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A B S T R A C T   

While the importance of biochemical processes in plant adaptive responses is widely accepted, only a limited 
number of studies have addressed cell-type specific and enzymatic activities in E. purpurea under salt stress 
conditions. So, various antioxidant enzymatic activities, H+ transport activity, and non-invasive ion flux 
mechanisms in the root apex and mature zones of E. purpurea grown at different NO3

- /NH4
+ ratios (90:10, 80:20, 

and 70:30) were studied in salinity stress condition (0, 15, 30, and 60 mM NaCl). Various parameters, photo-
synthetic and transpiration rates, gas exchange, ion accumulation, electrolyte leakage (EL) in addition to anti-
oxidant enzyme activities and cell-specific mechanisms were measured according to the standard methods. Based 
on the results, 60 mM NaCl salinity stress significantly decomposed the cell membrane, causing to increase in the 
electrolyte leakage and malondialdehyde (MDA) content (89.4% compared with control) and a decrease in the 
photosynthetic rate (84% compared with control). The activity of antioxidant enzymes such as superoxide dis-
mutase (SOD) and ascorbate peroxidase (APX), catalase (CAT), and glutathione peroxidase (GP) significantly 
increased up to 30 mM NaCl to diminish the free radicals content by increasing the hydrogen peroxide (H2O2) 
concentration (89.4% compared with control). High Na+ and Cl- content and their accumulation in the leaves 
caused to inhibit the antioxidants enzymes activities at 60 mM NaCl salinity stress. Based on the nitrogen (N) 
supply form, more antioxidant activities and physiological properties were found at the 90:10 NO3

- /NH4
+ ratio. 

Salinity stress is caused to limit the root apex growth in a high tissue- and treatment-specific manner. The dif-
ferential sensitivity between the two zones originates from a 10-fold difference in K+ efflux and H+-ATPase 
activity between the mature zone and the apical region.   

1. Introduction 

Echinacea purpurea L. Moench (purple coneflower) is a North 
American species of herbaceous flowering plant which blooms from 
early to late summer. It has belonged to Canada and North America 
originally, but it is cultivated all over the world recently (Ahmadi et al., 
2021a, 2021b, 2021c). Currently, E. purpurea is economically important 
for the pharmaceutical industry due to its immune-stimulating effects 
(Gecer et al., 2021) that caused retail sailing to exceed $ 58 million and $ 
300 million annually in the USA and worldwide, respectively (Russo 
et al., 2019). The immunological, antibacterial, antifungal, and antiviral 
properties of E. purpurea are well recognized (Cech et al., 2006; Kumar 

and Ramaiah, 2011). All medicinal effects are found in its phytochem-
ical compounds. 

Numerous compounds, especially various antioxidants and glyco-
proteins have been recognized in different parts of E. purpurea. Banica 
et al. (2020) reported the effective influence of E. purpurea antioxidants 
in chronic illnesses. Ahmadi et al. (2020) found that antioxidant phe-
nolics have an important role in anticancer drugs and efficacy against 
doxorubicin-induced cardiotoxicity. Besides the high importance of 
antioxidants, several factors such as biotic and abiotic stresses, culti-
vation method, genotype, etc significantly affect the plant antioxidants’ 
quality. 

The plant’s response to the environmental stresses is along with the 
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reducing yields, especially in the countries with low technologies for 
controlling the environmental stresses (Jiao et al., 2021). Salinity, as one 
of the most important environmental stress, influenced world food se-
curity, especially in arid areas (Zare et al., 2018). Khorasaninejad and 
Hemmati (2020) reported that salinity stress and high ions accumulation 
affects photosynthesis, respiration, and nutrient metabolism. Plants can 
deal with salt stress conditions with different molecular and cellular 
levels (Asadi-Sanam et al., 2018). However, the plant’s response is 
depending on the plant species, growth stage, period of exposure to salt 
stress, cell specific mechanisms, and cultivars (Zare et al., 2018). 

Based on the plant physiology, different sub-traits are responsible for 
salinity tolerance such as species-specific traits on the cell-type scale 
(Shabala, 2013). The fluorescence-activated cell sorting was applied by 
Dinneny et al. (2008) to assess the cell-type specific response to salinity 
stress through expression maps. It is well recognized that four main 
strategies are attributed to the salt tolerance in different plant species, 
including detoxifying reactive oxygen species (ROS), mediating cyto-
solic K+ homeostasis, dealing with the osmotic components and toxic 
ions (e.g. Na+ and Cl-) (Shabala et al., 2016). Shabala et al. (2016) re-
ported that the cytosolic K+ homeostasis could significantly increase the 
salt tolerance in different plant species. Increasing the cytosolic K+ is 
critical for vacuolar H+-PPase activity which affects the vacuolar Na+

sequestration (Dinneny et al., 2008). Meanwhile, to protect the plant 
tissues from reactive oxygen species and free radical damage, plants can 
increase the production of different antioxidant enzymes activity such as 
superoxide dismutase, ascorbate peroxidase, catalase, and peroxidase 
(Gu et al., 2005). 

One of the most important factors in soilless systems is the chemical 
elements of the nutrient solution because the plant root directly adsorbs 
the nutrients from the chemical solution. Although the only use of NH4

+

as a source of N is toxic to most species, its assimilation requires less 
energy than that of NO3

− in plants (Certain et al., 2021). Based on Yim 
et al. (2020) the N forms affected the biological processes, morpholog-
ical, and physiological properties of different plant species. It is reported 
that the optimum NO3

− /NH4
+ ratio is a critical factor for N balance that is 

dependent on the plant species (Zheng et al., 2006). It is reported that 
different NO3

- /NH4
+ ratios significantly affected the production of amino 

acids, chlorophyll, and alkaloids in various plant species (Kumar and 
Ramaiah, 2011). The optimal NO3

- /NH4
+ ratio not only reduces the NH4

+

toxicity but also improves the synergistic relationship between NO3- and 
NH4 + (Zare et al., 2018). 

In the present study, we examine some of the available gaps in the 
physiological plant response and evaluate the cell-specific mechanisms 
of ions fluxes and H+ -ATPase activity in salinized plant tissues of 
E. purpurea for the first time, besides the antioxidants enzymatic activ-
ities were included, not only because of their role in plant stress response 
but also for their effect on the human health in the herbal medicinal 
plant, under NaCl salinity stress and different NO3

- /NH4
+ ratios in 

hydroponics. 

