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ABSTRACT

The effects of foliar spraying of salicylic acid and proline on Echinacea purpurea under different soil
moistures were investigated in the field conditions in the Southwest of Iran (2017-2019). The experiment
treatments were the foliar application of salicylic acid (SA) and proline (both at | mM concentration) and
2 irrigation frequencies (6 and 10 every day based on 75-80% and 40-45% field capacity, respectively).
The field experiment was set as a complete randomized block design with 3 replications. The volatile oils
were analyzed using GC-FID and GC-MS. Germacrene D, p-cymene, f-caryophyllene, a-pinene, and
[-bisabolene were detected as the main constituents. Deficit irrigation decreased the growth parameters of
the plants; however, it improved the contents of the volatile oil and the major compounds of volatile oil. In
addition, the maximum values of the volatile oil content and the main constituents of volatile oil were extract-
ed from the plants under SA x water deficit treatment. In conclusion, the foliar spraying of SA under water
deficit conditions was an applicable strategy to maintain and stabilize the growth and yield of E. purpurea.
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INTRODUCTION

Purple coneflower (Echinacea purpurea (L.) Mo-
ench.), as a member of the family Asteraceae, is an
essential medicinal herb in the world [Mehrpooya et
al. 2021]. One of the most critical properties of purple
coneflower is to increase the immune system’s strength
against pathogens [Ahmadi et al. 2022]. Echinacea
purpurea contains medicinally vital components, in-
cluding polysaccharides, flavonoids, caffeic acid de-
rivatives, volatile oils, alkylamides, polyacetylenes,
and other chemicals [Cozzolino et al. 2006]. Germac-
rene D, spathulenol, f-caryophyllene, and a-humulene
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were detected as the main constituents in the volatile
oil extracted from purple coneflower [Mehrpooya et
al. 2021].

Results of some studies indicated that E. purpurea
can be a tolerant plant to a range of environmental
stresses such as water deficit and salinity [Darvizheh et
al. 2019, Ahmadi et al. 2022]. Water shortage is a criti-
cal factor limiting crop production in arid and semi-ar-
id zones [Ghasemi Pirbalouti et al. 2014]. Almost all
aspects of a plant’s growth and development, such as
respiration, photosynthesis, nutrient metabolism, ion
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uptake, and growth promoters, are negatively impact-
ed by drought stress [Darvizheh et al. 2019]. In addi-
tion, lack of sufficient water influences the metabolic
pathways responsible for accumulating plant second-
ary products [Bohnert et al. 1995, Alavi Samany et al.
2022]. Although medicinal and aromatic plants may
produce higher concentrations of secondary products
in response to environmental stresses, particularly sa-
linity, and drought [Selmar and Kleinwachter 2013,
Babaei et al. 2021, Maghsoudi et al. 2023], the total
extractable ingredients are often reduced due to de-
creased total biomass. Exogenous application of plant
growth regulators such as salicylic acid (SA) may pro-
mote drought tolerance of plants while improving the
biosynthesis of the secondary metabolites [Darvizheh
etal. 2019]. Salicylic acid is a phenolic compound that
plays a crucial role in regulating the antioxidant activ-
ity, biochemical pathways, and other plant metabolism
by inhibiting or activating the enzymatic antioxidant
system and thus controlling reactive oxygen species
(ROS) production in plants under water deficit stress
[Babaei et al. 2021, Maghsoudi et al. 2023]. Results of
previous studies [Danesh-Shahraki et al. 2023, Shaykh
Samani et al. 2023] showed that the foliar application
of SA increased the essential oil content in some herbs
under water deficit conditions. Another approach to
mitigate the damage caused by drought stress is ap-
plying exogenous proline. Proline is an amino acid
that regulates cellular osmotic potential in stressful
environments [Cheplick et al. 2018]. Generally, many
reports have shown that the exogenous application
of SA and proline improved the active substances of
various species of medicinal and aromatic plants un-
der adverse environmental conditions [Khorasani et
al. 2023, Danesh-Shahraki et al. 2023, Giineri and
Dalkili¢ 2023].

