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Abstract
Phragmites australis exhibits substantial tolerance for salt and heavy metals exposure in the environment. The purpose 
of this study was to evaluate some biochemical parameters of Phragmites australis irrigated with wastewater (containing 
nickel, zinc, copper, iron, cadmium, and lead) up to the vegetative (short term), flowering (average term), or reproductive 
(long term) stage. The plant samples were collected twice i.e., two days and four days after irrigation at each growth stage. 
The plants were irrigated with freshwater for control. The average-term application of wastewater causes to higher biomass 
than the control plants. Some physicochemical parameters (proline, electrical conductivity, total soluble protein, and potas-
sium) were more strongly correlated with plant biomass. The chlorophyll a, chlorophyll b, total chlorophyll, and total soluble 
proteins were reduced at the reproductive stage. While, the proline, soluble sugars, and activities of antioxidant enzymes 
were increased. Long-term wastewater exposure led to a significant increase in sodium, potassium, and  Na+/Ca2+ ratio of P. 
australis while magnesium contents were decreased by wastewater irrigation. The present findings suggest that P. australis 
possess several enzymatic and non-enzymatic defense processes that curtail oxidative stress caused by heavy metals toxicity 
from wastewater and protect photosynthetic pigments from damage in the flowering stage.
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Introduction

The excessive increase in the world population, human 
activities, mismanagement of water resources, are major 
causes of water scarcity and water pollution (Qadir et al. 
2010). Urmia Lake is the second-largest hypersaline lake 
that has suffered from severe environmental degradation 
due to industrial pollution and water shortage (Daraine et al. 
2019). Studies have predicted that a saltwater desert (400 

 km2) will be generated by the desiccation of the lake which 
will be one of the biggest challenges affecting more than 6 
million people living in the area of 50 km around Urmia 
Lake (Nhu et al. 2020).

The reuse of wastewater is the most commonly recom-
mended way for the optimization of water resources, par-
ticularly in water-scarce peri-urban areas (WWAP 2017). 
The application of wastewater in agriculture has become a 
worldwide accepted source of high nutrient content, includ-
ing macronutrients and micronutrients, and more impor-
tantly, organic matter (Qadir et al. 2010) to improve crop 
production. However, wastewater may contain significant 
amounts of heavy metals (HMs). High accumulation of 
HMs in agricultural soils not only results in contamination 
of soil, but also leads to elevated uptake of HMs by crops, 
and thus affects food quality and safety (Muchuweti et al. 
2006; Belhaj et al. 2016). High concentrations of HMs pre-
vent growth and development of plant and cause physio-
chemical changes (Rezania 2009). The degree of damage 
depends upon the toxic ions concentration, the plant species, 
growth stage, and soil and climate conditions (Qadir et al. 
2010). To alleviate the contamination of soils with HMs 
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and salinization land problems, some halophytic plants have 
been identified that can extract HMs from the soil (Moray 
et al. 2015). Removal of HMs and other pollutants from 
wastewater with the help of aquatic plants has been reported 
as a cost-effect technology (Kumari and Tripathi 2015). 
Additionally, the use of non-food crops would be helpful to 
reduce the risk of the transfer of HMs from wastewater into 
the food chain (Lajayer et al. 2019).

Phragmites australis, a common reed, from the Poaceae 
family has been extensively used for the treatment of waste-
water containing different types of pollutants through phy-
toremediation and phytostabilisation (Topal 2015; Liu et al. 
2016). Its wide distribution, resilient rhizome system, and 
long growth period facilitate the bioaccumulation of pollut-
ants (Liu et al. 2012; Rezania et al. 2019).

Despite the unknown mechanisms of removing heavy 
metals by plants, enzyme activities controlling oxidative 
stress might be effective in the tolerance toward HM con-
tamination (Iannelli et al. 2002). Phragmites exhibits a high 
level of tolerance to HMs due to enzymatic and non-enzy-
matic defense systems (Uruç Parlak and Demirezen Yilmaz 
2012; Esmaeilzadeh et al. 2017). As a result of altered trans-
location of ions, such as iron (Fe), copper (Cu), zinc (Zn), 
lead (Pb), and nickel (Ni), HMs cause to suppress the bio-
logical functions due to ionic imbalance (Fediuc and Erdei 
2002) and bind to sulphydryl groups of enzymes (Van Ass-
che and Clijsters 1990). Magnesium (Mg) is the most abun-
dant free divalent cation in cells, essential for cation balance 
and membrane stabilization in plants, and a structural com-
ponent of the chlorophyll molecule and enzymes including 
protein kinases, ATPases, phosphatases, and carboxylases 
(Rengel et al. 2015; Guo et al. 2015). Cadmium (Cd) and 
Pb are well-known specific blockers of voltage-dependent 
calcium (Ca) channels (Marchetti 2013). Disturbance of the 
metabolism by excessive HMs causes inhibition of plant 
growth and respiration, reduction of chlorophyll content, 
change the cell ultra-structure, and alter the activity and 
quantity of the enzyme (Meloni et al. 2003; Guo et al. 2007).

