan). The
method validation for phthalates analysis was carried out for our present investigation using
normalized guidelines of the International Conference on Harmonisation of Technical
Requirement for Registration of Pharmaceutical for Human Use (ICH, 2005).

Determination of growth parameters
Harvested plant materials were analyzed for various growth and biochemical parameters.
Before weighing, plants were cleaned properly and excess moisture was dried by placing
the fronds between the two folds of filter paper and pressed gently. Measurement of the
dry weight of the plant material was taken after oven drying at 105 ◦C for the first 20 min
and then at 80 ◦C for next 48 h to obtain constant dry weight. Percentage change in fresh
weight and dry weight to fresh weight ratio was then calculated (Sharma & Kaur, 2017).

Pigment analysis
Chlorophyll content was estimated according to the protocol given by Arnon (1949).
Carotenoid content was measured by the method of Lichtenthaler & Wellburn (1983).
Anthocyanin content was determined by the protocol given byMancinelli (1984).

Determination of protein and carbohydrate content
The measurement of soluble protein content was done by homogenizing the plant material
in potassium phosphate buffer (pH = 7). Extract was centrifuged and protein content was
determined according to the Bradford method (1976). For carbohydrate determination,
the anthrone method was used (Yemm &Willis, 1954).
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Measurement of electrolyte leakage and malondialdehyde content
Electrolyte leakage was determined by the method of Dionisio-Sese & Tobita (1998). Plant
material (0.2 g) was cut into pieces and immersed in test tubes with distilled water (10 ml).
Then incubated at 40 ◦C for 2 h. Initial electrical conductivity (EC1) was recorded using a
conductivity meter. Samples were autoclaved and final electrical conductivity was recorded
(EC2). Percent of electrolyte leakage was calculated as:

Electrolyte leakage (%)=
ECI
EC2
×100.

MDA content was measured according to the method of Heath & Packer (1968). Plant
material was homogenized in 0.1% trichloroacetic acid (TCA) and centrifuged for 10 min.
Then reaction mixture comprising supernatant, 0.5% thiobarbituric acid (TBA) and 20%
TCA was heated at 95 ◦C in a boiling water bath for 30 min. After centrifugation at 10,000
rpm, the absorbance of the supernatant was read at 532 nm and non-specific absorption
was corrected by subtracting the absorbance value observed at 600 nm. The concentration
was expressed µmol g−1 fw.

Determination of phenolic and proline content
Total phenolic content was assayed by the protocol of Singleton & Rossi (1965).
Absorbance was read at 765 nm and results were expressed as mg g−1 fw. Proline content in
the plant was done by following the method described by Bates, Waldren & Teare (1973).
Absorbance was read at 520 nm. Measurement of proline content was expressed in µmol
g−1 tissue. L-proline was used as a standard.

Antioxidant enzymatic assays
Plant sample (1 g) was homogenized in 3 ml ice-cold potassium phosphate buffer (0.1 M)
(pH = 7). The homogenate was centrifuged and the supernatant was used for the analysis
of enzymatic activities (SOD, CAT, APX, GPX, and GR). Superoxide dismutase (SOD) (EC
1.15.1.1) activity was evaluated by the method given by Kono, Takahashi & Asada (1979).
Catalase (CAT) (EC 1.11.1.6) activity was assessed by the method given by Aebi (1974).
Ascorbate peroxidase (APX) (EC 1.11.1.11) activity was analyzed by following the protocol
of Nakano & Asada (1981). Guaiacol peroxidase (GPX) (EC 1.11.1.7) activity was done
according to the method given by Pütter (1974). Glutathione reductase (GR) (EC. 1.6.4.2)
activity was determined by the protocol of Carlberg & Mannervik (1985).

Scanning electron microscopic (SEM) studies
The plant surface was imaged at high resolution using scanning electron microscopy.
Scanning electron microscopy was done according to the method of Liu et al. (2000).
The stomatal response of control and DEP treated fronds of S. polyrhiza was observed
by using a scanning electron microscope (Carl Zeiss-EvoLS 10). Samples were prepared
by fixing leaf samples in 2.5% glutaraldehyde prepared in 0.1 M potassium phosphate
buffer and kept overnight. Leaf samples were washed with distilled water and dehydrated
in different ethanol series (30%, 50%, 70%, and 90%) for 20 min. Adaxial surface of leaves
were then placed on spherical metal stubs, fixed using adhesive tape and silver-coated in
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sputter coater instrument. The surface features of leaves were viewed under a scanning
electron microscope at a voltage of 15 kV and stomata were viewed under the resolution
of 500–4,000 nm.

Confocal laser scanning microscopic (CLSM) studies
For confocal microscopy, roots of control and treated plant samples were washed with
distilled water and then treated with different confocal dyes i.e., Propidium iodide (PI),
dichlorofluorescein diacetate (H2DCFDA) and monochlorobimane (MCB) respectively
in dark for 10 min separately for studying cell viability, detection of ROS and GSH levels
occurred during stress in plants. Roots were treated with different fluorescent dyes during
dark conditions. After treatment, roots were washed thoroughly and placed on glass slide
over a drop of water to prevent dehydration and covered with cover slip. For propidium
iodide, He-Ne gas laser was used to excite the electrons at a wavelength of 535 nm,multiline
argon gas laser was used for 2, 7 dichloroflurescein (DCF) to excite the electrons at the
wavelength of 488 nm and for monochlorobimane excitation wavelength of 380 nm was
used.

Statistical analysis
All the experiments were performed in triplicates and results were expressed as the
mean ± standard error. The data were subjected to one-way analysis of variance (ANOVA)
for assessing the effect of DEP on S. polyrhiza. Tukey’s post hoc multiple comparison test
was done at 0.05 level of significance for the comparisons against control values.

RESULTS
Analysis of accumulated DEP content in S. polyrhiza
Accumulation of DEP by fronds of S. polyrhiza was initially rapid and then dropped
gradually, becoming almost constant at higher concentrations (Fig. 1). Plants exposed to 40
ppm DEP accumulated the highest amount (112.8 mg kg−1 fw) after seven days of culture.
Data revealed that DEP in the observed concentrations (10–400 ppm), the maximum
percentage of accumulation was 68%, as compared to control and then decreased. This
implies that S. polyrhiza is efficient in removing this much amount of DEP from low-level
DEP-contaminated water for seven days. The amount of DEP accumulated by the plant
becomes almost constant at higher concentrations of 200 ppm (91 mg kg−1 fw) and 400
ppm (91.7 mg kg−1 fw).

Exposure to increased concentrations of DEP induced growth
inhibition
Abiotic or biotic stress in plants bring changes in the growth rate and other metabolic
processes. We observed that S. polyrhiza showed significant (p≤ 0.05) reduction in plant
growth with increasing concentrations of DEP after 7 days of exposure (Table 1). Most
phytotoxic effects of DEP was observed at a concentration of 400 ppm. Notably, the
maximum percent decrease in fresh weight was found 54% and dry to fresh weight ratio
was found 86% at highest concentration of 400 ppm of DEP respectively as compared to
control (Table 1).
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Figure 1 Accumulation of diethyl phthalate (DEP) by S. polyrhiza. Results are presented as Mean±
SE, n= 3, one-way ANOVA, Tukey’s HSD. *Significant at p≤ 0.05. Control showed no DEP detection.
Same letter means does not significantly differ at p≤ 0.05.

Full-size DOI: 10.7717/peerj.8267/fig-1

Table 1 Effect of diethyl phthalate (DEP) on growth parameters of S. polyrhiza. Results are presented
as Mean± SE, n= 3, one-way ANOVA, Tukeys HSD.

Concentrations
(ppm)

Fresh weight
(% age)

Dry weight (g)/
Fresh weight (g)

Control 0.80± 0.41e 0.34± 0.01a
10 6.60± 0.42de 0.29± 0.01b
20 12.40± 1.83d 0.28± 0.01bc
40 18.46± 0.67c 0.27± 0.007bc
80 23.40± 1.24c 0.22± 0.01c
100 44.40± 1.85b 0.10± 0.006d
200 49.73± 1.23ab 0.041± 0.003e
400 54.60± 0.75a 0.045± 0.001e
F-ratio (7, 16) 301.9* 168.8*

HSD 5.81 0.045

Notes.
*Significant at p≤ 0.05. Same letter means does not significantly differ at p≤ 0.05.