The effects of foliar application of SA and pro-
line on the growth, accumulation of essential oil, and
chemical composition profile of the volatile oil from
E. purpurea are not well-documented. We hypothe-
size that applying SA and proline can promote plant
growth and stimulate purple coneflower to produce
more secondary metabolites under water deficit stress.
This study aimed to assess the influence of the foliar
application of SA and proline on the growth parame-
ters, quantity, and quality of volatile oil from E. pur-
purea under different irrigation conditions.
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MATERIALS AND METHODS

Experimental site description. This study was con-
ducted from 2017 to 2019 at the Experimental Farm,
Research Center of Agricultural and Natural Resources
of Chaharmahal and Bakhtiari Province in Southwest-
ern Iran (latitude 20°32' N, longitude 50°51" E, altitude
2061 m). Based on the Kdppen climate classification,
the climate of the study area is classified as cold,
semi-arid, and semi-humid (Tab. 1).

Plant material and soil analysis. Seeds of Echi-
nacea purpurea (L.) Moench. were sterilized and
sown in 8 cm plastic pots on 26 March 2017. The pots
were kept in a glasshouse with 25°/15°C (day/night)
air temperatures, 65-70% humidity, and 12/12 hours
(light/dark). The pots were filled with a combina-
tion of farm soil (Tab. 2), sand, and peat. After about
45 days from sowing on 10 May 2017, the seedlings
with 4-6 true leaves and 10-12 cm tall were trans-
ferred to the experimental field. The dimensions of
each experimental plot were 6.0x2.4 m, and the dis-
tance between replicates was 2 m. The cultivation
density was 20 cm between plants and 60 cm between
the rows (~6 plant m™). Soil samples were taken be-
fore the experiment from three random parts of each
plot from 0 to 30 cm depth (Tab. 2) — cultivation in
the research field after 1-year uncultivated fallow was
done. In winter 2016, the field soil was plowed using
a moldboard plow (up to a depth of 30 cm). Along
with plowing, cow manure was used at the rate of
10-ton ha™!' according to the advice of the soil nutrition
expert. No inorganic fertilizer or systemic pesticide
was used during the experiment, and weeds were con-
trolled manually.

Treatments and experimental design. Experimen-
tal treatments were arranged as a factorial in a ran-
domized complete block design (RCBD) with 3 rep-
lications (18 plots). The experiment treatments were
plant irrigation regimes and foliar application of SA
and proline. Irrigation frequencies include 6 intervals
at 75-80% field capacity (optimum irrigation) and
10 intervals at 40—45% field capacity (reduced irriga-
tion). Irrigation of each plot was performed using the
soil moisture curve — permanent wilting point (PWP)
and field capacity (FC) were —1500 and —33 kPa, re-
spectively. Daily, soil moisture was measured using
a TDR device (PMS-714, Lutron, Taiwan) following
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the manufacturer’s protocol [Jafari et al. 2019]. The
irrigation water was applied through in-line drippers
(2 plant/emitters with a discharge of 4 L h™!).

The foliar application treatment included plants
without spraying (control), with foliar application of
SA (at 1 mM), and foliar application of proline (at
1 mM). The SA and proline were diluted in distilled
water. The solutions were sprayed to the whole abo-
veground parts of plants at three stages of growth,
including: before flowering, 25% flowering, and
50% flowering at dew point (~150 mL plant™!) with
a hand sprayer for both years [Ghasemi Pirbalouti et
al. 2019]. The SA and proline were purchased from
Sigma-Aldrich Co. (Steineheim, Germany).

Morpho-physiological measurements. Each year,
at the end of the vegetative growth period, 10 plants
from each plot were randomly collected, and then, the
plant height, fresh and dry weights, and proline con-
tent were measured. Three replicates from a single
plant at individual tests measured relative fresh and
dry weights and dry weights. The proline content was
determined using the method of Bates et al. [1973].
For this purpose, 10 mL of 3% sulfosalicylic acid was
added to 0.5 g of plant fresh matter. After 24 h, the
solution was centrifuged at 15,000 rpm for 10 min at
4°C. Then, 2 mL of ninhydrin acid and 2 mL of gla-
cial acetic acid were mixed with 2 mL of the filtered
extract. At the same time, the standard curve of proline
was drawn. The samples were heated in a hot water
bath for 1 h and then placed in an ice bath. Then, the
proline content was measured by a spectrophotometer
(Perkin-Elmer Lambda UV/Vis, Perkin-Elmer, USA)
at 520 nm.