Cadmium is a potent inhibitor of aminolevulinic acid 
and photosynthetic activity (Bhattacharjee and Mukherjee 
2003; Sarangthem et al. 2011). Reactive oxygen species 
(ROS), such as hydroxyl radicals (OH.), hydrogen peroxide 
 (H2O2), and superoxide  (O2−), are produced naturally dur-
ing cell metabolism (Pereira et al. 2002) but also induce by 
external stresses such as exposure to pollutants and herbi-
cides (Sharma et al. 2010), and salinity and drought stress 
(Khalilzadeh et al. 2016; Babaei et al. 2017). Higher ROS 
create an imbalance in the redox homeostasis, damaging 
membranes, degrading DNA, and proteins (Xu et al. 2010; 
Babaei et al. 2017).

Despite extensive research on individual metal tolerance 
to plants (Perez-Romero et al. 2016), the interactive effects 
of several metal stress in the system of soil–plant should 

be extensively studied. The mismanagement of wastewater 
irrigation leads to toxicity problems by accumulating HMs 
and declining crop quality. Therefore, the study aimed to 
improve our knowledge of the physiological mechanism and 
anti-oxidative enzyme activities of P. australis under heavy 
metal stress at different times and duration of wastewater 
irrigation. We hypothesized that the native P. australis can 
keep up optimal growth and physiological parameters while 
effectively reducing the pollution of irrigation water in urban 
and industrialized areas can tolerate growth.

Materials and methods

Plant material and growth conditions

The experiment was conducted at the Urmia Lake coastal, 
Iran (average altitude of 1735 m, extends over 6000  km2 and 
lies between 35° 40′ and 38° 30′ N, 44° 07′ and 47° 53′ E) 
(Fig. 1). The average annual rainfall is 300–700 mm. The 
seeds of common reed plants (Phragmites australis) were 
sown in plastic trays on 10 July 2019. The plants were uni-
formly transplanted on 24 July 2019 in the field near Uremia 
Lake. The characteristics of the soil of field were: EC 400 μS 
 cm−1, pH 8.77,  MgCO3 varies from 0.4 to 0.5%, and  CaCO3 
varies from 2.8 to 6.3%.

Phragmites plants are irrigated with wastewater or fresh-
water (for control). The wastewater was applied up to three 
stages of Phragmites australis, i.e., according to the follow-
ing details:

Wastewater treatments

1 20 days after trans-
planting (short 
term)

Vegetative growth 
stage

2 30 days after trans-
planting (average 
term)

Flowering growth 
stage

3 40 days after 
transplanting (long 
term)

Reproductive growth 
stage

The plant samples were collected at two times, i.e., two 
days and four days of each growth stage. The treatments 
were arranged in a split-plot design with four replications. 
Irrigation was taken as the main factor and the factorial com-
binations of three irrigation stages and sampling times as 
sub-plot factors. Each sub-plot has 3 rows of plants and each 
row was 100 m long.

The source of wastewater was a mixture of domestic 
and industrial effluents from Urmia city; and 10 cm below 
the substrate surface were constructed to maintain constant 
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water level. The impact of settling or floating depending 
on the media type can lead to some changes in quality 
parameters of wastewater over time (Cortes-esquivel et al. 
2012). Therefore, the physicochemical characteristics of 
wastewater, shown in Table 1, were taken from the average 
of 4-year data from June to August.

Plant analysis

Chlorophyll and carotenoids were extracted in 80% acetone 
and values were obtained based on the Arnon (1949) and 
Khalilzadeh et al. (2020).