2. Materials and methods 

2.1. Growing conditions 

Echinacea purpurea seeds were purchased from Pakan Bazr Esfahan, 
Iran. Seeds were cultivated in the initial growing media containing 1:1 
(v/v) peat moss to perlite ratio for better germination for two weeks at 
25◦C ± 1 temperature in a glass greenhouse. Irrigation was carried out 
every day regularly. When the plants had four true leaves, they were 
transferred to 2.5-liter pots filled with 50:50 (v/v) peat moss to perlite 
ratio for growing according to greenhouse conditions (average temper-
ature and humidity were 22/18◦C (day/night), and 75%, respectively). 
Maximum photosynthetic photon flux density (PPFD) varied from 550 to 
750 μmol/m2s inside the greenhouse. The plants were nutrient with 
Hoagland solution for eight months (flowering stage). The elemental 
content of the Hoagland solution for different treatments is summarized 

in Table 1. The pH was adjusted from 5.7 to 6.2 with HCl or NaOH (0.01 
M) and electrical conductivity (EC) was adjusted to less than 2 dS/m. 
According to the stage of the plant growth, 0.5–1.5 L/day was used in 
the fertigation system (Zheng et al., 2006). The leachate EC was 
measured after nutrition with Hoagland solution every day for control. 

The salinity stress was performed as 0, 15, 30, and 60 mM NaCl in the 
nutrient solution after two months of plant growth. To avoid osmotic 
shock, the salinity treatments were added gradually (every 6 h). Plants 
were harvested at the end of the flowering stage (eight months). The 
plants were divided into roots, stems, flower heads, and lower and upper 
leaves after washing with tap water. Root samples were dried at 25 ±
1◦C, ground into a fine powder, and collected for phytochemical 
analysis. 

2.2. Growth properties and sample extraction 

Some growth parameters such as total biomass (g/plant), height 
(cm), fresh leave weight (g/plant), and fresh root weight (g/plant) were 
measured after eight months. The leaf area (cm2/plant) was measured 
by using a leaf area meter (model LI-3000 C Portable). Dried- roots, 
leaves, and flower head of E. purpurea were powdered separately and 1 g 
of the powder plant organs were extracted with 70–30% (v/v) methanol 
to water ratio to recovery the lipophilic and hydrophilic fractions (Yim 
et al., 2020). 

2.3. Photosynthetic pigments 

The chlorophyll content (Chl a and Chl b) of upper-most fully 
expanded leaves was determined after homogenized with 2 mL of 
acetone (80%) and washed two times with an additional 2 mL acetone 
using a spectrophotometer (model Varian- Carry-220) at 646.8 and 
663.2 nm. Following equations were applied for quantifications of 
chlorophylls and carotenoids content (Tsai et al., 2012): 

Chl a (mg g− 1 DW) = (12.72 × A663.2) − (2.58 × A646.8) (1) 
Chl b (mg g− 1 DW) = (22.87 × A646.8) − (4.67 × A663.2) (2) 
Chlorophyll a+b (mg g− 1) = Chla + Chlb (3) 
Carotenoids (mg g− 1 DW) = (0.114 × A663.2) + A480 − (0.638 ×

A646.8) (4) 

2.4. Gas exchange 

Photosynthetic rate, stomatal conductance, and transpiration rate 
were measured after two weeks of exposure to salt treatments. The up-
permost fully expanded leaves were selected for measuring gas exchange 
using an infrared gas analyzer (IRGA, LI-6400, LI-COR, Inc., Lincoln, 
Nebraska, USA) between 10 am and 3 pm. Gas exchange parameters 
were measured under photosynthetically active radiation of 400 mol 
m− 2s− 1, atmospheric CO2 of 400 mol mol− 1, relative humidity of 50%, 

Table 1 
Chemical composition (mmol/L) of Hoagland’s nutrient solution at different 
NO3

- /NH4
+ ratios.  

Compounds Treatment 1 Treatment 2 Treatment 3 

(NO3
- : NH4

+ ratio) 

90:10 80:20 70:30 

Ca(NO3)2  3.8  3.1  2.5 
KNO3  6  5.6  5 
MgSO4  2  2  2 
NH4H2PO4  1  1  1 
KCl  1.9  2.3  2.9 
NH4Cl  0.9  2.4  3.9 
CaCl2  1  1.7  2.3 

Ca(NO3)2: calcium nitrate; KNO3; potassium nitrate; MgSO4; magnesium sulfate; 
NH4H2PO4; ammonium phosphate; KCl; potassium chloride; NH4Cl; ammonium 
chloride; CaCl2; calcium chloride. 
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and temperature of 22 C. Areas of fully expanded leaves were measured 
by a leaf area meter (Model 3000, LI-COR Inc., Nebraska, USA). 

2.5. Electrolyte leakage (EL) 

The membrane damage of E. purpurea salt-stressed leaves was eval-
uated by electrolyte leakage. The leave samples were washed with 
deionized water and shook for 5 h with 10 mL of deionized water (initial 
solution). The samples were then kept in liquid N2, and shaken for 5 h 
with 10 mL of deionized water again (final solution) (Sabra et al., 2012). 
The electrical conductivity (EC) of the initial (EC1) and final (EC2) of 
solutions was measured using a conductivity meter (model M51, USA). 
The percentage of electrolyte leakage was calculated as (Sabra et al., 
2012): 

Electrolyte leakage (%) =
EC1

EC2
× 100  

2.6. Elemental analysis 

To determine the elemental (Cl-, Na+, K+, and Ca2+) composition of 
E.purpurea shoot, 1 g of dried powdered samples was used. The Cl- 

concentration was measured using a selective electrode in the digested 
solution with 0.5 M HNO3 for 30 min at 25 ± 1◦C. The ions (Na+, K+, 
and Ca2+) concentrations in the root and shoot digested samples with 
0.5 M HNO3 were determined using coupled plasma emission spec-
troscopy (model Varian Vista-PRO RL). Since ion homeostasis and the 
ratio of different ions define the salt tolerance potential of any plant 
(Sabra et al., 2012), salt tolerance potential was calculated based on 
ionic concentration of Na+, Cl-, K+, and Ca2+ with the following formula 
(Sabra et al., 2012): 

Salt tolerance potential = (Na+ + Cl-) / (K+ + Ca2+) (6) 

2.7. Anatomical examination 

To study some parts of leaf structure, first leaf samples were 
randomly selected from each treatment and after being exposed to 70% 
alcohol, they were transferred to the anatomy department of the labo-
ratory for description. Transverse incisions were stained using 5% 
methyl green and Carmen alum solution and anatomical examinations 
were performed under a light microscope. Leaves embedded in Spurr’s 
epoxy resin were transversely sectioned with glass knives to obtain semi- 
thin sections (1–5 μm), which were stained with toluidine blue, 0.1%, 
then observed and photographed with a Leitz DM RB light microscope 
(Leica Microsystems, Mannheim, Germany). 