Extraction and analysis of volatile oil. The aeri-
al parts (including leaves, stems, and flowers) were
hand-harvested at the flowering of E. purpurea and
then were dried in the shade at room temperature
(25°C £4°C) for ten days. The samples were ground
to a fine powder using a micro hammer cutter mill and
passed through a sieve. The volatile oil was extract-
ed from 100 g of powdered tissue by hydro-distilla-
tion method using the Clevenger-type (made by Glass
Fabricating of Ashk-e-Shishe Co., Tehran, Iran) with
500 mL water for 3 h according to the British Pharma-
copoeia [Ghasemi Pirbalouti et al. 2017]. The obtained
volatile oil was dried over anhydrous sodium sulfate
and then stored at 4°C until analyzed. The chemical
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compositions of the E. purpurea volatile oil were de-
termined by GC-FID and GC-MS. The samples were
analyzed using an Agilent Technologies 7890 gas
chromatograph coupled to an Agilent 5975 C mass
selective detector (MSD) and quadrupole EI mass an-
alyzer (Agilent Technologies, Palo Alto, CA, USA).
An HP-5MS 5% column (coated with methyl sili-
cone) (30 m x 0.25 mm, 0.25 um film thicknesses)
was used as the stationary phase. Helium (99.999%
pure) was used as the carrier gas at 0.8 mL min™!
flow rate. The temperature was programmed from
60°C to 280°C at a 4°C min™' ramp rate. The in-
jector and the GC-MS interface temperatures were
maintained at 290°C and 300°C, respectively. Mass
spectra were recorded at 70 eV. The mass range was
from 50-550 m/z. The ion source and the detector
temperatures were maintained at 250°C and 150°C,
respectively. Split injection was conducted with
a ratio split of 1:100. The volatile oil samples of
0.1 puL were injected neat. Chemical constituents
of the volatile oils were identified by comparison
of their RI relative to C.-C,, n-alkanes obtained on
a nonpolar HP-5MS column by comparison of the
RI, provided in the literature, by comparison of the
mass spectra with those recorded by Willey (Chem-
Station data system). The individual constituents
were identified by retention indices and compared to
constituents known from the literature [Adams 2007].
The peak area percentages were computed from the
HP-5MS column without FID response factors.

Statistical analysis. Simple and interaction effects
of irrigation frequency and foliar application on the
growth and phytochemical traits were statistically an-
alyzed based on the GLM procedure of the SAS statis-
tical package (SAS/STAT® v. 9.2. SAS Institute Inc.,
Cary, NC). In addition, the significance of differences
among treatment means was tested using Duncan’s
multiple range tests (at p < 0.05 level). The character-
istics of plants were presented as the mean with stan-
dard deviation (SD).

RESULTS
Morpho-physiological traits. As shown in Table 3,
the experimental treatments, including the foliar ap-

plication and irrigation frequency, had no significant
effects on the growth parameters such as plant height,
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dry and fresh weights (dry matter and biomass yields);
however, the simple effects of the foliar application
and irrigation (p < 0.01) on the proline content were
significant (Tab. 3). According to the comparison of
the means, the amount of proline in water deficit stress
treatment (37.11 umol g™') was higher than the amount
of proline (13.83 pmol g') under optimum irrigation
(Tab. 3). For the foliar application treatment, the pro-
line content (36.75 pmol g') in the control plants was
higher than the foliar applications of SA and proline
(Tab. 3).

The combined effects of irrigation frequency x fo-
liar application did not significantly affect growth pa-
rameters such as plant height, biomass, and dry matter
(Tab. 3). However, the interaction effect of irrigation
and foliar application on the proline content was sig-
nificant. The highest value of the concentration of
proline (57.83 umol g') was obtained from the plants
under non-foliar spraying (control) and water deficit
conditions (Tab. 4).