Catalase (CAT), peroxidase (POD), and polyphenol oxi-
dase (PPO) enzyme activities were analyzed according to 
Karo and Mishra (1976). The evaluation of protein was car-
ried out by Bradford’s (1976) method,

To measure proline, a homogeneous mixture was obtained 
by extracting 10 ml sulpho-acetic acid solution with 0.5 g 
of plant fresh tissue. Then, 2 ml glacial acetic acid and 
2 ml dimenhydrinate reagent were added. 4 ml toluene was 
added to produce two separate-phases. The absorbance was 
recorded at 520 nm (Bates et al. 1973).

Soluble sugars were estimated according to Dubois et al. 
(1956).

Electrical conductivity was assessed according to the Jodeh 
et al (2015) method. Relative water content (RWC) was 
measured as described by Tambussi et al. (2005), and cal-
culations are performed based on the formula:

 where MF is leaf fresh mass, Md is leaf dry mass, and MT 
is mass after saturation.

Ratios of Na/K and Na/Ca were assessed based on the 
content of sodium (Na), potassium (K), and calcium ions in 
aboveground tissues. The Na and K were prepared based on 

RWC = 100% (MF −Md)∕(MT −Md)

Fig. 1  The map of the studied 
area

Table 1  Physicochemical characteristics of wastewater

Traits (mg  L−1) Mean Minimum Maximum

Zn 2.45 0.158 3.8
Fe 3.60 0.61 5.4
Cu 0.44 0.058 0.90
Cd 0.096 0.028 0.17
Pb 2.54 0.174 3.82
Ni 2.77 0.074 4.62
Na 11.30 – –
K 1.40 – –
TDS 731 – –
TSS 250 – –
DO 3 – –
BOD 360 – –
COD 550 – –
NH4–N 40 – –
NO3–N 10 – –
PO4–P 0.16 – –
Ca+Mg+ 2.20 – –
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the method of Morales et al. (2012). Calcium and Mg were 
determined as per the method given by Kelley et al. (1946), 
using atomic absorption spectrometry. To measure plant dry 
biomass, aerial parts of the harvested plants were dried at 
80 °C for 48 h.

Statistical analysis

The significance of irrigation (I), duration of irrigation (D), 
time of sampling (T), and their interactions were analyzed 
by SAS software. The means of the data were compared 
using the least significant difference (LSD) test at p < 0.05.

Results

The analysis of variance (ANOVA) showed the significant 
interactive effect of irrigation, duration, and time on chloro-
phyll b, proline, relative water content, catalase, peroxidase, 
calcium, sodium, potassium, Na/Ca, and K/Na ratios. The 
chlorophyll a, total chlorophyll, carotenoids, and plant bio-
mass were significantly influenced by the interactive effect 
of duration and time. While, chlorophyll a, total chlorophyll, 
soluble sugars, total soluble protein, electrical conductiv-
ity, polyphenol oxidase, magnesium, and plant biomass 
were also affected by the interaction of duration × irrigation 
(Tables 2 and 3).

Plant biomass

The plant biomass was significantly increased by the waste-
water irrigation, duration of irrigation, and time (Table 1). 
The highest plant biomass (28.49 mg  plant−1) was observed 
for the average duration of wastewater irrigation and the 
lowest (12.22 mg  plant−1) for freshwater irrigated plants at 
the vegetative stage (Fig. 2a). Plant biomass was not signifi-
cantly affected by short-term irrigation with wastewater at 
the vegetative stage, whereas, at the reproductive stage, plant 
biomass was significantly decreased by 13% by long-term 
wastewater irrigation as compared to control plants (Fig. 3a).

Photosynthetic pigments

The changes in chlorophyll a and total chlorophyll showed 
the same trend for long-, short-, and average-term irrigation 
for control and wastewater-irrigated plants (Fig. 2b, c). The 
chlorophyll a content and the total chlorophyll content were 
even higher (but not statistically significant) for sewage-
irrigated plants than the control plants at the short-term and 
long-term durations. The D × T interaction indicated that the 
maximums chlorophyll a, total chlorophyll, and carotenoids 
concentrations were appeared after 4 days at the flowering 
stage, while minimum values were observed after 4 days 
at the reproductive stage (Fig. 3b–d). The leaf chlorophyll 
b was not significantly affected by the irrigation (Table 2).