DEP induced alterations in photosynthetic pigments
The present results demonstrated that S. polyrhiza exposed to DEP exhibited significant
reduction (p≤ 0.05) in photosynthetic pigment contents during seven days culture at
concentrations ranging from 10 to 400 ppm of DEP as compared to controls (Table 2).
Also, treated fronds showed marked chlorosis as significant decrease in chlorophyll and
carotenoid content was observed after seven days of the exposure period. As shown in
Table 2, chl a content exhibited maximum decline at 40 ppm (50%), whereas, maximum
decline in chl b, total chl, and carotenoid content was found to be 63, 55 and 45% at
400 ppm concentration of DEP with respect to the control. However, acceleration in the
accumulation of anthocyanin pigments in fronds of S. polyrhiza was recorded maximum
as 38% at 200 ppm DEP concentration after seven days of culture.
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Table 2 Effect of diethyl phthalate (DEP) on chl a, chl b, total chlorophyll, carotenoids and anthocyanin pigment in S. polyrhiza. Results are
presented as Mean± SE, n= 3, one-way ANOVA, Tukeys HSD.

Concentrations
(ppm)

chl a
(µg/ml)

chl b
(µg/ml)

Total chl
(µg/ml)

Carotenoids
(µg/ml)

Anthocyanin
(OD/gfw)

Control 9.65± 0.14a 15.34± 1.12ab 24.99± 1.10ab 4.28± 0.05a 0.31± 0.034a
10 9.66± 0.13a 17.18± 0.05a 26.83± 0.09a 4.41± 0.07a 0.32± 0.01a
20 8.58± 0.18b 13.36± 2.10ab 21.95± 2.26bc 3.97± 0.15a 0.34± 0.06a
40 4.81± 0.03f 13.91± 0.10ab 18.73± 0.06c 3.11± 0.01b 0.34± 0.01a
80 7.72± 0.11c 14.58± 0.99ab 22.30± 0.87abc 2.97± 0.1bc 0.38± 0.04a
100 6.63± 0.06d 11.37± 0.19bc 18.01± 0.18cd 2.43± 0.04cd 0.42± 0.08a
200 6.18± 0.17d 7.41± 0.26cd 13.59± 0.33de 2.48± 0.06d 0.43± 0.01a
400 5.52± 0.06e 5.61± 0.53d 11.13± 0.49e 2.34± 0.18d 0.41± 0.04a
F-ratio (7, 16) 214.9* 17.92* 31.10* 71.18* 0.95
HSD 0.617 4.61 4.75 0.49 0.23

Notes.
*Significant at p≤ 0.05. Same letter means does not significantly differ at p≤ 0.05.

Table 3 Effect of diethyl phthalate (DEP) on carbohydrate, protein, MDA, total phenolic content and electrolyte leakage in S. polyrhiza. Results
are presented as Mean± SE, n= 3, one-way ANOVA, Tukeys HSD.

Concentrations
(ppm)

Carbohydrates
(mg/gfw)

Proteins
(mg/gfw)

MDA content
(µmol/gfw)

Total phenolic
content (mg/gfw)

Proline
(µmoles/g tissue)

Electrolyte
leakage (% age)

Control 83.89± 4.97a 0.55± 0.47a 12.17± 1.99ab 0.51± 0.16a 10.53± 4.72ab 56.09± 0.32c
10 51.79± 4.60ab 0.41± 2.30ab 14.53± 0.94ab 0.60± 0.05a 20.56± 5.55ab 57.59± 5.54c
20 41.89± 2.62bc 0.23± 4.02b 14.15± 1.01ab 0.80± 0.07a 24.14± 1.08ab 55.45± 1.32c
40 41.99± 16.4bc 0.24± 0.60b 16.12± 0.48ab 0.54± 0.11a 27.85± 6.31ab 77.03± 1.82b
80 28.69± 1.90bc 0.24± 1.18b 16.38± 0.07ab 0.43± 0.10a 21.98± 4.94ab 91.22± 1.19a
100 12.89± 4.21c 0.16± 3.24b 16.51± 0.90ab 0.54± 0.10a 31.33± 4.84ab 92.90± 1.15a
200 17.09± 6.90c 0.17± 1.78b 17.41± 0.39a 0.51± 0.09a 38.43± 1.70a 92.57± 0.09a
400 10.99± 4.34c 0.13± 2.10b 17.33± 0.73a 0.62± 0.16a 38.84± 1.60a 95.45± 2.09a
F-ratio (7, 16) 12.11* 5.78* 3.44* 0.90 4.90* 61.43*

HSD 34.39 0.28 4.78 0.57 21.06 11.38

Notes.
*Significant at p≤ 0.05. Same letter means does not significantly differ at p≤ 0.05.

DEP causes reduction in protein, carbohydrate content and enhanced
malondialdehyde content
DEP at higher doses (400 ppm) was characterized by an inhibitory influence on protein
and carbohydrate content in a dose-dependent manner (Table 3). Therefore, the significant
decrease (p≤ 0.05) by 76% in protein content was observed in DEP treated fronds at 400
ppm concentratiom as compared to untreated fronds. Similarly, carbohydrate content in
DEP treated fronds also showed a decreasing trend with a maximum decrease of 86% was
found at the same concentration of DEP (400 ppm) as compared to control, implying
destructive effect of DEP on carbohydrates level in fronds of S. polyrhiza. However, MDA
content increased proportionally with increased DEP concentrations and the maximum
increase by 42% was observed at 400 ppm after seven days exposure period (Table 3).
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DEP increases phenolic, proline content and electrolyte leakage
A significant increase in phenolic content upto 20 ppm DEP concentration was observed,
with the maximum accumulation of 60%, which then decreased at higher concentration.
DEP stimulated moderate accumulation of phenols. Meanwhile, the application of DEP
at 400 ppm provoked a high accumulation of proline content, leading to maximum
accumulation of 264% and 268% at 200 ppm and 400 ppm respectively during seven
days of the experiment. Moreover, DEP exposure also triggered the increase in leakage of
electrolytes with a maximum leakage of 95% at 400 ppm concentration (Table 3).

Exposure to increased concentrations of DEP altered antioxidant
enzyme activities
Apart from the effect of DEP on growth and biochemical parameters, DEP stress led
to significant alterations in the antioxidant defence system in S. polyrhiza. A significant
increase (p≤ 0.05) in the activities of various antioxidant enzymes (SOD, CAT, APX, GPX
and GR) was recorded in the fronds of S. polyrhizawhen treated with elevated levels of DEP
as compared to the non-stressed control fronds. Our present investigation revealed that 400
ppmDEP in nutrientmedium resulted in high SOD activity (Fig. 2). Notably, higher activity
of SOD was found to be 176% as compared to control (Fig. 2A). Likewise, CAT activity
showed a significant increase (p≤ 0.05) upto 100 ppm and then showed a slight decrease
at 200 and 400 ppm DEP concentration as compared to control. Maximum enhancement
in the activity was found to be 327% at 100 ppm concentration (Fig. 2B). Similarly, in the
case of APX, a significant increase (p≤ 0.05) in the activity was observed upto 100 ppm
DEP concentration and then activity become almost constant at high concentrations. The
highest percentage increase (452%) in the enzyme activity was recorded at 100 ppm as
compared to control (Fig. 2C). GPX activity showed a significant decrease upto 40 ppm
DEP concentration and then started increasing at proceeding concentrations forming an
almost U-shaped pattern. A maximum activity of 53% was observed at 400 ppm DEP
concentration as compared to control (Fig. 2D). A remarkable increase in GR activity
recorded at all the concentrations and followed a dose-dependent trend. The maximum
increase of 243% was observed in treated fronds of S. polyrhiza at 400 ppm concentration
of DEP (Fig. 2E).

Effect of DEP on stomata
Scanning electron micrographs showed the marked influence of DEP on stomatal
movements and morphology of stressed fronds of S. polyrhiza over unstressed ones.
Stomata of control fronds were open, while stomata of treated fronds were mostly closed.
Various other cellular changes like deformed cell shapes and collapsed cells were prominent
in treated fronds as compared to untreated fronds through SEM imaging that were observed
(Fig. 3).

Exposure to increased concentrations of DEP decreased cell
viability, elevated ROS and GSH levels
We observed that PI treated roots under DEP exposure showed more red fluorescence,
indicating dead cells as compared to control with less or no fluorescence. Green fluorescence
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Figure 2 Effect of DEP stress on antioxidant enzymatic activities of S. polyrhiza. Results are presented
as Mean± SE, n= 3, one-way ANOVA, Tukey’s HSD. *Significant at≤ 0.05. (A) SOD activity, (B) CAT
activity, (C) APX activity, (D) GPX activity, (E) GR activity. *Significant at p≤ 0.05. Same lowercase letter
indicates no significant differences at p≤ 0.05.