2.8. Extraction of antioxidant enzymes 

To determine the total protein and antioxidant enzymes, 1 g of 
powdered leaf samples were homogenized with 10 mL K-phosphate 
buffer (100 mM, pH 7.0) with 1 mM EDTA, 5 mM ascorbic acid, and 1% 
polyvinylpyrrolidone (PVP) based on Soleimani et al. (2011). The sus-
pension was centrifuged at 10,000 rpm for 30 min and then filtered with 
Whatman filter paper, No 42. The extract was kept at − 20◦C for enzyme 
assays. Catalase (CAT), peroxidase (POX), and ascorbate peroxidase 
(APX) activities were measured from the extracts prepared according to 
the methods of Sabra et al. (2012). 

2.9. Catalase (CAT) 

The catalase enzyme activity was measured using 2.9 mL of 
50 mmol L− 1 Na2HPO4 buffer (pH 7.0), containing 4.51 μL of H2O2 
(30%) and 50 μL of enzyme extract. The decrease in absorbance at 
240 nm indicating the degradation of H2O2 was monitored every 30 s 
for 2 min, using a spectrophotometer U-1800 (Hitachi, Ltd., Tokyo, 
Japan). 

2.10. Ascorbate peroxidase (APX) 

The APX activity was measured according to Sabra et al. (2012). 
Based on this method, the APX activity was determined using 3 mL 
Na2HPO4 buffer (50 mM, pH7.8) with 4.51 μL of 30% H2O2, and 100 μL 
ascorbate (5 mM) using a spectrophotometer (model Varian Carry-220) 
at 290 nm. 

2.11. Superoxide dismutase (SOD) 

The superoxide dismutase activity was determined based on Thy-
gesen et al. (2007). Accordingly, the buffer containing Na2HPO4 solu-
tion (50 mM, pH 7.8), 50 μM nitro blue tetrazolium (NBT), 13 mM 
methionine, 1.3 μM riboflavin, 75 nM ethylene diamine tetraacetic acid 
(EDTA), and 50 μL enzyme extract. The reaction was assessed based on 
the under fluorescent light for 15 min. The superoxide dismutase ac-
tivity was measured using a spectrophotometer (model Varian 
Carry-220) at 560 nm. The blank cell was a non-irradiated reaction 
buffer. The enzymes that inhibited 50% of NBT photoreduction were 
determined as one unit of enzyme activity (Thygesen et al., 2007). 

2.12. Glutathione peroxidase (GP) assay 

The enzyme activity was measured by a modification of the pro-
cedure by Soleimani et al. (2011). The reaction mixture contained 
50 mM potassium- phosphate buffer (pH 7.0), 1 mM EDTA, 1 mM NaN3, 
0.2 mM NADPH, 1 IU/mL glutathione reductase, 1 mM GSH, 1.5 mM 
cumene hydroperoxide, or 0.25 mM H2O2, and an appropriate amount 
of the enzyme source in a total volume of 1 mL. The change in absor-
bance of the system at 340 nm was recorded for 5 min and the activity 
was defined as μmol NADPH oxidized per min per mg of protein. A 
standard curve was obtained using pure glutathione peroxidase (Sigma 
G 6137). 

2.13. Malondialdehyde (MDA) 

The malondialdehyde (MDA) content was determined based on 
Stanisavljević et al. (2009). Briefly, 0.4 g of fresh tissue was mixed with 
3 mL of 1% trichloroacetic acid and the extract was centrifuged at 
4000 rpm for 20 min. Then 1 mL of the extract was mixed with 4 mL of 
20% TCA solution containing 0.5% w/v thiobarbituric acid and heated 
at 95◦C for 30 min. The samples were immediately cooled in ice. After 
centrifuging the samples for 5 min at 4000 rpm, the adsorption was 
determined by spectrophotometry at 532 and 600 nm (Stanisavljević 
et al., 2009). 

2.14. Hydrogen peroxide (H2O2) 

The Zayova et al. (2012) method was confirmed in the determination 
of H2O2 concentration. First of all, the ferrous ion oxidation–xylenol 
orange (FOX) was prepared by adding 1 mL 4.4 mM 2, 6-di-t-butyl-4--
methyl phenol (BHT) to 9 mL 1 mM xylene orange plus 2.56 mM 
ammonium ferrous sulfate. Then, 0.4 g of fresh tissue was mixed d in an 
ice bath with 4 mL of 0.1% trichloroacetic acid and centrifuged at 12, 
000 rpm for 20 min 1 mL of the supernatant solution was added to the 
FOX reagent and 2 mL of 1 M potassium iodide (KI) and vortexes for 5 s. 
The absorbance was determined by spectrophotometry (model Varian 
Carry-220) at 390 nm, after incubation of the samples at 25 ± 1◦C for 
30 min 

2.15. Determination of NO3
- concentration 

Nitrate concentration was measured according to the method 
described by Wang and Li (1996). Nitrate was extracted with distilled 
water. After 2 g of fresh samples adding a little (0.50 g) arenaceous 
quartz was ground with a pestle and mortar, and they were completely 
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transmitted to the centrifugal tube with a definite quantity of distilled 
water. After centrifugation, the supernatant was used for nitrate con-
centration assay with flow-injection-analysis (Wang and Li, 1996). 

2.16. Determination of NH4
+ concentration 

Fresh plant material was grounded with liquid nitrogen, dissolved in 
distilled water [1 g fresh weight (FW) to 10 mL of distilled water], ex-
tracts were heated at70◦C for exactly 2 min, centrifuged at 5000 g for 
5 min at 4◦C, and ammonium determined in the supernatant using 
standard method (Wang and Li, 1996). 