Table 2  The effect of wastewater irrigation, duration of irrigation, and sampling time on plant biomass, chlorophyll, carotenoids, proline, soluble 
sugars, total soluble protein, and electrical conductivity of Phragmites australis 

ns, *, ** show non-significant and significant differences at 0.05, 0.01 probability level, respectively. Short-term: 20 days after sowing (at the 
vegetative stage); average-term: 30 days after sowing (at the flowering stage); long-term: 40 days after sowing (at the reproductive stage)

Plant biomass Chlorophyll a Chlorophyll b Total chloro-
phyll

Carotenoids Proline Soluble sugars Total 
soluble 
protein

Electrical 
conduc-
tivity

(mg) (mg  g−1 FW) (µS  m−1)

Irrigation (I) ** * ns * ** ** ** ** **
 Control 19.46b 4.39b 1.53 5.92b 0.32b 5.97b 1.41b 11.20a 14.54b
 Wastewater 21.45a 4.81a 1.62 6.34a 0.40a 7.01a 2.01a 10.73b 156.33a

Duration (D) ** ** ** ** ** ** ** ** **
 Short-term 13.30b 4.90b 1.33b 6.24b 0.33b 5.21c 1.35 9.92c 145.31b
 Average-term 25.01a 5.81a 2.15a 7.97a 0.50a 6.60b 1.85 12.13a 153.87a
 Long-term 23.06a 3.09c 1.23b 4.32c 0.27b 7.66a 1.92 10.84b 156.62a

Time (days) 
(T)

** ** Ns ns ns ** ns ns ns

 Two 19.66b 4.88a 1.46 6.36 0.37 6.03b 1.67 10.87 151.41
 Four 21.24a 4.31b 1.68 6.00 0.36 6.95a 1.74 11.06 152.45

I × D ** ** Ns * ns ns ** ** **
I × T ns ns Ns ns ns ns ns ns ns
D × T ** ** * ** * ns ns ns ns
I × D × T ns ns ns ns ns * ns ns ns
C.V. 9.006 15.18 24.84 13.51 18.79 11.19 15.19 4.04 2.85
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Biochemical components

Soluble sugar content was significantly higher in the 
wastewater-irrigated plants than the control plants. There 
was a 47% and 32% increase in soluble sugars by sewage 
irrigation at the flowering and reproductive stage, respec-
tively when comparing to control (Fig. 2d). In comparison 
with the control, a significant reduction in protein content 
was observed after the long-term and average-term irri-
gation of wastewater (Fig. 2e). The proline was signifi-
cantly increased in wastewater-irrigated plants at 4 days 
of the vegetative stage and two days of the flowering and 
reproductive stages as compared to control, and the highest 
were at the reproductive stage (Fig. 4a).

Relative water content and electrical conductivity

Data showed that RWC in Salicornia was not affected by 
the duration of wastewater irrigation and time of sam-
pling. Plants exposed to wastewater irrigation after 4 days 
at the reproductive stage result in a 5% decrease in RWC 
(Fig. 4b). There was no significant difference in electri-
cal conductivity among the treatments for control plants. 
While plants exposed to wastewater led to an 11% increase 
in electrical conductivity as compared to control (Fig. 2f).

The enzymes activity

The CAT activity was unchanged for the control plant at 
different growth stages (Fig. 5a). A significant increase in 
CAT activity was detected with the average and long-term 
application of wastewater. The POD activity increased up 
to a maximum (184 µg protein  min−1) after 4 days at the 
reproductive stage in sewage-irrigated plants. The highest 
PPO activity appeared at the flowering (125.5 µg protein 
 min−1) and reproductive (119.6 µg protein  min−1) stages of 
wastewater-irrigated plants and the lowest value (84.95 µg 
protein  min−1) was found at the reproductive stage of con-
trol plants (Fig. 3g). In wastewater-irrigated plants, the PPO 
activity was 1.3- and 1.5-fold higher at the flowering and 
reproductive stages, respectively as compared to control.

Nutrient analysis

The magnesium (Mg) content in plants was significantly 
decreased when treated with the long-term duration 
of wastewater as compared to control plants (Fig.  2h). 
Whereas, no change was observed with short- and average-
term exposure of wastewater as compared to control. There 
was no significant difference of wastewater irrigation on 
sodium (Na) concentration at 4 days of the flowering stage 
(Fig. 6a). In contrast, a significant increase in potassium 

Table 3  The effect of wastewater irrigation, duration of irrigation, and sampling time on relative water content, activities of catalase, peroxidase, 
polyphenol oxidase, concentration of calcium, magnesium, sodium and potassium, ratios of Na/Ca, and K/Na of Phragmites australis 

ns, *, ** show non-significant and significant differences at 0.05, 0.01 probability level, respectively. Short-term: 20 days after sowing (at the 
vegetative stage); average-term: 30 days after sowing (at the flowering stage); long-term: 40 days after sowing (at the reproductive stage)