Full-size DOI: 10.7717/peerj.8267/fig-2

emission of DCFDA dye treated roots of plant under DEP exposure confirmed the presence
of increased reactive oxygen species during oxidative stress, whereas blue fluorescence
emission of MCB dye treated roots revealed enhanced GSH (glutathione) levels during
oxidative stress (Fig. 4) over control roots.

DISCUSSION
Plants cannot escape undesired changes in the environment due to their sessile nature.
Exposure of pollutants triggers series of physiological, biochemical and cellular changes,
which play a pivotal role in enhancing the tolerance ability of plants and to cope with
harmful consequences (Vara Prasad & De Oliveira Freitas, 2003). DEP accumulation in
S. polyrhiza led to considerable alterations in physiological and biochemical parameters.
The treated plant showed DEP accumulation in a dose-dependent manner (Fig. 1). The
maximum accumulation was found at 40 ppm concentration which then decreased at 80
ppm and then became constant with preceding concentrations. However, the accumulation
ability of plants decreased with an increase in dose, probably due to the toxic effects of
DEP on S. polyrhiza (Sharma & Kaur, 2019b). Thus, the present study demonstrated
that high DEP concentrations were toxic to these plants. In this context, our results
are in good agreement with the dose-dependent uptake of DBP (dibutyl phthalate) by
Chinese cabbage from hydroponic culture (Liao, Yen & Wang, 2009). Similar results of
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Figure 3 Scanning electronmicrographs of adaxial surface of S. polyrhiza and arrows showing stom-
ata. Untreated frond (0 ppm) (A–B) and treated (400 ppm) frond (C–D).

Full-size DOI: 10.7717/peerj.8267/fig-3

DBP accumulation were found in Bok choy plant (Liao, Yen & Wang, 2006). In addition,
bioaccumulation potential of plant also depends upon several other environmental
constraints such as temperature, pH, light, presence of other metals and anions, oxygen
level and chelators (John et al., 2012). Fascinatingly, uptake of organic compounds by this
free-floating macrophyte is driven by the simple process of diffusion and then enters into
a leaf as solutions (Dhir, 2013). As plants are deprived of specific transporters for the
transport of these organic compounds, so their movement into the plants depends on
their physicochemical properties such as hydrophobicity, aqueous solubility, polarity, and
molecular weight of the organic contaminant (Murray et al., 2012; Dhir, 2013). As DEP
has a log octanol-water partition coefficient (log Kow) of 2.47 and a water solubility of
1100 ppm, it is reported to have toxic effects on aquatic life (Staples et al., 1997). Present
analysis of DEP content in S. polyrhiza, revealed that accumulation increased with the
increase in concentration of DEP in the medium upto some extent. This might be due
to metabolic pathways for the biotransformation of organic contaminants adopted by
the plant. Exposure of aquatic plants to organic compounds resulted in (i) fast uptake or
sequestration of the compound into vacuoles (ii) Transformation or degradation of the
compound via volatilization, lignification or metabolization to carbon dioxide and water
(iii) Assimilation into plant tissues as non-toxic compounds (Dhir, 2013; Garrison et al.,
2000).

Sharma and Kaur (2020), PeerJ, DOI 10.7717/peerj.8267 11/24

https://peerj.com
https://doi.org/10.7717/peerj.8267/fig-3
http://dx.doi.org/10.7717/peerj.8267


Figure 4 Confocal micrographs of control and DEP treated root samples of S. polyrhiza treated
with different dyes: PI (propidium iodide), H2DCFDA (dichlorofluorosceindiacetate) andMCB
(monochlorobimane). Scale bar= 100µm. (A–F), where (A) control (PI stained), (B) treated (PI
stained), (C) control (DCFDA stained), (D) treated (DCFDA stained), (E) control (MCB stained), (F)
treated (DCFDA stained).

Full-size DOI: 10.7717/peerj.8267/fig-4

Accumulated DEP showed deleterious effects on S. polyrhiza which was quite evident
from decreased biomass of plants (Table 1). Herring & Bering (1988) reported similar
effects of DEP on plant growth. They observed the inhibition of germination and growth of
spinach and pea seedlings subjected to DEP. In this study, it is reflected by the percentage
change in fresh weight, altered growth and dry to fresh weight ratio in DEP exposed
fronds. Previous studies also documented that stress induced loss of turgor pressure leads
to reduced mitotic activity and reduction in growth rate (Baccouch, Chaoui & Ferjani,
2001). Previous researchers also studied implications of phthalates toxicity in hampering
growth of the plants. Dibutyl phthalate (DBP) and bis(2-ethylhexyl) phthalate (DEHP)
were reported to inhibit shoot elongation and reduced biomass of germinating mung bean
seedlings on fresh weight basis (Ting-Ting et al., 2014). Saarma et al. (2003) reported the
toxic effect of DEP in retarding the growth of radish (Raphanus sativus). Gu et al. (2017)
reported inhibition of algal growth under DBP stress.

Chlorophyll content is one of the visible indicators of stress in plants (Appenroth et al.,
2010). We observed the progressive increase in DEP concentrations induced changes in
photosynthetic pigments in S. polyrhiza (Table 2). Total chlorophyll content of the plant
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showed a decreasing trend upto 40 ppm as compared to control and subsequent doses of
DEP. Reduction of chlorophyll content at this concentration is a consequence of either
slow synthesis or rapid breakdown of chlorophyllase enzyme, suggesting photoprotection
mechanism in plants via reducing light absorbance by decreasing chlorophyll content (Taïbi
et al., 2016; Boswell, Sharma & Sahi, 2002; Gupta et al., 2009). However, the maximum
reduction in chlorophyll content was observed at 400 ppm DEP concentration. Results are
in good coherence with the marked reduction in photosynthetic pigments exhibited by
plant species subjected to DBP and DEHP stress (Ma et al., 2015). In addition, increased
anthocyanin content in this study is a part of the strategy adopted by the plant to get
protected by the deleterious impacts of DEP. Anthocyanins are an important class
of flavonoids that acts as pigment and DEP stress might stimulate the gene related to
anthocyanin production (Sharma & Kaur, 2019a; Shan et al., 2009). Similar results were
observed by Sharma & Kaur (2019b) in S. polyrhiza under diallyl phthalate (DAP) stress.

To gain more insights into the response of a plant to DEP stress, studies were conducted
to evaluate protein, carbohydrate and MDA content in the plant., a significant decrease in
soluble protein content was obtained at higher concentrations which may be probably due
to protein oxidation, inhibition of protein synthesis or up-regulation of genes associated
with degradation of proteins (Sytar et al., 2013). Protein degradation as a consequence of
exposure to various environmental contaminants have been explored in many aquatic
plants (Vara Prasad & De Oliveira Freitas, 2003; Hou et al., 2007). A similar decreasing
trend was observed in S. polyrhiza when exposed to DBP and BBP for a period of 7
and 15 days (Kaur et al., 2017). This phytotoxic effect of DEP on S. polyrhiza in plant
culture might be due to its role in inducing DNA damage and nucleic acid degradation.
Also, DEP is characterized by an inhibitory effect on carbohydrate content in S. polyrhiza
(Table 3). These are building substances for plants that provide energy to carry out
metabolic and cellular activities. To confer osmotic adjustment to plant, stress triggers the
release of monomeric forms (e.g., glucose, fructose) from polymeric forms like starch and
fructans (carbohydrates) (56–57) (Sharma & Kaur, 2017; Kumari & Kaur, 2019). Reduced
carbohydrate content has also coincided with enhanced degradation of photosynthetic
pigments. Our results are also in coherence with those of a study conducted by Kaur et
al. (2017), who reported a significant reduction in carbohydrate content in S. polyrhiza
under a high concentration of BBP and DBP. Moreover, the stimulating influence of DEP
on malondialdehyde content in this observation, is a biomarker, revealing that fronds
encountered increased oxidative burst. MDA content is a result of lipid peroxidation and
enhanced degradation of polyunsaturated fatty acids (PUFA) under stressful conditions
(Anjum et al., 2011). It is plausible that the enhanced MDA content revealed a protective
mechanism adopted by the plant for survival and tolerating DEP induced stress. Results are
in agreement with those observed in mung beans under the exposure of DBP and DEHP
stress (Ting-Ting et al., 2014).