2.17. Root preparation for cell-type-specific analyze 

Echinacea purpurea roots were kept in the Petri dishes 
(120×120 mm) in a chamber containing different partitions and the 
nutrient solution was added every 4 days. The roots were aligned and 
separated in each partition regularly. The root length was measured 
every 4 days and the root tips were aligned at the 6 mm into compart-
ment IV. To remove the apoplastic Na+, samples were washed with 
CaCl2 (10 mM), oven-dried at 70◦C to constant weight, and then 
digested in H2SO4 (98%, 10 mL) and H2O2 (30%, 3 mL) for 5 h. The Na+

and K+ contents were determined using a flame photometer (model 
PFP7/C, UK). 

2.18. Non-invasive ion flux analyses 

Two different root zones, apical and mature zones (~ 3 mm and 
20 mm from the tip, respectively) were chosen for analysis. The non- 
invasive net K+, Ca2+, and Na+ fluxes were determined using a micro-
electrode. For this purpose, the pulled borosilicate electrodes were oven- 
dried at 220ºC for 24 h and then salinized with tributilchlorosilane 
(Shabala et al., 2016). The 200 mM KCl, 500 mM NaCl, and 500 mM 
CaCl2 backfilling solutions were applied for K+, Na+, and Ca2+ analyses. 
All electrodes were calibrated accurately before the measurements with 
a series of standard solutions and the electrodes with more than 0.999 
correlation and 30 mV slope were applied for the measurements (Sha-
bala et al., 2016). At the first of the experiment, the E. purpurea roots 
were collected from the growth containers and immobilized immedi-
ately in BSM for 30 min the electrode tips were located at the 40 µm 
distance far from the root surface and moved between two root zones in 
a slow (5 s) square-wave cycle. The net ion fluxes were determined at 
both root zones (apical and mature zones) over 5 min (Shabala et al., 
2016). 

2.19. H+ transport activity and membrane isolation 

The root different zones (apical and mature zones) of E. purpurea 
seedlings were treated with 60 mM NaCl or water (control) for 24 h after 
seven days. Two-phase partitioning was carried out based on Pottosin 
et al. (2014) for PMs purification, and H+ pumping was determined 
according to the quenching of 9-amino-6-chloro-2-methoxyacridine 
fluorescence (ACMA) (Shabala et al., 2016) and activated after treated 
of 60 mM NaCl root samples with magnesium (Mg2+) for 24 h in 
compared with control. The protons transported by the H+-ATPase can 
be determined by decreasing fluorescence initially. 

2.20. Statistical analysis 

The factorial statistical analysis was carried out with three replica-
tions, using statistical analysis software (SAS, version 9.4). The 90:10, 
80:20, and 70:30 NO3

− /NH4
+ ratios, and salinity levels (0, 15, 30, and 

60 mM NaCl) were considered as factors. Statistical analysis was per-
formed based on Duncan’s multiple range test at P ≤ 0.01. 

3. Results 

3.1. Morphological and physiological properties 

The main morphological and physiological properties of E. purpurea 
at different NO3

- /NH4
+ ratios and salinity levels are summarized in  

Table 2. Based on the results, increasing the NO3
- /NH4

+ ratio caused a 
significant increase in total biomass, leaf area, chlorophylls content, and 
carotenoids that the maximum values (99.7 g/plant, 49 cm2/plant, 
14.8 mg/g, and 0.22 mg/g, respectively) were found at 90:10 NO3

- /NH4
+

ratio. A significant decrease in the morphological and physiological 
properties was found in the plants grown at a 70:30 NO3

- /NH4
+ ratio. 

There were no significant differences between the parameters in the 
80:20 and 90:10 NO3

- /NH4
+ ratios (Table 2). Meanwhile, the application 

of NaCl salinity stress from low (15 mM) to high (60 mM) rates could 
significantly decrease the morphological and physiological properties of 
E. purpurea. The treated plants with a 15 mM NaCl salinity level had the 
lowest difference from the control (0 mM NaCl) (Table 2). The 

Table 2 
Some morphological and physiological properties of E. purpurea as affected by 
different salinity levels and NO3

- /NH4
+ ratios.    

Salinity level (NaCl) 

Properties NO3
- :NH4

+

ratio 
0 15 30 60   

(mM) 

Total biomass 
(g/plant) 

90: 10 121.1a 

± 0.19 
99.7a 

± 0.28 
87.7a 

± 0.30 
52.5a 

± 0.28 
80: 20 119.5a 

± 0.53 
92.8b 

± 0.43 
82.2a 

± 0.55 
46.5b 

± 0.28 
70: 30 82.5b 

± 0.19 
71.4c 

± 0.17 
61.5b 

± 0.36 
35.6c 

± 0.14 
Leaf area 

(cm2/plant) 
90: 10 57a 

± 1.20 
49a 

± 0.89 
43a 

± 0.25 
25a 

± 0.32 
80: 20 53a 

± 0.88 
45a 

± 0.69 
39b 

± 0.72 
22a 

± 0.52 
70: 30 48b 

± 0.19 
36c 

± 0.25 
31c 

± 0.14 
15b 

± 0.30 
Chl a 

(mg/g) 
90: 10 9.5a 

± 0.11 
7.8a 

± 0.13 
5.1a 

± 0.12 
3.5a 

± 0.12 
80: 20 8.7b 

± 0.10 
6.4a 

± 0.10 
4.8a 

± 0.08 
2.1b 

± 0.11 
70: 30 7.3c 

± 0.12 
5.0b 

± 0.11 
3.2b 

± 0.06 
1.1c 

± 0.10 
Chl b 

(mg/g) 
90: 10 8.3a 

± 0.20 
7.0a 

± 0.14 
4.2a 

± 0.14 
2.7a 

± 0.11 
80: 20 7.5a 

± 0.13 
6.1a 

± 0.11 
3.7a 

± 0.10 
1.9b 

± 0.13 
70: 30 6.0b 

± 0.15 
4.1b 

± 0.11 
2.5b 

± 0.13 
0.95c 

± 0.10 
Total 

chlorophyll 
(mg/g) 