Relative 
water 
content

Catalase Peroxidase Polyphenol oxidase Calcium Magnesium Sodium Potassium Na/Ca ratio K/Na ratio

(%) µg protein  min−1 mmol−1 mgg−1 DW

Irrigation (I) ** ** ** ** ns ** ** ** ** ns
 Control 87.33a 49.89b 129.63b 90.10b 0.490 0.220a 17.84b 7.18b 37.82b 0.40
 Wastewater 81.79b 75.63a 155.63a 114.59a 0.495 0.205b 20.90a 8.46a 44.44a 0.40

Duration (D) * ** ** ** ** ** * ** ** **
 Short-term 82.18 71.71a 131.68b 93.61b 0.450b 0.205b 18.91a 6.26b 42.47ab 0.33b

 Average-term 87.18 61.97b 143.94a 108.21a 0.565a 0.235a 19.04a 8.54a 35.10b 0.45a

 Long-term 84.31 54.60c 152.27a 105.21ab 0.460b 0.195b 20.6a 8.66a 45.82a 0.44a

Time (d) (T) ns ** Ns ns ns * ns ns * ns
 Two 84.48 57.65b 140.86 101.23 0.495 0.205b 19.04 7.18b 39.80b 0.41
 Four 84.66 67.88a 144.40 103.45 0.490 0.215a 19.70 8.46a 42.46a 0.40

I × D ns ** ** ** ** * ** ns ** *
I × T * * Ns ns ns ns * ** * ns
D × T ns ns Ns ns ** ns * ns ** ns
I × D × T * * * ns * ns * * ** *
C.V. 5.16 14.60 9.29 10.71 7.71 5.70 7.40 11.37 10.19 14.18
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(K) concentration was observed in wastewater treated plants 
after 4 days of the vegetative, flowering, and reproductive 
stages as compared to control (Fig. 6b). However, the maxi-
mum shoot Na and K concentrations were recorded after the 
long-term exposure of wastewater which was 51% and 26% 
higher than the control, respectively.

The calcium (Ca) content of aboveground parts was not 
significantly affected by the wastewater; however, Ca con-
tent by average-term exposure of wastewater was higher 
than the long-term exposure (Fig. 6c). Furthermore, a sig-
nificant increase (27%) in Ca was observed after 4 days 

of short-term irrigation with wastewater as compared to 
control. The highest Na/Ca ratio was absorbed in plants 
from the 4 days after the reproductive stage, and the lowest 
in the control plants after 4 days after the flowering stage 
(Fig. 6d). The Na/Ca ratio at vegetative and flowering 
stages was relatively lower than the long-term exposure. 
There was no significant difference between control and 
wastewater treated plants in the K/Na ratio except 4 days 
after the vegetative stage (Fig. 6e). The application of 
wastewater increased the aboveground K/Na ratio in all 
treatments, except 4 days after the reproductive stage.
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Fig. 2  Concentration of plant biomass (a), chlorophyll a (b), total 
chlorophyll (c), soluble sugars (d), total soluble protein (e), electrical 
conductivity (f), polyphenol oxidase (g), and magnesium concentra-
tion (h) of Phragmites australis as affected by irrigation and duration 
of wastewater application. Short: 20  days after sowing (at vegeta-

tive stage); average: 30 days after sowing (at flowering stage); long: 
40 days after sowing (at reproductive stage). Each bar indicates mean 
(n = 4) ± standard error. The different alphabets on bars indicate sig-
nificant difference (P ≤ 0.05) using LSD
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Correlation coefficient between traits

The correlation analysis indicates that the plant biomass 
was significantly and positively related to EC, TSP, proline, 
and K contents (Fig. 7). The chlorophyll a, chlorophyll b, 
total chlorophyll, total soluble protein, and Ca contents were 
negatively related to Na/Ca ratio. The EC was positively 
related to the activity of CAT, POD, and PPO, and Na and K 
content. The Ca content was positively related to the concen-
tration of TSP. Similarly, Mg concentration was positively 
related to chlorophyll b, carotenoid, and TSP.