Besides, to maintain osmotic balance and to confer DEP tolerance potential, fronds of
S. polyrhiza tend to accumulate osmoprotectants (Slama et al., 2015). According to Ashraf
& Foolad (2007), abiotic stress triggers proline accumulation in the cytosol and plays a
pivotal role in osmotic adjustment. Importantly, the results of the present investigation
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also revealed enhanced accumulation of proline (Table 3). Accumulation of proline
attributed to the scavenging of free radicals and to protect cell membranes. This also
corroborates a dynamic relationship between increased lipid peroxidation and the proline
accumulation under DEP stress. The current study is also supported by earlier studies on
the impact of phthalates onHordeum vulgare and cucumber seedlings (Kumari et al., 2018;
Ting-Ting et al., 2014). Increased level of proline level does not indicate any sequesteration
but formation of free radicals. A significant enhancement in the proline content was
also observed under the exposure of BBP in water celery (Chen et al., 2011). Zhang et al.
(2016) also observed augmentation in the proline content in Cucumis sativus under DMP
stress. Increment in proline synthesis is mainly due to inhibition of oxidation of proline
(Wang et al., 2007). Also, membrane damage correlated well with increased leakage of
electrolytes, validated by present results of this study which showed an increase in percent
leakage of electrolytes in a dose-dependent manner. Though leakage of ions showed a very
slight increase (almost constant) upto 20 ppm (Table 3) as compared to control which
might be due to tolerance ability of plant upto this concentration, followed by increased
leakage at the other treatments with maximum leakage found at 400 ppm concentration.
Probably, DEP induced cellular toxicity disrupted plant membrane resulting in increased
leakage of the ions. The present investigation confirms the result of previous studies on
aquatic plants (Upadhyay, 2014; Lu et al., 2011). Apart from this, DEP stimulated moderate
accumulation of phenols in S. polyrhiza which may be due to the activation of acetate and
hexose-monophosphate pathway accompanied by releasing bound phenols in stressed
plant cells (Lee & Lee, 2010). Phenols have high tendency to chelate due to the presence of
hydroxyl and carboxyl groups in their structure. Díaz et al. (2001) reported accumulation
of phenols in Phaseolus vulgaris under Cu stress due to the stimulation of CHS (Chalcone
synthase) and PAL (phenyalanine ammonia-lyase) activity in plant.

Generation of reactive oxygen species (ROS) is another harmful consequence of DEP
accumulation by S. polyrhiza. According toMittler et al. (2004), there should be equilibrium
between ROS accumulation and ROS scavenging in plants. ROS, being unstable and
highly reactive promptly interact with nucleic acids, pigments, lipids, proteins, causing
damaging effects. Since the plethora of (ROS) can overwhelm host antioxidants and
trigger oxidative stress. There are mechanisms associated to overcome the damage from
free radical generation in living organisms which include the activities of antioxidative
enzymes such as superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX), guaiacol peroxidase (GPX) and glutathione reductase (GR) and non-enzymes
such as glutathione (GSH) tocopherol (VE) and ascorbate (VC) (Bi et al., 2018). Similarly,
to counterbalance the effects of reactive oxygen species (ROS), generated during stressful
conditions, activation of the antioxidative defense system of the plant is critically important
for the understanding of tolerance mechanisms adopted by the plant under stress. Plants
have a well intricated and efficient enzymatic antioxidant defense system which includes
SOD, CAT, GPX, APX, and GR. Antioxidants form a class of compounds that protects
cells from oxidative damage. Enhanced or declined levels of antioxidants are correlated
with increased or decreased stress tolerance of plants. Coordination of the enzymatic
antioxidants helps in alleviating ROS levels (Mittler et al., 2004). Among them, SOD
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represents as the primary line of defence against ROS-induced severities by catalyzing
the removal of O2 and dismutating it into O2

− and H2O2 (Gill & Tuteja, 2010; Sharma &
Kaur, 2018). There are three types of SOD present in plants which include Cu-Zn SOD
(cytosolic and chloroplastic), mitochondrial Mn-SOD and the chloroplastic Fe-SOD. The
present results revealed that SOD activity significantly elevated in DEP-treated fronds. The
extent of phytotoxic effects can be predicted by the stimulation of SOD activity at higher
doses (Fig. 2). Our results coincide with the earlier reports of Ting-Ting et al. (2014) who
reported increased SOD activity in germinating mung bean seedlings when subjected to
DBP and DEHP. Findings suggested that the subsequent increase in the activity of SOD
might be helpful in effective scavenging of O2

− to protect S. polyrhiza from the toxic effects
of phthalates. Probably, increased activity of SOD may also be attributable to de novo
synthesis of SOD related proteins (Song et al., 2006).

Ascorbate peroxidases (APX) is a key enzyme in the ascorbate-glutathione (ASC-GSH)
cycle and removes excess H2O2 produced in the chloroplast and cytosol (Gill & Tuteja,
2010). Also, APX is considered as housekeeping protein in cytosol and chloroplast of plants
and ascorbate is the substrate of this enzyme. Enhancement in APX activity was observed in
this investigation. The initial stimulation of APX activity upto 100 ppm may be explained
by the removal of during DEP mediated oxidative stress, as APX showed higher affinity
for peroxides and dismutates H2O2 to H2O. Increased APX activity in response to higher
various environmental constraints such as drought, salinity, and higher doses of pesticides
has been well documented (Sharma & Dubey, 2005; Maheshwari & Dubey, 2009; Hefny &
Abdel-Kader, 2009).

Though APX and CAT performs the similar function of scavenging H2O2, however,
on the basis of their affinities (different Km values), APX modulates H2O2, whereas, CAT
removes excessive H2O2 (Mittler, 2002). In this present observation, DEP stimulated
increment in CAT activity, maximum at 100 ppm concentration. Decrement at higher
doses indicated that fronds of S. polyrhiza can tolerate lower concentrations of DEP upto
100 ppm, while at higher doses, the intensity of stress become so high that it leads to plant
death. Moreover, imbalance in the dynamic equilibrium existing between ROS generation
and its scavenging by antioxidant enzymes attributes to damaging effects on plants. A
similar trend was observed by other workers in their studies dealing with the impact
of phthalates on plants (Zhang et al., 2016; Zhang et al., 2014). Literature data reported
increased CAT activity in S. polyrhiza and Lemna minor under DBP stress (Huang et al.,
2006). Furthermore, enhanced CAT activity in duckweed was suggested as a protective
strategy adopted by this plant under DEHP stress (Xu et al., 2010). The current results are
in agreement with the previous observations. These results suggested that coordination of
antioxidants is needed for the detoxification mechanism underlying stress in plants.

Since peroxidases play a pivotal role in plant growth and development (Passardi et
al., 2005). They are involved in lignin biosynthesis and consume H2O2. Meanwhile,
guaiacol peroxidases (GPX) activity in this study exhibited a significant decline at lower
concentrations upto 40 ppm and then enhanced at higher concentrations of DEP, forming
a U-shaped pattern (Fig. 2). This explained the efficiency of the plant to show up-regulation
of both the peroxidases (APX and GPX) to cause a diminution of H2O2 when subjected to
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DEP-stress. Increased GPX activity was also observed in Hordeum vulgare exposed to BBP
for seven days (Kumari & Kaur, 2019). Present results displaying an increasing trend in
GPX activity are further supported by the observation of Zhang et al. (2015) on cucumber
seedlings under DMP stress.

Moreover, the activity glutathione reductase (GR) enzyme which catalyzes the reduction
of oxidized glutathione (GSSG) to reduced glutathione (GSH) in the presence of NADPH,
thus, maintain a GSH/GSSG ratio (Apel & Hirt, 2004). During stress, conserved disulphide
bridge in the structure of GR easily breaks. GR activity was also also found to be elevated in
this study (Fig. 2). Results are in coherence with the earlier reports on plants (Wang et al.,
2008; Zhang et al., 2014). Hence, enhanced enzymatic activities paralleled the accumulation
of MDA and ROS in fronds of S. polyrhiza indicating the response of this plant to oxidative
stress. Cheng (2012) reported a 1.79 fold increase in GR activity of duckweed under DEP
exposure for four days. Thus, present data revealed significant enhancement in enzymatic
activities, implying efficient ROS scavenging during seven days of culture.