90: 10 17.8a 

± 0.30 
14.8a 
± 0.27 

9.3a 

± 0.25 
6.2a 

± 0.23 
80: 20 16.2a 

± 0.22 
12.5a 
± 0.21 

8.5a 

± 0.18 
4.0b 

± 0.24 
70: 30 13.3b 

± 0.25 
9.1b 
± 0.20 

5.7b 

± 0.19 
2.05c 

± 0.20 
Characinoids 

(mg/g) 
90: 10 0.25a 

± 0.07 
0.22a 

± 0.05 
0.12a 

± 0.05 
0.07a 

± 0.05 
80: 20 0.21a 

± 0.05 
0.20a 

± 0.03 
0.15a 

± 0.03 
0.04a 

± 0.03 
70: 30 0.14b 

± 0.03 
0.11b 

± 0.06 
0.08b 

± 0.04 
0.01b 

± 0.01 
EL 

(%) 
90: 10 5.1c 

± 0.53 
15.3c 

± 1.5 
18.2c 

± 1.6 
58.4c 

± 2.36 
80: 20 5.6b 

± 0.26 
17.5b 

± 0.95 
20.6b 

± 1.3 
60.3b 

± 1.95 
70: 30 8.2a 

± 0.25 
30.6a 

± 0.32 
30.3a 

± 1.5 
72.5a 

± 1.87 

EL: Electrolyte leakage; Chl a: Chlorophyll a; Chl b; Chlorophyll b. 
The numbers show as mean ± standard deviation. 
Means bearing different letters in the same column are significantly different 
(P ≤ 0.01). 
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electrolyte leakage data confirm the results that the membrane damage 
of E. purpurea leaves was significantly increased at 60 mM NaCl and 
70:30 NO3

- /NH4
+ ratio (Table 2). 

It is demonstrated that salinity affected the rate of net photosynthesis 
by different leaves to different extents (Wu et al., 2018). According to 
the results (Fig. 1a, 1b, and 1c), the significant decrease in the photo-
synthesis rate of E. purpurea – treated with 60 mM NaCl was variable 
based on the intensity of the salt stress (Figs. 1a, 1b, and 1c). Decreasing 

gas exchange and photosynthesis rate can diminish the plant growth 
parameters, chlorophyll content, carotenoid, and plant yield (Khor-
asaninejad and Hemmati, 2020). 

Changes in the length, width, and number of cavities of the 
E. purpurea cavity parenchyma under the influence of different con-
centrations of NaCl are shown in Fig. 2. An increase in the length and 
width of the cavity parenchyma cells and a decrease in the number of 
these cells were observed with increasing sodium chloride concentration 

Fig. 1. Photosynthetic rate (A), stomatal conductance (B), and transpiration rate (C) of E. purpurea as affected by different salinity levels and NO3
- /NH4

+ ratios.  
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(Fig. 2). Changes in parenchyma cells and the plant anatomy confirmed 
the high salinity effect on reducing the plant growth and phytochemical 
compounds. 

One of the main symptoms of high salinity injury is leaf necrosis (Lee 
et al., 2012), meanwhile, reduction of leaf area due to reducing water 
loss via transpiration is recommended as one of the main characteristics 
for evaluating the salt injury as well (Senica et al., 2019). According to 
previous research, the relation between salt injury index (SI) and salt 
tolerance was demonstrated (Sabra et al., 2012). In the present study, 
the highest degree of leaf necrosis and salt injury was found in the 
E. purpurea grown at 60 mM NaCl salinity stress. 

3.2. Elemental analyses 

The physiological indicator for salt tolerance in different plant spe-
cies is ion exclusion from plant tissue (Asadi-Sanam et al., 2018). The 
elemental analyses of E. purpurea root and shoot at different NO3

- /NH4
+

ratios and salinity levels are shown in Table 3. Sodium content was 
significantly increased with increasing NaCl concentrations and a 
decrease in the NO3

- /NH4
+ ratio (Table 3). Increasing NaCl concentration 

and NO3
- /NH4

+ ratio resulted in increasing K+ content. Although 

increasing of NO3
- /NH4

+ ratio caused to increase in Ca2+ content, high 
salinity stress reduced the Ca2+ content. The noticeable results were 
found for Cl− which significantly increased due to the high salt stress. 
However, it decreased with an increase in the NO3

- /NH4
+ ratio. Higher 

Na+ content in the plants treated with high salt stress caused to increase 
of Na+/K+ ratio that significantly correlated with electrolyte leakage 
(r = 0.930, p ≤ 0.01), photosynthetic rate (r = − 0.940, p ≤ 0.01), sto-
matal conductance (r = − 0.815, p ≤ 0.01), and transpiration rate 
(r = − 0.708, p ≤ 0.01). The Na+ content had a significant negative 
correlation (r = − 0.876, p ≤ 0.01) with photosynthetic rate and shoot 
Cl− concentration (r = − 0.905, p ≤ 0.01) that indicated the influence of 
ions accumulation on decreasing the photosynthetic rate. 

3.3. Antioxidant enzyme activities 

Enzyme activities of super oxidase dismutase, catalase, glutathione 
peroxidase, ascorbate peroxidase, and malondialdehyde and hydrogen 
peroxide of E. purpurea shoot as affected by different NO3

- /NH4
+ ratios 

and salinity levels are shown in Fig. 3a-3f. At the lowest salinity stress 
(15 mM NaCl), a significant increase in SOD, CAT, GP, and APX activ-
ities was found compared to the control which indicated the effect of 

Fig. 2. (A1, A2, A3) Main vein and colony tissue of E. purpurea under the influence of different salinity levels in 90:10 NO3
- /NH4

+ ratio, (B1, B2, B3) Changes in the 
length, width and number of cavities of the plant’s parenchyma are affected by different concentrations of NaCl. Arrows show cells in the cavity parenchyma. 
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enzyme activities to moderate the antioxidant stress. Meanwhile, the 
antioxidant enzyme activities remarkably increased by increasing 
salinity stress from 15 mM to 30 mM NaCl. However, the activity of 
antioxidant enzymes significantly decreased in the plants treated with 
60 mM NaCl (Figs. 1a, 1b, and 1c). Based on the NO3

- /NH4
+ ratio, the 

maximum antioxidant enzyme activities were found at 90:10 NO3
- /NH4

+

ratios which decreased by decreasing of NO3
- concentration to 70:30 

NO3
- /NH4

+ ratio (Figs. 1a, 1b, and 1c). The salinity stress had a significant 
effect on the GP activity. The highest concentration of H2O2 was found 
in the plants treated with 30 mM NaCl at a 90:10 NO3

- /NH4
+ ratio. 