Phytochemical traits. The simple effects of the fo-
liar application and irrigation on volatile oil content
(p £0.01) were significant (Tab. 3). The highest value
of the volatile oil content (71 puL/100 g dry matter)
was obtained from the plants that received reduced
irrigation (Tab. 3). In addition, the foliar-spraying of
SA improved the volatile oil content of E. purpurea

compared to no foliar application (Tab. 3). According
to the average of the two experimental years, the max-
imum value of the volatile oil content (73.7 uL/100 g
dry matter) was obtained from the E. purpurea plants
under water deficit x foliar-spraying of SA treatment
(Fig. 1).

The results from GC-FID and GC-MS analysis de-
tected 5 significant constituents in the volatile oils un-
der the experimental treatments (Fig. 2). The dominant
compounds were germacrene D (52-54%), p-cymene
(8-9.5%), a-pinene (3—5%), f-caryophyllene (6-8%),
and p-bisabolene (3—4.5%). In general, sesquiterpene
hydrocarbons and monoterpene hydrocarbons were the
main class of chemical components in the volatile oil
(Fig. 2). The simple impact of the experimental treat-
ments significantly affected the amounts of the major
constituents. The highest percentages of germacrene
D, p-cymene, a-pinene, S-caryophyllene, and f-bis-
abolene were obtained from the E. purpurea plants
sprayed by SA (Tab. 3). In addition, the deficit wa-
ter treatment increased these main constituents com-
pared to optimum irrigation (Tab. 3). The results of
the interaction effects indicated that the maximum per-
centage of germacrene D, as the abundant compound,
was detected in the volatile oil from the plants treat-
ed by water deficit x foliar-spraying of SA (53.68%)
(Tab. 4). The highest concentrations of p-cymene,

Table 4. The interaction effect of proline and salicylic acid foliar application and irrigation regimes on the phytochemical

traits of Echinacea purpurea

Treatments Characteristics

irrigation  foliar application pr})ﬁrr:o;:;{llt;:nt germ?;ur;ne D a—p(ior/loe;ne ﬂ—caryg’i})lyllene p—c;(/(f/r:;:ne B—bis(iz;)lene
control 15.67 £2.94 d*¥  52.02£0.46 d 3.25+0.35d 6.12+0.51d 8.11+£047d 3.00+0.46d

Optimal salicylic acid 13.17+1.83 ¢ 52.21+0.59 ¢ 3.68 +0.80 b 6.52+0.56 b 8.45+0.46 ¢ 321+0.57 ¢
proline 12.67£1.21 f 52.81+0.49b 3.5440.51 ¢ 6.48 +0.58 b 8.45+031 ¢ 3.51+£0.76 b

control 57.83+9.86 a 52.23+0.39 ¢ 3.39+0.21d 6.38+0.65 ¢ 8.46+0.72 ¢ 3.45+0.70 b

Deficit salicylic acid 18.50£1.51 ¢ 53.68+0.16 a 4.65+0.63 a 7.68+0.71 a 9.39+0.61 a 4.58+0.49 a
proline 35.00+4.14 b 52.07 £0.66 d 3.48+0.30 ¢ 6.52+0.28 b 8.59+£0.61 b 3.44+0.51b

ANOVA p<0.01 p<0.01 p<0.01 p<0.01 »<0.01 p<0.01

*The averages with at least a common alphabet are not statistically significant at the 5% level

¥ Values are an average of two years
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76
74
72
70
68
66
64
62
60
58
56

73.67 a

69.66b

Volatile oil content
(ul/100 g dry matter)

Deficit irrigation

Control ®mSA ®Proline

Optimal irrigation

Fig. 1. Effect of the foliar application of salicylic acid and proline under two
irrigation regimes on the volatile oil content of E. purpurea L. Values are
an average of two years. The averages in columns with at least a common
alphabet are not statistically significant at the 5% level

p-Cymene
RI=1025
Kovats index=1026

a-Pinene
RI=937
Kovats index=939

o | . L

f-Caryophyllene
RI=1429
Kovats index=1428

Germacrene D

RI=1481
Kovats index=1480

B-Bisabolene

RIF1511
Kovts index=1509

Fig. 2. Total ion chromatogram of GC-MS of the volatile oil from E. purpurea

o-pinene, f-caryophyllene, and p-bisabolene were
also related to water deficit condition x foliar applica-
tion of SA (Tab. 4).