Additionally, toxicological implications faced by S. polyrhiza under DEP stress were
revealed by viewing electron micrographs of ventral surface of DEP stressed fronds which
showed many closed stomata as compared to unstressed fronds (Fig. 3). Stomata are
responsible for gaseous and water vapours exchange between plants and the surrounding
environment. It is plausible that S. polyrhiza attained DEP stress tolerance attributes by
showing alterations in stomatal movements. Accumulation of abscisic acid during stressful
conditions is also one of the reasons for the closure of stomata (Zhang & Outlaw Jr, 2001).

Also, confocalmicrographs depicted no or less fluorescence in the roots of control plants,
while high fluorescence was observed in DEP treated roots when treated with fluorescent
dyes (Fig. 4). Loss of integrity in the plasma membrane was quite evident from the confocal
micrographs of propidium iodide treated roots, as this dye is unable to penetrate an intact
cell. This indicated that S. polyrhiza responded to DEP stress and fluorescence helps in
determining apoptosis. Treatment with DCFDA and MCB fluorescent dyes revealed the
generation of ROS and elevation of GSH levels in treated samples.

CONCLUSIONS AND FUTURE PROSPECTS
From the present investigation, it can be inferred that most phytotoxic effects were
prominent at the highest tested concentration (400 ppm) of DEP. Decrement in
photosynthetic pigments, protein and carbohydrate content were positively correlated
with increment in the dose of DEP. Moreover, DEP accumulation in plants also triggered
oxidative stress evident from increased MDA, proline, phenol content and leakage of ions,
thus implying elevated levels of ROS. To cope up with DEP mediated toxicity, the chain
of antioxidative enzymes (SOD, CAT, APX, GPX and GR) get activated, demonstrating
how well plant efficiently defends itself against DEP toxic effects. All the biochemical
parameters and the antioxidant enzymatic activities that were tested here will be used
as an indicator in examining adverse effects at varying doses of DEP in aquatic plants.
Further, a proper understanding of the alterations in biochemical activities and adaptive
mechanisms shown by S. polyrhiza under DEP stress will give a baseline idea in developing
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the phytoremediation ability of plants in the future. From the work presented here, this
aquatic plant can be effective as a biosorbent for the removal or alleviation of low level
of DEP. Association of S. polyrhiza with various plant growth-promoting rhizobacteria
(PGPR) can also be utilized as an effective strategy to enhance the removal of phthalates.
Findings will further contribute to the evaluation of environmental risks posed by DEP in
the aquatic ecosystem. However, the binding or interaction of DEPwith plasmamembrane,
mechanism of its uptake and sequestration in plant or detoxification pathways adopted by
the plants need to be thoroughly explored.

ACKNOWLEDGEMENTS
The authors would like to acknowledge the Department of Emerging Life Science Central
Instrumentation Facility of Guru Nanak Dev University, Amritsar for instrumentation
facility. Authors are grateful to Mr. Kanwaljit Kumar and Mr. Amandeep Walia for
providing assistance during sample analysis using SEM and Confocal microscopy.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
University Grants Commission, New Delhi (India) provided financial assistance through
University with Potential for Excellence (UPE). The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
University Grants Commission, New Delhi (India) provided financial assistance through
University with Potential for Excellence (UPE).

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Ritika Sharma analyzed the data, performed the experiments, prepared figures and/or
tables, and approved the final draft.
• Rajinder Kaur analyzed the data, conceived and designed the experiments, authored or
reviewed drafts of the paper, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The raw measurements are available in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.8267#supplemental-information.

Sharma and Kaur (2020), PeerJ, DOI 10.7717/peerj.8267 17/24

https://peerj.com
http://dx.doi.org/10.7717/peerj.8267#supplemental-information
http://dx.doi.org/10.7717/peerj.8267#supplemental-information
http://dx.doi.org/10.7717/peerj.8267#supplemental-information
http://dx.doi.org/10.7717/peerj.8267


REFERENCES
Aebi H. 1974. Catalase. In:Methods of enzymatic analysis. Second edition. Vol. 2.

Tutzing/Oberbayern: Academic Press, 673–684.
Agency for Toxic Substances and Disease Registry (ATSDR). 1995. Toxicological profile

for diethyl phthlate. Atlanta: U.S. Department of Health and Human Services, Public
Health Service.

AminMM, Ebrahimpour K, Parastar S, Shoshtari-Yeganeh B, HashemiM,Man-
sourianM, Poursafa P, Fallah Z, Rafiei N, Kelishadi R. 2018. Association
of urinary concentrations of phthalate metabolites with cardiometabolic risk
factors and obesity in children and adolescents. Chemosphere 211:547–556
DOI 10.1016/j.chemosphere.2018.07.172.

Anjum SA, Xie XY,Wang LC, SaleemMF, Man C, LeiW. 2011.Morphological,
physiological and biochemical responses of plants to drought stress. African Journal
of Agricultural Research 6(9):2026–2032.

Apel K, Hirt H. 2004. Reactive oxygen species: metabolism, oxidative stress, and signal
transduction. Annual Review Plant Biology 55:373–399
DOI 10.1146/annurev.arplant.55.031903.141701.

Api AM. 2001. Toxicological profile of diethyl phthalate: a vehicle for fragrance and
cosmetic ingredients. Food and Chemical Toxicology 39(2):97–108
DOI 10.1016/S0278-6915(00)00124-1.

Appenroth KJ, Krech K, Keresztes A, FischerW, Koloczek H. 2010. Effects of nickel on
the chloroplasts of the duckweeds Spirodela polyrhiza and Lemna minor and their
possible use in biomonitoring and phytoremediation. Chemosphere 78(3):216–223
DOI 10.1016/j.chemosphere.2009.11.007.

Arnon DI. 1949. Copper enzymes in isolated chloroplasts. Polyphenoloxidase in Beta
vulgaris. Plant physiology 24(1):1–15 DOI 10.1104/pp.24.1.1.

Ashraf MFMR, FooladM. 2007. Roles of glycine betaine and proline in improving plant
abiotic stress resistance. Environmental and Experimental Botany 59(2):206–216
DOI 10.1016/j.envexpbot.2005.12.006.

Baccouch S, Chaoui A, Ferjani EEl. 2001. Nickel toxicity induces oxidative damage in
Zea mays roots. Journal of Plant Nutrition 24(7):1085–1097
DOI 10.1081/PLN-100103805.

Bai PY,Wittert G, Taylor AW,Martin SA, Milne RW. 2017. The association between
total phthalate concentration and non- communicable diseases and chronic
inflammation in South Australian urban dwelling men. Environmental Research
158:366–372 DOI 10.1016/j.envres.2017.06.021.

Bates LS, Waldren RP, Teare ID. 1973. Rapid determination of free proline for water-
stress studies. Plant and Soil 39(1):205–207 DOI 10.1007/BF00018060.

Bi S, Chi X, Zhang Y, Ma X, Liang S, Wang Y, Hu SH. 2018. Ginsenoside Rg1 en-
hanced immune responses to infectious bursal disease vaccine in chickens with
oxidative stress induced by cyclophosphamide. Poultry Science 97(8):2698–2707
DOI 10.3382/ps/pey132.

Sharma and Kaur (2020), PeerJ, DOI 10.7717/peerj.8267 18/24

https://peerj.com
http://dx.doi.org/10.1016/j.chemosphere.2018.07.172
http://dx.doi.org/10.1146/annurev.arplant.55.031903.141701
http://dx.doi.org/10.1016/S0278-6915(00)00124-1
http://dx.doi.org/10.1016/j.chemosphere.2009.11.007
http://dx.doi.org/10.1104/pp.24.1.1
http://dx.doi.org/10.1016/j.envexpbot.2005.12.006
http://dx.doi.org/10.1081/PLN-100103805
http://dx.doi.org/10.1016/j.envres.2017.06.021
http://dx.doi.org/10.1007/BF00018060
http://dx.doi.org/10.3382/ps/pey132
http://dx.doi.org/10.7717/peerj.8267


Boswell C, Sharma NC, Sahi SV. 2002. Copper tolerance and accumulation potential of
Chlamydomonas reinhardtii. Bulletin of Environmental Contamination and Toxicology
69(4):546–553 DOI 10.1007/s00128-002-0096-4.

BradfordMM. 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Analytical
Biochemistry 72(1–2):248–254 DOI 10.1016/0003-2697(76)90527-3.

Carlberg I, Mannervik B. 1985. Glutathione reductase.Methods in Enzymololgy
133:484–490.

ChenWC, Huang HC,Wang YS, Yen JH. 2011. Effect of benzyl butyl phtha-
late on physiology and proteome characterization of water celery (Ipomoea
aquatica Forsk). Ecotoxicology and Environmental Safety 74(5):1325–1330
DOI 10.1016/j.ecoenv.2011.03.009.