Discussion

Phragmites plants subjected to different times and duration 
of HM polluted wastewater showed some physio-chemical 
changes. Based on observed results, HMs observed in irri-
gation treatments, are necessary for the plant growth and 
development at the flowering stage which cause to inhibi-
tion of plant photosynthesis which were highly accumulated 
at 40 days after sowing (the reproductive stage). The high-
est biomass was observed at the flowering stage, indicated 
that the optimum sewage exposure time for restoration of 
Phragmites should be 30 DAS. However, Phragmites con-
tains a high amount of heavy metals accumulation and nutri-
ent uptake from July to August, therefore, whiles the shoot 
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Fig. 4  Concentration of proline (a) and relative water content (b) of 
Phragmites australis as affected by time and duration of wastewater 
application. Short: 20 days after sowing (at vegetative stage); average: 
30  days after sowing (at flowering stage); long: 40  days after sow-
ing (at reproductive stage). Each bar indicates mean (n = 4) ± standard 
error. The different alphabets on bars indicate significant difference 
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biomass increase with increased development times, the 
Phragmites shoots weight decrease after the reproductive 
stage. Mishra and Behera (1991) reported that the reduction 
of shoot biomass in long-term exposure to wastewater may 
be due to the antagonistic effects of Mg and Ca with other 
cations (K and Na) (Najafi et al. 2012). However, there was 
an inverse tendency that the photosynthetic pigments and 
Mg content decreased significantly but the enzyme activities 
increased markedly, with the long-term exposure to waste-
water. The lowest photosynthetic pigments under such con-
ditions proved that long-term exposure decreased the pho-
tosynthesis rates, and then reduced the biomass production 
(Wen et al. 2017). Saltmarsh et al. (2006) also indicated 
that Phragmites was favored by average-term of duration 
with an increase in photosynthetic pigments which indicated 
that the long-term duration of wastewater was not optimal 
for this species.

The presence of HMs, Zn, Fe, Cu, Cd, Pb, and Ni ions 
exhibited a strong inhibitory effect on photosynthetic pig-
ments and soluble protein of Phragmites. Zinc accumulation 
declined usually the contents of total chlorophyll, chloro-
phyll a, and chlorophyll b in plants (Li et al. 2013). This 
study suggests that chlorophyll b was more sensitive to time 
and duration of wastewater exposure in comparison with 
chlorophyll a in Phragmites plants. The plants were probably 
better sun-acclimatized at that time, since chlorophyll b acts 
as a light-harvesting complex when light conditions are not 
optimal (Lawlor 1987). The analysis of foliar pigments in 
Phragmites was consistent with average-term exposure to 

wastewater. During the vegetative and flowering stages, the 
chlorophyll content increased with increasing the HMs expo-
sure in wastewater, mostly because metals supply in waste-
water helped in the synthesis of chlorophyll. The electrical 
conductivity of leaves correlated negatively with RWC and 
Mg concentration. Therefore, declining chlorophyll could 
be because of the peroxidation of chloroplast membranes 
(Hou et al. 2007) and inhibition of other metals absorption 
(Wilson et al. 2000). Zhou and Qiu (2005) reported that the 
decrease in chlorophyll content may be due to increased Fe 
uptake in the presence of Cd. Iron substitutes Mg forming 
heme instead of chlorophyll. Increasing the chlorophyll con-
tent in plants irrigated with wastewater compared to plants 
irrigated with water in the reproductive growth stage sug-
gesting that enzyme activity of CAT, POD, and PPO plays 
an essential role against HMs-induced oxidative damage in 
Phragmites plants.

Increased enzyme activity in Phragmites shows the abil-
ity to adapt under Zn (Uruç Parlak and Demirezen Yilmaz 
2012), Cu, Cd (Iannelli et al. 2002; Rocha et al. 2014), and 
Cr contamination (Dhir et al. 2009). The higher anti-oxida-
tive activities, such as CAT, POD, and PPO, could neutralize 
or eliminate free radicals (Mittler 2002; Babaei et al. 2017). 
Szabó et al. (2005) reported that carotenoids dissipate exci-
tation energy by rapid internal conversion and could prevent 
photo-oxidation of photosynthetic membranes and destruc-
tion of the entire photosystem.