However, the reverse results were found for MAD as the most concen-
tration was obtained at the plant treated with 60 mM NaCl salinity level 
(Fig. 3a). Malondialdehyde (MDA), a metabolite of lipid peroxidation is 
generally used as an indicator of oxidative damage under salinity. 

3.4. Sensitivity of root zones to the salinity stress 

Based on the previous research, the ROS production rapidly 
increased due to salinity stress, and it was different based on the plant 
tissue (Shabala et al., 2016). The ROS, H2O2, and OH• accumulation 
result in perturbation in intracellular ionic homeostasis (Véry et al., 
2014). So, the sensitivity of root zones to salinity stress may be related to 
the sensitivity of OH•-membrane transporters or the patterns of OH•

production (Palmgren and Nissen, 2011). According to the results, the 
rapid Ca2+ uptake and K+ efflux from E. purpurea roots were found due 
to the application of OH• production, especially in the root apex zone 
(Fig. 4). This is evidence of ROS’s capability to increase greater K+ loss 
and higher salt sensitivity of the apex zone. 

3.5. H+-pumping and salinity stress 

The results showed that the membrane of the epidermal cells was 
depolarized (Fig. 5A), and the membrane potential values in the control 
and apex cells were 45 and 69 mV, respectively (P < 0.01; Fig. 5A). 
Meanwhile, higher repolarization potential was found in the mature 
zone. The membrane potential values were about − 101 and − 119 mV 
in the apex and mature zones, respectively (P < 0.01; Fig. 5A) under 
saline stress conditions, which was about 40 mV more negative in the 
mature zone. 

4. Discussion 

4.1. Morphological and physiological properties 

It has been reported that the increase of N-NO3
- fertilizers and ni-

trogen content of the plants, could improve the chlorophyll content, 
subsequently, and ¬ability to absorb sunlight and produce photosyn-
thates, which resulted in higher leaf area, total biomass, root and leaves 
dry weight, and plant growth parameters (Ahmadi et al., 2021). Nitro-
gen- NO3

- is a critical factor in biosynthesis pathways in medicinal and 
aromatic plants which can increase the photosynthetic efficiency and 
plays an important role in increasing the number and area of leave and 
also participating in the structure of chlorophyll and enzymes involved 
in photosynthetic carbon metabolism (Ahmad et al., 2016). Nitrogen- 
NO3

- is an essential nutrient in plants used to synthesize many organic 
compounds in plants such as nucleic acids, enzymes, proteins, and 
amino acids, which are necessary for biosynthesis pathways (Zheng 
et al., 2006). Besides, the positive influence of N on ATP and NADPH 
production is well known (Zayova et al., 2012). The results were 
consistent with Zheng et al. (2006), who found that a higher NO3

- /NH4
+

ratio increased the plant’s fresh root weight and total biomass. A similar 
result was found by Korkina et al. (2000) in increasing morphological 
and physiological properties by increasing NO3

- concentration in 
E. purpurea plants grown in a hydroponic system. 

Although the assimilation and metabolism of NH4
+ form require less 

energy than that of NO3
- in plants, the majority of plant species grow 

better on NO3- since NH4
+ is toxic for plants and a few species grow well 

if NH4
+ is the only source of N (Ramge, 1993). 

Youssif (2017) reported that the prolonged application of NH4 + as 
the sole N source may result in physiological and morphological disor-
ders that lead to decreased plant growth and toxicity. The non--
electrogenic and electrogenic influx of NH3 and NH4 + may contribute 
to NH4 + accumulation, and NH3 toxicity (Ramge et al., 1993). In 
leaves, the toxic effects described are controversial and are mainly 
related to the effect of NH4 + on photosynthesis and its capacity to 
generate oxidative stress (Certain et al., 2021). Studies of plant cells 
showed that NH4 + (5 mM) can affect photosynthesis through the 
binding of NH3 to two sites in the oxygen-evolving complex (OEC) of 
photosystem II (Yim et al., 2020). 

The effect of NaCl within the E. purpurea leaf could be either osmotic 
or ionic (Aghdasi et al., 2019). An alternative explanation is that the 
effects of NaCl in the leaf are primarily osmotic (Asadi-Sanam et al., 
2018). Water deficits in a particular leaf, as opposed to the plant as a 
whole, are an inevitable consequence of increasing apoplastic salt load 
(Amiri et al., 2011) and will occur whenever the rate of arrival of NaCl in 
the xylem is greater than the rate of accumulation of these ions into the 
leaf cells (Asadi-Sanam et al., 2018). 

Several physiological reasons are known for decreasing plant 
growth, such as ion imbalance, stomatal behavior, nutrient deficiency, 

Table 3 
Elemental analysis of E. purpurea as affected by different salinity levels and NO3

- / 
NH4

+ ratios.    

Salinity level (NaCl) 

Properties NO3
- :NH4

+

ratio 
0 15 30 60   

(mM) 

Na+

(g/kg 
DW) 

90: 10 7.09b 

± 0.04 
13.8b 

± 0.51 
19.3c 

± 1.52 
33.5c 

± 0.61 
80: 20 9.25a 

± 0.03 
14.3a 

± 0.32 
22.6b 

± 1.40 
37.6b 

± 0.42 
70: 30 10.89a 

± 0.09 
14.9a 

± 0.35 
28.3a 

± 1.83 
39.9a 

± 0.38 
K+

(g/kg 
DW) 

90: 10 28.4a 

± 0.51 
24.5a 

± 1.52 
15.2a 

± 1.80 
10.7a 

± 1.0 
80: 20 25.3b 

± 0.43 
20.1b 

± 1.32 
13.3b 

± 1.18 
9.1a 

± 0.53 
70: 30 16.8c 

± 0.37 
13.2c 

± 1.40 
10.5c 

± 1.06 
7.6b 

± 0.24 
Ca2+

(g/kg 
DW) 

90: 10 25.7a 

± 0.21 
21.5a 

± 0.19 
9.7a 

± 0.24 
3.5a 

± 0.32 
80: 20 24.6a 

± 0.25 
18.2b 

± 0.21 
8.1a 

± 0.23 
3.3a 

± 0.26 
70: 30 21.1b 

± 0.16 
14.3c 

± 0.15 
6.1b 

± 0.21 
2.1b 

± 0.15 
Cl- 

(g/kg 
DW) 