Cheng TS. 2012. The toxic effects of diethyl phthalate on the activity of glutamine syn-
thetase in greater duckweed (Spirodela polyrhiza L.). Aquatic Toxicology 124:171–178.

Chi J. 2009. Phthalate acid esters in Potamogeton crispus L. from Haihe River, China.
Chemosphere 77(1):48–52 DOI 10.1016/j.chemosphere.2009.05.043.

Dhir B. 2013. Mechanism of removal of contaminants by aquatic plants. In: Phytoreme-
diation: role of aquatic plants in environmental clean-up. India: Springer, 51–64.

Díaz J, Bernal A, Pomar F, Merino F. 2001. Induction of shikimate dehydroge-
nase and peroxidase in pepper (Capsicum annuum L.) seedlings in response
to copper stress and its relation to lignification. Plant Science 161:179–188
DOI 10.1016/S0168-9452(01)00410-1.

Dionisio-Sese ML, Tobita S. 1998. Antioxidant responses of rice seedlings to salinity
stress. Plant Science 135(1):1–9 DOI 10.1016/S0168-9452(98)00025-9.

Gao DW,Wen ZD. 2016. Phthalate esters in the environment: a critical review of their
occurrence, biodegradation, and removal during wastewater treatment processes.
Science of the Total Environment 541:986–1001 DOI 10.1016/j.scitotenv.2015.09.148.

Garrison AW, Nzengung VA, Avants JK, Ellington JJ, JonesWJ, Rennels D,Wolfe
NL. 2000. Phytodegradation of p, p′-DDT and the enantiomers of o, p′-DDT.
Environmental Science and Technology 34:1663–1670 DOI 10.1021/es990265h.

Ghorpade N, Mehta V, Khare M, Sinkar P, Krishnan S, Rao CV. 2002. Toxicity study of
diethyl phthalate on freshwater fish Cirrhina mrigala. Ecotoxicology and Environmen-
tal Safety 53(2):255–258 DOI 10.1006/eesa.2002.2212.

Gill SS, Tuteja N. 2010. Reactive oxygen species and antioxidant machinery in abiotic
stress tolerance in crop plants. Plant Physiology and Biochemistry 48(12):909–930
DOI 10.1016/j.plaphy.2010.08.016.

Gomez-Hens A, Aguilar-Caballos M. 2003. Social and economic interest in the
control of phthalic acid esters. Trends in Analytical Chemistry 22(11):847–857
DOI 10.1016/S0165-9936(03)01201-9.

Gu S, Zheng H, Xu Q, Sun C, Shi M,Wang Z, Li F. 2017. Comparative toxicity of
the plasticizer dibutyl phthalate to two freshwater algae. Aquatic Toxicology
191:122–130 DOI 10.1016/j.aquatox.2017.08.007.

Sharma and Kaur (2020), PeerJ, DOI 10.7717/peerj.8267 19/24

https://peerj.com
http://dx.doi.org/10.1007/s00128-002-0096-4
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.1016/j.ecoenv.2011.03.009
http://dx.doi.org/10.1016/j.chemosphere.2009.05.043
http://dx.doi.org/10.1016/S0168-9452(01)00410-1
http://dx.doi.org/10.1016/S0168-9452(98)00025-9
http://dx.doi.org/10.1016/j.scitotenv.2015.09.148
http://dx.doi.org/10.1021/es990265h
http://dx.doi.org/10.1006/eesa.2002.2212
http://dx.doi.org/10.1016/j.plaphy.2010.08.016
http://dx.doi.org/10.1016/S0165-9936(03)01201-9
http://dx.doi.org/10.1016/j.aquatox.2017.08.007
http://dx.doi.org/10.7717/peerj.8267


Gupta A, Rai DK, Pandey RS, Sharma B. 2009. Analysis of some heavy metals in the
riverine water, sediments and fish from river Ganges at Allahabad. Environmental
Monitoring and Assessment 157(1–4):449 DOI 10.1007/s10661-008-0547-4.

Heath RL, Packer L. 1968. Photoperoxidation in isolated chloroplasts: I. Kinetics and
stoichiometry of fatty acid peroxidation. Archives of Biochemistry and Biophysics
125(1):189–198 DOI 10.1016/0003-9861(68)90654-1.

HefnyM, Abdel-Kader DZ. 2009. Antioxidant-enzyme system as selection criteria for
salt tolerance in forage sorghum genotypes (Sorghum bicolor L. Moench). In: Salinity
and water stress. Dordrecht: Springer, 25–36.

Herring R, Bering CL. 1988. Effects of phthalate esters on plant seedlings and reversal
by a soil microorganism. Bulletin of Environmental Contamination and Toxicology
40(4):626–632 DOI 10.1007/BF01688390.

HouW, Chen X, Song G,Wang Q, Chang CC. 2007. Effects of copper and cadmium
on heavy metal polluted waterbody restoration by duckweed (Lemna minor). Plant
Physiology and Biochemistry 45(1):62–69 DOI 10.1016/j.plaphy.2006.12.005.

Huang PC, Tien CJ, Sun YM, Hsieh CY, Lee CC. 2008. Occurrence of phthalates in sedi-
ment and biota: relationship to aquatic factors and the biota-sediment accumulation
factor. Chemosphere 73(4):539–544 DOI 10.1016/j.chemosphere.2008.06.019.

Huang Q,Wang Q, TanW, Song G, Lu G, Li F. 2006. Biochemical responses of two
typical duckweeds exposed to dibutyl phthalate. Journal of Environmental Science and
Health Part A 41(8):1615–1626 DOI 10.1080/10934520600754185.

ICH. 2005.Harmonised tripartite guideline validation of analytical procedures: text
and methodology Q2(R1). In: International conference of harmonisation of technical
requirements for registration of pharmaceuticals for human use. Geneva, 11–12.

John R, Ahmad P, Gadgil K, Sharma S. 2012.Heavy metal toxicity: effect on plant
growth, biochemical parameters and metal accumulation by Brassica juncea L.
International Journal of Plant Production 3(3):65–76.

Kaur R, Kumari A, Kaur K, Kaur H. 2017. Comparative assessment of phytotoxic re-
sponses induced by the exposure of benzyl butyl phthalate and di-n-butyl phthalate
to giant duckweed (Spirodela polyrhiza L. Schleiden). Journal of Pharmaceutical
Sciences and Research 9(11):2079–2085.

Koch HM, Bolt HM, Preuss R, Angerer J. 2005. New metabolites of di (2-ethylhexyl)
phthalate (DEHP) in human urine and serum after single oral doses of deuterium-
labelled DEHP. Archives of Toxicology 79(7):367–376
DOI 10.1007/s00204-004-0642-4.

Kono Y, Takahashi MA, Asada K. 1979. Superoxide dismutases from kidney bean leaves.
Plant and Cell Physiology 20(7):1229–1235 DOI 10.1093/oxfordjournals.pcp.a075922.

Kumari A, Kaur R. 2019.Modulation of biochemical and physiological parameters in
Hordeum vulgare L. seedlings under the influence of benzyl-butyl phthalate. PeerJ
7:e6742 DOI 10.7717/peerj.6742.

Kumari A, Kaur R, Sharma R, Kaur R. 2018. Assessment of toxicological effects of
diethyl phthalate to a cereal crop (Hordeum vulgare). In: Proc.: 8th international
conference on environmental and agriculture engineering. Singapore, 6–12.

Sharma and Kaur (2020), PeerJ, DOI 10.7717/peerj.8267 20/24

https://peerj.com
http://dx.doi.org/10.1007/s10661-008-0547-4
http://dx.doi.org/10.1016/0003-9861(68)90654-1
http://dx.doi.org/10.1007/BF01688390
http://dx.doi.org/10.1016/j.plaphy.2006.12.005
http://dx.doi.org/10.1016/j.chemosphere.2008.06.019
http://dx.doi.org/10.1080/10934520600754185
http://dx.doi.org/10.1007/s00204-004-0642-4
http://dx.doi.org/10.1093/oxfordjournals.pcp.a075922
http://dx.doi.org/10.7717/peerj.6742
http://dx.doi.org/10.7717/peerj.8267


Langer S, Weschler CJ, Fischer A, Bekö G, Toftum J, Clausen G. 2010. Phthalate and
PAH concentrations in dust collected from Danish homes and daycare centers.
Atmospheric Environment 44(19):2294–2301 DOI 10.1016/j.atmosenv.2010.04.001.