The higher proline by exposure to excess metals, such as 
Zn, Fe, Cu, Cd, Pb, and Ni, has been previously reported 

Fig. 5  Activities of a catalase 
and b peroxidase of Phragmites 
australis as affected by time and 
duration of wastewater applica-
tion. Short: 20 days after sowing 
(at vegetative stage); aver-
age: 30 days after sowing (at 
flowering stage); long: 40 days 
after sowing (at reproductive 
stage). Each bar indicates mean 
(n = 4) ± standard error. The dif-
ferent alphabets on bars indicate 
significant difference (P ≤ 0.05) 
using LSD
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(Li et al. 2013; Uruç Parlak and Demirezen Yilmaz 2012; 
Khalilzadeh et al. 2020). Despite the progressive increase in 
proline with growth duration, the osmolyte contents under 
control and wastewater treatments were almost the same. 
The long-term exposure to HMs did not exhibit any sig-
nificant effect on leaf proline content in Phragmites. Proline 
as an organic osmolyte has a strong ability to prevent the 
degeneration of enzyme inactivation, protects the structure 
of organelles and macromolecules (Perez-Alfocea et al. 
1993; John et al. 2008). Furthermore, proline acts as a metal 
chelator and eliminates singlet oxygen and hydroxyl radicals, 
thus reduces ROS-induced cell damage (Uruç Parlak and 
Demirezen Yilmaz 2012). This study revealed that proline 
correlated better with CAT than with either POD or PPO. A 
previous investigation exhibited the proline accumulation in 
Cu (Ku et al. 2012), Ni (Lin and Kao 2007), and Zn (Li et al. 
2013) treated plants.

In this study, wastewater had Ni, Zn, Cu, Fe, Cd, and 
Pb contents which induced the decline in soluble protein, 
while soluble sugar contents were significantly increased in 
Phragmites by long-term exposure to wastewater irrigation. 
A higher concentration of soluble sugar provides an adap-
tive mechanism under HM toxicity by maintaining favorable 
osmotic potential (Guo et al. 2007). The decrease in protein 
content after prolonged HMs exposure may be caused by 
oxidative damage and increased activity of CAT, POD, and 
PPO, which are activated by HMs. Also, the accumulation 
of Cd, Cu, and Pb could inhibit Mg absorption by plants 
on which protein synthesis system relied and induce DNA 
damage (John et al. 2008; Hou et al. 2007). Also, Ni- or 
Cu-induced proline accumulation in plant leaves could be 
related to protein degradation (Hou et al. 2007; Lin and 
Kao 2007). Our results showed the increased POD enzyme 
activity at the vegetative growth stage, suggesting that this 
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enzyme might be important in alleviating lipid peroxidation 
induced by HM stress, as found by Guo et al. (2007).

These results showed that pollutant industrial wastewater 
in the environment would change the level of antioxidant 
enzyme activities in plants. The insufficient activities and 
concentration of antioxidants cause damage to pigments, 
nucleic acids, membrane lipids, and proteins, causing muta-
tions, and even causing death to the plants (Xu et al. 2010). 
Antioxidant enzyme activities in different HMs stressed 
plants are highly variable, depending on the concentration 
of metal ions, exposure duration, and plant species (Sharma 
et al. 2010). Phragmites can adapt to different environments 
due to efficient internal mechanisms (Liu et al. 2016). Since 
HMs-induced cytotoxicity was exerted in most cases, after 

4D of wastewater exposure, it was unknown detoxication 
pathways. Indeed, after 4 d of long-term exposure to waste-
water, CAT and POX activities were maximum and 60% 
higher than the control plants. The uptake of Cd and Zn ions 
in the root cells occurs via the same transmembrane carriers 
of micronutrient metal ions (Benavides et al. 2005). Cad-
mium causes the deactivation of enzymes and denaturation 
of proteins due to its high affinity with sulfhydryl groups. 
Therefore, Cd is a significant threat to the plants owing to its 
high toxicity and mobility (Gill and Tuteja 2011). The exces-
sive Cu induces a wide range of physicochemical changes 
in the plant (Påhlsson 1989) and being an oxidation–reduc-
tion (redox) metal, it is involved in the generation of free 
radicals in the chloroplast. Hydroxyl radicals is the most 
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active ROS causing irreversible cell injury by modifying 
DNA, proteins, and lipid peroxidation. Elimination of  H2O2 
is therefore an essential protection mechanism for the protec-
tion of membrane integrity under HM toxicity (Van Assche 
and Clijsters 1990).