90: 10 1.1b 

± 0.30 
3.7b 

± 0.18 
12.2b 

± 0.21 
17.5c 

± 0.17 
80: 20 1.3a 

± 0.26 
4.3a 

± 0.15 
17.9a 

± 0.13 
20.6b 

± 0.16 
70: 30 1.7a 

± 0.27 
4.9a 

± 0.11 
19.8a 

± 0.11 
25.7a 

± 0.10 
Na+/K+ 90: 10 0.24c 

± 0.002 
0.56c 

± 0.13 
1.26b 

± 0.15 
3.13b 

± 0.25 
80: 20 0.36b 

± 0.001 
0.71b 

± 0.11 
1.69b 

± 0.13 
4.13a 

± 0.21 
70: 30 0.64a 

± 0.001 
1.12a 

± 0.10 
2.69a 

± 0.09 
5.25a 

± 0.18 
Na+/Ca2+ 90: 10 0.27c 

± 0.19 
0.64c 

± 0.05 
1.98c 

± 0.11 
9.57c 

± 0.02 
80: 20 0.37b 

± 0.15 
0.78b 

± 0.03 
2.79b 

± 0.13 
11.39b 

± 0.03 
70: 30 0.51a 

± 0.21 
1.04a 

± 0.04 
4.63a 

± 0.10 
19.00a 

± 0.02 

Na+: sodium; K+: potassium; Ca2+: calcium; Cl-: chloride. 
The numbers show as mean ± standard deviation. 
Means bearing different letters in the same column are significantly different 
(P ≤ 0.01). 
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and photosynthetic efficiency (Senica et al., 2019). Many studies have 
concluded that the reduction in photosynthesis in response to salinity is 
to some extent the result of reduced stomatal conductance and, conse-
quently, restriction of the availability of CO2 for carboxylation (Newair 
et al., 2017). It is reported that the salinity stress caused to decrease in 
transpiration rate and stomatal conductance (Asadi-Sanam et al., 2018). 
Meanwhile, non-stomatal inhibition of photosynthesis as affected by 
salinity is recognized as well (Khorasaninejad and Hemmati, 2020). Lee 
et al. (2012) reported that photosynthesis became interrupted at high 
salinity levels due to electron transport limitations. 

4.2. Elemental analyses 

The competition of Na+ and Cl− with other nutrients in the adsorp-
tion processes is well recognized, which leads to ion imbalance and/or 
iron deficiency (Sabra et al., 2012). Based on the results, Ca2+ content 
was decreased in E. purpurea shoot by increasing the salinity stress 
(Table 3). Meanwhile, according to the negative correlation 
(r = − 0.980, p ≤ 0.01) between Ca2+ content and electrolyte leakage, 
most of the Ca2+ was displaced with Na+ and caused to increase in 
electrolyte leakage (Mohamed, 2012). It is reported that in the absence 

of a sufficient sequestration mechanism in the vacuole, toxic concen-
trations of Na+ and Cl− in the cytosol can have detrimental effects on 
photosynthetic processes by inhibiting the enzyme activities of the 
Calvin cycle (Khorasaninejad and Hemmati, 2020). Due to its similar 
chemical properties, Na+ competes with K+ and an optimal Na+/K+

ratio is essential for buffering the enzymatic reactions in the cytoplasm 
(Aghdasi et al., 2019). Therefore, the higher salt tolerance of plants can 
be positively related to maintaining Na+/K+ homeostasis at the high salt 
concentration (Sabra et al., 2012). Salinity induced ionic effect is 
long-term and continuous because of increasing intracellular ions with 
the duration of salinity stress (Aghdasi et al., 2019). This adverse effect 
is manifested by nutrient imbalance since high Na+ concentrations 
induce efflux of cytosolic K+ and Ca2+ and hence diminish the amounts 
of available K+, Mg2+, and Ca2+ for plants resulting in Na+ toxicity on 
one hand and deficiencies of essential cations on the other (Mohamed, 
2012). 

4.3. Antioxidant enzyme activities 

Salt stress is usually accompanied by modifications in plasma 
membrane structure and composition of lipids, including the increased 

Fig. 3. Malondialdehyde (A) super oxidase dismutase (B) glutathione peroxidase (C) catalase (D) ascorbate peroxidase (E), and hydrogen peroxide (F) activities of 
E. purpurea shoot as affected by different salinity levels and NO3

- /NH4
+ ratios. 
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degree of saturation of free fatty acids leading to increased lipid per-
oxidation (Masteikova et al., 2007). Hence, MDA has been widely used 
as a selection criterion to assess salt injury in various plants. 

It is demonstrated that high NaCl concentration caused the produc-
tion of free radicals and destroy the lipid membranes, proteins, and 
nucleic acids (Pellati et al., 2004). Meanwhile, decreasing CO2 fixation 
by increasing the salinity caused to decrease in carbon reduction by the 
Calvin cycle and the production of aggressive oxygen free radicals (Mei 
et al., 2020). The results showed that increasing salinity caused to 
decrease in photosynthetic rate and stomatal conductance in E. purpurea 
and caused oxidative stress. The enzymatic and nonenzymatic scav-
enging activities could affect the ROS production rate (Stanisavljević 
et al., 2009). Super oxidase dismutase, in particular, is the most effective 
intracellular enzyme mediating the removal of O2

•− radicals to H2O2 

(Ramezannezhad et al., 2019). The enhanced activity of SOD influences 
the removal of free radicals and decreases oxidative damage and cellular 
toxicity (Lee et al., 2012). The results were following Hu and Kitts 
(2000), who found that increased SOD activity leads to a decrease in 
oxidative stress (Soleimani et al., 2011). The higher POX activity resis-
ted the oxidative damage better. Overall, the results depicted an 
important role of these antioxidative enzymes in the defense mechanism 
by maintaining normal physiological conditions and cope up with the 
damage at the cellular level induced by saline oxidative stress (Rame-
zannezhad et al., 2019). In addition, the higher activities of the anti-
oxidant enzyme could efficiently scavenge the toxicity and hence 
enabled the plants to survive and grow normally at the high salt con-
centration (Mohamed, 2012). 