Lee OH, Lee BY. 2010. Antioxidant and antimicrobial activities of individual and
combined phenolics in Olea europaea leaf extract. Bioresource Technology
101(10):3751–3754 DOI 10.1016/j.biortech.2009.12.052.

Leitz J, Kuballa T, Rehm J, Lachenmeier DW. 2009. Chemical analysis and risk assess-
ment of diethyl phthalate in alcoholic beverages with special regard to unrecorded
alcohol. PLOS ONE 4(12):e8127 DOI 10.1371/journal.pone.0008127.

Liao CS, Yen JH,Wang YS. 2006. Effects of endocrine disruptor di-n-butyl phtha-
late on the growth of Bok choy (Brassica rapa subsp. chinensis). Chemosphere
65(10):1715–1722 DOI 10.1016/j.chemosphere.2006.04.093.

Liao CS, Yen JH,Wang YS. 2009. Growth inhibition in Chinese cabbage (Brassica
rapa var. chinensis) growth exposed to di-n-butyl phthalate. Journal of Hazardous
Materials 163(2–3):625–631 DOI 10.1016/j.jhazmat.2008.07.025.

Lichtenthaler HK,Wellburn AR. 1983. Determinations of total carotenoids and
chlorophylls a and b of leaf extracts in different solvents. In: 603rd meeting, liverpool,
11. 591–592.

Liu D, JiangW, QinghenM, Liu Q, Li H, Gao X, Guo S. 2000. Observation of root tips of
garlic (Allium sativum L.) by electron microscopy after treatment with cadmium. Is-
rael Journal of Plant Sciences 48(4):289–295 DOI 10.1560/6A45-3MBE-R36F-WKE2.

Lu Q, He ZL, Graetz DA, Stoffella PJ, Yang X. 2011. Uptake and distribution of metals
by water lettuce (Pistia stratiotes L.). Environmental Science and Pollution Research
18(6):978–986 DOI 10.1007/s11356-011-0453-0.

Ma TT, Christie P, Luo YM, Teng Y. 2013. Phthalate esters contamination in soil and
plants on agricultural land near an electronic waste recycling site. Environmental
Geochemistry and Health 35(4):465–476 DOI 10.1007/s10653-012-9508-5.

Ma TT,Wu LH, Chen L, Zhang HB, Teng Y, Luo YM. 2015. Phthalate esters contami-
nation in soils and vegetables of plastic film greenhouses of suburb Nanjing, China
and the potential human health risk. Environmental Science and Pollution Research
22(16):12018–12028 DOI 10.1007/s11356-015-4401-2.

Maheshwari R, Dubey RS. 2009. Nickel-induced oxidative stress and the role of
antioxidant defence in rice seedlings. Plant Growth Regulation 59(1):37–49
DOI 10.1007/s10725-009-9386-8.

Mancinelli AL. 1984. Photoregulation of anthocyanin synthesis: VIII. Effect of light
pretreatments. Plant Physiology 75(2):447–453 DOI 10.1104/pp.75.2.447.

Mankidy R,Wiseman S, Ma H, Giesy J. 2013. Biological impact of phthalates. Toxicology
Letters 217(1):50–58 DOI 10.1016/j.toxlet.2012.11.025.

McCarroll N. 2006. Reassessment of the one exemption from the requirement of a tolerance
for diethyl phthalate. Washington: USEPA.

Mittler R. 2002. Oxidative stress, antioxidants and stress tolerance. Trends in Plant
Science 7:405–410 DOI 10.1016/S1360-1385(02)02312-9.

Sharma and Kaur (2020), PeerJ, DOI 10.7717/peerj.8267 21/24

https://peerj.com
http://dx.doi.org/10.1016/j.atmosenv.2010.04.001
http://dx.doi.org/10.1016/j.biortech.2009.12.052
http://dx.doi.org/10.1371/journal.pone.0008127
http://dx.doi.org/10.1016/j.chemosphere.2006.04.093
http://dx.doi.org/10.1016/j.jhazmat.2008.07.025
http://dx.doi.org/10.1560/6A45-3MBE-R36F-WKE2
http://dx.doi.org/10.1007/s11356-011-0453-0
http://dx.doi.org/10.1007/s10653-012-9508-5
http://dx.doi.org/10.1007/s11356-015-4401-2
http://dx.doi.org/10.1007/s10725-009-9386-8
http://dx.doi.org/10.1104/pp.75.2.447
http://dx.doi.org/10.1016/j.toxlet.2012.11.025
http://dx.doi.org/10.1016/S1360-1385(02)02312-9
http://dx.doi.org/10.7717/peerj.8267


Mittler R, Vanderauwera S, Gollery M, Van Breusegem F. 2004. Reactive oxygen gene
network of plants. Trends in Plant Science 9:490–498
DOI 10.1016/j.tplants.2004.08.009.

Murray BJ, Haddrell AE, Peppe S, Davies JF, Reid JP, O’Sullivan D, UmoNS. 2012.
Glass formation and unusual hygroscopic growth of iodic acid solution droplets
with relevance for iodine mediated particle formation in the marine boundary layer.
Atmospheric Chemistry and Physics 12:8575–8587 DOI 10.5194/acp-12-8575-2012.

Nakano Y, Asada K. 1981.Hydrogen peroxide is scavenged by ascorbate-specific
peroxidase in spinach chloroplasts. Plant and Cell Physiology 22(5):867–880.

Niu L, Xu Y, Xu C, Yun L, LiuW. 2014. Status of phthalate esters contamination in
agricultural soils across China and associated health risks. Environmental Pollution
195:16–23 DOI 10.1016/j.envpol.2014.08.014.

Passardi F, Cosio C, Penel C, Dunand C. 2005. Peroxidases have more functions than a
Swiss army knife. Plant Cell Reports 24(5):255–265 DOI 10.1007/s00299-005-0972-6.

Pütter J. 1974. Peroxidases. In:Methods of enzymatic analysis. Second edition. Vol. 2.
New York: Academic Press, 685–690.

Ruley AT, Sharma NC, Sahi SV. 2004. Antioxidant defense in a lead accumulating
plant, Sesbania drummondii. Plant Physiology and Biochemistry 42(11):899–906
DOI 10.1016/j.plaphy.2004.12.001.

Saarma K, TarkkaMT, Itävaara M, Fagerstedt KV. 2003.Heat shock protein syn-
thesis is induced by diethyl phthalate but not by di (2-ethylhexyl) phthalate
in radish (Raphanus sativus). Journal of Plant Physiology 160(9):1001–1010
DOI 10.1078/0176-1617-00525.

Shan X, Zhang Y, PengW,Wang Z, Xie D. 2009.Molecular mechanism for jasmonate-
induction of anthocyanin accumulation in Arabidopsis. Journal of Experimental
Botany 60(13):3849–3860 DOI 10.1093/jxb/erp223.

Sharma P, Dubey RS. 2005. Lead toxicity in plants. Brazilian Journal of Plant Physiology
17(1):35–52 DOI 10.1590/S1677-04202005000100004.

Sharma R, Kaur R. 2017. Fluoride mediated biochemical responses and removal
potential in hydroponically grown duckweed (Spirodela polyrhiza L. Schledien).
Journal of Pharmaceutical Sciences and Research 9(11):2072–2078.

Sharma R, Kaur R. 2018. Insights into fluoride-induced oxidative stress and antioxidant
defences in plants. Acta Physiologiae Plantarum 40(10):181
DOI 10.1007/s11738-018-2754-0.

Sharma R, Kaur R. 2019a. Fluoride toxicity triggered oxidative stress and the activation
of antioxidative defence responses in Spirodela polyrhiza L. Schleiden. Journal of
Plant Interactions 14(1):440–452 DOI 10.1080/17429145.2019.1646826.

Sharma R, Kaur R. 2019b. Diallyl phthalate-triggered oxidative stress in Spirodela
polyrhiza L. Schleiden: physiological effects and role of antioxidant defence system.
International Journal of Environmental Science and Technology. Epub ahead of print
Aug 07 2019 DOI 10.1007/s13762-019-02491-4.