Peroxidase is the major  H2O2-scavenging enzyme that 
destroys  H2O2 from the cytosol and chloroplasts of plants. 
Catalase is most commonly used by cells to rapidly catalyze 
the decomposition of  H2O2 (Mate´s 2000). The increased 
activities of CAT due to Pb, Fe, Cd, and Ni stresses have 
been reported in different species (Pandey and Sharma 2002; 
Shu et al. 2012). Induction of POD activity has been well 
documented under high degree toxicity of Fe, Cd, Zn, Cu, 
and Pb (Shu et al. 2012; Jucoski et al. 2013; Khalilzadeh 
et al. 2020).

Thus, the lower content of Ca in leaves from plants 
exposed to high HMs can be explained by a redistribution of 
cellular Ca for heavy metal detoxification (Jáuregui-Zúñiga 
et al. 2005). The role of Ca in HMs absorption and detox-
ification needs to be elucidated in future. In some cases, 
Ca alleviated the toxicity of the Ni metal ions because of 
the inhibition of Ni uptake by Ca (Farcasanu et al. 2018). 
The  Cd2+ induced aquaporin luminescence observed could 
also be the result of Cd binding aquaporin instead of Ca 
because of similar physical properties. It was found that the 
cell exposure to high Cu-induced broad Ca waves into the 
cytosol which were accompanied by elevations in cytosolic 
 Ca2+ (Ruta et al. 2016). Binding of Cd to the thiol groups 
of enzymes and the cell walls carbohydrates may exchange 
the Mg, Zn, and Fe (cofactors of enzymes with toxic effects 
on cell metabolism) (Das et al. 1998). In particular, Mg 
is necessary for the synthesis of chlorophyll and actively 
involved in a number of metabolic reactions as an important 
co-factor for enzymes involved in carbohydrate metabolism 
(Guo et al. 2015). Recent studies indicate that stress hor-
mones (ethylene, abscisic acid) are involved in the signaling 
response to Mg in plants (Guo et al. 2015). Reasonably, high 
concentrations of Mg can alleviate the toxicity of metals in 
many plants (Kashem and Kawai 2007). Alleviation by Mg 
seems to be associated with physicochemical reactions at 
the plasma membrane (which is usually correlated with the 
chlorophyll a and carotenoid) and the cell wall. Magnesium 
enhanced protection from oxidative stress by increasing 
 H+-ATPase activity and synthesis of organic acids (Kinraide 
et al. 2004; Janicka-Russak et al. 2012; Rengel et al. 2015).

The primary mechanism for the maintenance of 
adequate K in plant tissue under salt stress seems to be 
dependent upon selective  K+ uptake and selective cel-
lular  K+ and  Na+ compartmentation and distribution in 
the shoots (Carden et al. 2003). Also, the osmotic adjust-
ment by inorganic ions is achieved to a lower energy cost 
than by the accumulation of organic solutes (Patakas et al. 
2002). P. australis maintained a considerably higher K/Na 

ratio in 4 d after the vegetative stage to 2 d after the repro-
ductive stage. However, the reduction in shoot biomass 
at varying times and duration of wastewater was more in 
the reproductive stage at the longer period of sewage irri-
gation. Therefore, mineral nutrients are not beneficial in 
large quantities at the reproductive stage of P. australis, 
and this plant display extremely low tolerance to NaCl in 
this situation. It seems that high salinity industrial waste-
water in 4D after the reproductive stage decreased the Ca 
concentration in the plant leaves (Wei et al. 2003) and sug-
gested that reduced Ca availability together with high Na/
Ca ratios in the leaf region probably contributes to growth 
failure.

Conclusion

Our results show that, the tolerance of Phragmites austra-
lis to heavy metals contamination in wastewater relies on 
physio-chemical mechanisms. The higher levels of heavy 
metals through the long-term duration of wastewater irriga-
tion caused oxidative stress in Phragmites due to the reac-
tive oxygen species production and induced chlorophyll 
degradation. The higher activities of catalase, peroxidase, 
and polyphenol oxidase play a pivotal role in the anti-oxida-
tive defense system of P. australis against toxicity of heavy 
metals. Besides, the proline contents of Phragmites were 
increased with increasing exposure to wastewater. The abil-
ity of Phragmites to tolerate heavy metals at the flowering 
stage could partly be derived from detoxifying reactive oxy-
gen species and accumulation of soluble sugars and proline. 
Higher concentrations of sodium and potassium were found 
at the reproductive stage. Also, Phragmites produced high 
biomass under wastewater irrigation and biomass was sig-
nificantly and positively related to proline, soluble sugars, 
total soluble proteins, and potassium contents.
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