Hydrogen peroxide (H2O2) is an important signal molecule with 

Fig. 4. (A) net K+, and (B) net Ca2+ fluxes as a function of time, measured from epidermal root cells in response to OH• production in the mature and apex root zones 
(mean ± SE). 
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Fig. 5. Superior K+ retention in the mature root zone is attributed to an intrinsically higher rate of H+ - ATPase extrusion activity. (A) Changes in PM potential in the 
mature and apex root zones upon exposure to 60 mM NaCl, (B) Net K+ fluxes in the mature and apex root zones upon exposure to 60 mM NaCl, and (C) H+ pumping 
measured by ACMA quenching. 

F. Ahmadi et al.                                                                                                                                                                                                                                 



Industrial Crops & Products 186 (2022) 115199

11

higher abundancy and stability. It is the most versatile molecule 
involved in several metabolic pathways of defense and development 
(Zayova et al., 2012). Salt-induced accumulation of hydrogen peroxide 
might be due to the imbalance in the synthesis and destruction of free 
radicals, which in turn causes lipid peroxidation and membrane leakage 
(Aghdasi et al., 2019). Increased H2O2 concentration under stress con-
ditions could act as an initial signal that leads to homeostasis damage 
and related gene expression limitations in plants (Nüsslein et al., 2000). 
It has also been reported that H2O2 maintains the homeostasis of 
K+/Na+ through the upregulation of plasma membrane H+-ATPase 
(Sharifi-Rad et al., 2018). Our results demonstrated that the level of 
H2O2 significantly increased with an increasing SOD activity suggesting 
that the accumulation of H2O2 at the onset of salt stress is mainly due to 
the osmotic stress induced by the external NaCl (Hudec et al., 2007). The 
lower level of the H2O2 under high salt stress conditions might be 
attributed to the relatively low efficient detoxifying enzymes CAT and 
APX (Oniszczuk et al., 2019). Significantly scavenging of H2O2 by 
peroxidase and CAT enzymes for optimizing the plant tolerance to 
oxidative stress was demonstrated by Pellati et al. (2004). The chloro-
plast and cytosol-specific mechanism such as the ascorbate–glutathione 
cycle was recognized as the main mechanism in the H2O2 scavenging 
(Mildažienė et al., 2016). Based on the negative correlation between 
leaving Na+ content (r = − 0.805, p ≤ 0.01) and Cl− (r = − 0.754, 
p ≤ 0.01) content and CAT activity in the present study, it can be 
mentioned that high Na+ and K+ accumulation in the plant tissue caused 
to decrease the enzyme activity and increase the plant injury as can be 
found in the plants treated with 60 mM NaCl salinity stress. The 
decomposition of H2O2 can be facilitated by CAT enzymatic activity. 
Sharifi-Rad et al. (2018) reported that up to millions of H2O2 molecules 
decompose to water and oxygen every second as affected by CAT ac-
tivity. Overall, high salinity levels caused different possible scenarios 
(increase and decrease) in CAT enzymatic activity (Nüsslein et al., 
2000). In most species, CAT expression is to be high moderately, which 
confirms its important role in scavenging H2O2 during salt stress. 

4.4. H+-pumping and salinity stress 

It is reported that the differences in the membrane potential values 
are an important pathway for evaluating the ionic balance in the plants 
and demonstrates the cell’s ability for K+ retention by selective K+

channels or any non-selective cation channel (Véry et al., 2014). 
Although a peak K+ efflux of 1860 nmol m− 2s− 1 was obtained from the 
apex zone as affected by 60 mM NaCl stress (Fig. 5B), it was ~ 68 nmol 
m− 2s− 1 in the mature zone. Meanwhile, the significant difference be-
tween fluxes, before and after salinity stress (Fig. 5B), may reflect the 
difference in the total root K+ content. 

The H+-ATPase can affect the membrane potential and more nega-
tive membrane potential shows the more active H+ pump (Palmgren and 
Nissen, 2011). For this purpose, the H+- ATPase activity in both root 
zones was assessed using a fluorescent ACMA probe in this study. 
Decreasing the fluorescence is related to the H+ transportation into the 
vesicles. Based on the results, higher H+ pumping capacity was found in 
the mature zone than in apex cells (Fig. 5C), and the salinity stress 
caused to decrease in H+- ATPase activity, especially in the apex root 
zone. Overall, it can be mentioned that lower H+-ATPase activity and K+

content in the apex zone, make this higher sensitivity to the salinity 
stress than mature zone, hence, the inability to maintain a sufficiently 
negative membrane potential. 

5. Conclusion 

In summary, various physiological and enzymatic changes, and cell- 
specific mechanisms of E. purpurea were assessed under different NaCl 
levels and NO3

- /NH4
+ ratios. It was found that the Na+ and Cl− accu-

mulation in the plant leaves caused a significant increase in salt injury 
index and electrolyte leakage at 60 mM NaCl treatments which showed 

the lowest salt tolerance in comparison with 15 mM and 30 mM NaCl 
salinity stress. The activity of different antioxidant enzymes such as 
super oxidase dismutase, catalase, glutathione peroxidase, ascorbate 
peroxidase, and hydrogen peroxide was highest at the 30 mM NaCl and 
significantly reduced at 60 mM NaCl which was by an increasing trend 
of malondialdehyde by increasing the salinity level. According to the 
results, 90:10 NO3

- /NH4
+ caused to improvement in the physiological and 

enzymatic response of E. purpurea under salt stress conditions. The lower 
H+-ATPase activity and K+ content in the apex zone make this higher 
sensitivity to the salinity stress (60 mM NaCl) than the mature zone, 
which caused to limit of the apex root zone to maintain a sufficient 
negative membrane potential under salinity stress. 
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and antimicrobial activities of Echinacea (Echinacea purpurea L.) extracts obtained by 
classical and ultrasound extraction. Chin. J. Chem. Eng. 17 (3), 478–483. 

Thygesen, L., Thulin, J., Mortensen, A., Skibsted, L.H., Molgaard, P., 2007. Antioxidant 
activity of cichoric acid and alkamides from Echinacea purpurea, alone and in 
combination. Food Chem. 101 (1), 74–81. 

Tsai, Y.L., Chiou, S.Y., Chan, K.C., Sung, J.M., Lin, S.D., 2012. Caffeic acid derivatives, 
total phenols, antioxidant and antimutagenic activities of Echinacea purpurea flower 
extracts. Food Sci. Technol. 46 (1), 169–176. 
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