Sharma and Kaur (2020), PeerJ, DOI 10.7717/peerj.8267 22/24

https://peerj.com
http://dx.doi.org/10.1016/j.tplants.2004.08.009
http://dx.doi.org/10.5194/acp-12-8575-2012
http://dx.doi.org/10.1016/j.envpol.2014.08.014
http://dx.doi.org/10.1007/s00299-005-0972-6
http://dx.doi.org/10.1016/j.plaphy.2004.12.001
http://dx.doi.org/10.1078/0176-1617-00525
http://dx.doi.org/10.1093/jxb/erp223
http://dx.doi.org/10.1590/S1677-04202005000100004
http://dx.doi.org/10.1007/s11738-018-2754-0
http://dx.doi.org/10.1080/17429145.2019.1646826
http://dx.doi.org/10.1007/s13762-019-02491-4
http://dx.doi.org/10.7717/peerj.8267


Singleton VL, Rossi JA. 1965. Colorimetry of total phenolics with phosphomolybdic-
phosphotungstic acid reagents. American Journal of Enology and Viticulture
16(3):144–158.

Slama I, Abdelly C, Bouchereau A, Flowers T, Savoure A. 2015. Diversity, distribution
and roles of osmoprotective compounds accumulated in halophytes under abiotic
stress. Annals of Botany 115(3):433–447 DOI 10.1093/aob/mcu239.

Song FN, Yang CP, Liu XM, Li GB. 2006. Effect of salt stress on activity of superoxide
dismutase (SOD) in Ulmus pumila L. Journal of Forestry Research 17(1):13–16
DOI 10.1007/s11676-006-0003-7.

Staples CA, Parkerton TF, Peterson DR. 2000. A risk assessment of selected phthalate
esters in North American and Western European surface waters. Chemosphere
40(8):885–891 DOI 10.1016/S0045-6535(99)00315-X.

Staples CA, Peterson DR, Parkerton TF, AdamsWJ. 1997. The environmental fate of
phthalate esters: a literature review. Chemosphere 35(4):667–749.

Sun K, Jin J, Keiluweit M, Kleber M,Wang Z, Pan Z, Xing B. 2012. Polar and aliphatic
domains regulate sorption of phthalic acid esters (PAEs) to biochars. Bioresource
Technology 118:120–127 DOI 10.1016/j.biortech.2012.05.008.

Sytar O, Kumar A, Latowski D, Kuczynska P, Strzałka K, PrasadMNV. 2013.
Heavy metal-induced oxidative damage, defense reactions, and detoxifi-
cation mechanisms in plants. Acta Physiologiae Plantarum 35(4):985–999
DOI 10.1007/s11738-012-1169-6.

Taïbi K, Taïbi F, Abderrahim LA, Ennajah A, Belkhodja M, Mulet JM. 2016. Effect
of salt stress on growth, chlorophyll content, lipid peroxidation and antioxidant
defence systems in Phaseolus vulgaris L. South African Journal of Botany 105:306–312
DOI 10.1016/j.sajb.2016.03.011.

Ting-TingMA, Christie P, Yong-Ming LUO, Ying TENG. 2014. Physiological and
antioxidant responses of germinating mung bean seedlings to phthalate esters in soil.
Pedosphere 24(1):107–115 DOI 10.1016/S1002-0160(13)60085-5.

Upadhyay RK. 2014.Metal stress in plants: its detoxification in natural environment.
Brazilian Journal of Botany 37(4):377–382 DOI 10.1007/s40415-014-0087-9.

United States Environmental Protection Agency (USEPA). 2013. Electronic code of
federal regulations, Title 40-protection of environment, Part-423-team electric
power generating point source category. Appendix A to Part 423-126, priority
pollutants. Available at http://www.ecfr.gov/ cgi-bin/ text-.

Vara PrasadMN, De Oliveira Freitas HM. 2003.Metal hyperaccumulation in plants:
biodiversity prospecting for phytoremediation technology. Electronic Journal of
Biotechnology 6(3):285–321.

Ventrice P, Ventrice D, Russo E, De Sarro G. 2013. Phthalates: European regulation,
chemistry, pharmacokinetic and related toxicity. Environmental Toxicology and
Pharmacology 36(1):88–96 DOI 10.1016/j.etap.2013.03.014.

Sharma and Kaur (2020), PeerJ, DOI 10.7717/peerj.8267 23/24

https://peerj.com
http://dx.doi.org/10.1093/aob/mcu239
http://dx.doi.org/10.1007/s11676-006-0003-7
http://dx.doi.org/10.1016/S0045-6535(99)00315-X
http://dx.doi.org/10.1016/j.biortech.2012.05.008
http://dx.doi.org/10.1007/s11738-012-1169-6
http://dx.doi.org/10.1016/j.sajb.2016.03.011
http://dx.doi.org/10.1016/S1002-0160(13)60085-5
http://dx.doi.org/10.1007/s40415-014-0087-9
http://www.ecfr.gov/cgi-bin/text-
http://dx.doi.org/10.1016/j.etap.2013.03.014
http://dx.doi.org/10.7717/peerj.8267


Wang J, Luo Y, Teng Y, MaW, Christie P, Li Z. 2013. Soil contamination by ph-
thalate esters in Chinese intensive vegetable production systems with dif-
ferent modes of use of plastic film. Environmental Pollution 180:265–273
DOI 10.1016/j.envpol.2013.05.036.

Wang ZQ, Yuan YZ, Ou JQ, Lin QH, Zhang CF. 2007. Glutamine synthetase and
glutamate dehydrogenase contribute differentially to proline accumulation in leaves
of wheat (Triticum aestivum) seedlings exposed to different salinity. Journal of Plant
Physiology 164(6):695–701 DOI 10.1016/j.jplph.2006.05.001.

Wang J, Zhang Q, Zhang Z, Li Z. 2008. Antioxidant activity of sulfated polysaccharide
fractions extracted from Laminaria japonica. International Journal of Biological
Macromolecules 42(2):127–132 DOI 10.1016/j.ijbiomac.2007.10.003.

Xu G, Liu N,WuMH, Guo RY, Zhou JX, ShiWY, Li FS. 2010. Aquatic toxicity of di (2-
eihylhexyl) phthalate to duckweeds. Journal of Shanghai University 14(2):100–105
DOI 10.1007/s11741-010-0205-3.

Xuan TD, Chung IM, Khanh TD, Tawata S. 2006. Identification of phytotoxic sub-
stances from early growth of barnyard grass (Echinochloa crusgalli) root exudates.
Journal of Chemical Ecology 32(4):895–902 DOI 10.1007/s10886-006-9035-x.

Yemm EW,Willis AJ. 1954. The estimation of carbohydrates in plant extracts by
anthrone. Biochemical Journal 57(3):508–512.

Zhang Y, Du N,Wang L, Zhang H, Zhao JY, Sun GQ,Wang PJ. 2015. Phys-
ical and chemical indices of cucumber seedling leaves under dibutyl ph-
thalate stress. Environmental Science and Pollution Research 22:3477–3488
DOI 10.1007/s11356-014-3524-1.

Zhang SQ, Outlaw JrWH. 2001. Abscisic acid introduced into the transpiration stream
accumulates in the guard-cell apoplast and causes stomatal closure. Plant, Cell &
Environment 24(10):1045–1054 DOI 10.1046/j.1365-3040.2001.00755.x.

Zhang Y,Wang L, Du N, Ma GP, Yang AM, Zhang H, Song QX. 2014. Effects of di-
ethylphthalate and di-(2-ethyl) hexylphthalate on the physiology and ultrastructure
of cucumber seedlings. Environmental Science and Pollution Research 21:1020–1028
DOI 10.1007/s11356-013-1884-6.

Zhang Y, Zhang H, Sun X,Wang L, Du N, Tao Y, Sun G, Erinle KO,Wang P, Zhou C,
Duan S. 2016. Effect of dimethyl phthalate (DMP) on germination, antioxidant
system, and chloroplast ultrastructure in Cucumis sativus L. Environmental Science
and Pollution Research 23(2):1183–1192 DOI 10.1007/s11356-015-5855-y.

Sharma and Kaur (2020), PeerJ, DOI 10.7717/peerj.8267 24/24

https://peerj.com
http://dx.doi.org/10.1016/j.envpol.2013.05.036
http://dx.doi.org/10.1016/j.jplph.2006.05.001
http://dx.doi.org/10.1016/j.ijbiomac.2007.10.003
http://dx.doi.org/10.1007/s11741-010-0205-3
http://dx.doi.org/10.1007/s10886-006-9035-x
http://dx.doi.org/10.1007/s11356-014-3524-1
http://dx.doi.org/10.1046/j.1365-3040.2001.00755.x
http://dx.doi.org/10.1007/s11356-013-1884-6
http://dx.doi.org/10.1007/s11356-015-5855-y
http://dx.doi.org/10.7717/peerj.8267