DISCUSSION
The genetic factor, environmental conditions, and
their interaction effects significantly impact plants’

growth and phytochemical characteristics. Plant
height as the main trait of morphological characteristic
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varies under genetic factors and environmental condi-
tions, especially soil moisture availability [Carvalho
et al. 2018]; however, in the present study, the effect
of experimental treatments on plant height was not
significant. Probably, E. purpurea under water deficit
conditions maintained the stomatal conductance by
maintaining the turgor pressure of the stomatal protec-
tion cells, which can keep its growth rate, photosyn-
thesis, and morphological characteristics unchanged
significantly [Ghasemi Pirbalouti et al. 2014]. Despite
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no significant differences between treatments regard-
ing dry matter yield, an increase in biomass (23%) was
observed in the plants treated by SA under water defi-
cit conditions. Darvizheh et al. [2019] suggested that
SA application could help reduce the adverse effects of
water deficit stress and is considered a key in provid-
ing tolerance to water deficit. Under these conditions,
the plant’s transpiration rate is reduced, the amount of
water required by the leaves is preserved, and division
and cell growth are more favorable than in the case
of non-application of SA [Mousavi et al. 2021]. The
application of SA can activate antioxidant enzymes
and be involved in the biosynthesis and accumulation
of secondary metabolites, thus limiting the adverse ef-
fects of water deficit stress on biological performance
[Zhao et al. 2005]. In contrast to our results, Sartip
and Sirousmehr [2017] reported that the fresh and dry
weights of cumin decreased under water deficit stress;
however, under the application of SA, the rate of re-
duced fresh and dry weights was slower. In the present
study, in water deficit conditions, the proline accumu-
lation rate was the highest in control plants and the
lowest with SA application. It could be due to water
stress mitigation by the foliar applications of SA. The
amount of alleviation effect on the drought stress by
applying SA was higher than the spraying of proline.
The foliar application of SA by improving the antioxi-
dant enzyme activities probably clears ROS caused by
environmental stresses [Momeni et al. 2020]. The ex-
ogenous application of growth regulators like SA is an
approach to improve plant efficiency and mitigate the
damages of various stresses [Darvizheh et al. 2019].
The volatile oil content under deficit irrigation con-
ditions increased compared to optimal irrigation. The
results of many studies also confirmed that the forma-
tion and accumulation of volatile oils in herbs under
water deficiency conditions tend to increase because,
in cases of stress, more secondary metabolites are bio-
synthesized to prevent intracellular oxidation [Ghase-
mi Pirbalouti et al. 2017, Khorasaninejad et al. 2018].
Additionally, the use of SA enhanced the content of
the E. purpurea volatile oil; however, Darvizheh et
al. [2019] found that the foliar application of SA re-
duced the volatile oil content in the leaves and flowers
of purple coneflower despite irrigation regimes. The
volatile oil of aromatic plants is located in specialized
structures named glandular trichomes [Hazzoumi et

https://czasopisma.up.lublin.pl/index.php/asphc

al. 2019, Es-sbihi et al. 2020]. It was hypothesized that
the increase in volatile oil yield under SA treatment
could be related to its beneficial effect on the num-
ber of glands [Idrees et al. 2011]. Generally, the SA
enhances the biosynthesis and accumulation of sec-
ondary metabolites, thereby increasing plant drought
tolerance [Zhao et al. 2005].

In the current experiment, 5 major constituents
were detected in the volatile oils where germacrene D
formed more than 50% of the volatile oil composition.
This compound is a class of sesquiterpene hydrocar-
bons and has anticancer, antiseptic, and insect-repel-
lent properties [Mehrpooya et al. 2021]. This study’s
results agree with Mehrpooya et al. [2021], who un-
derlined that germacrene D in the E. purpurea vola-
tile oils was the dominant compound. For the exper-
imental treatments’ interactive effects, the significant
constituents’ highest concentrations were extracted
from plants treated by water deficit conditions x foli-
ar-spraying of SA. It seems that increasing the concen-
trations of these constituents by SA treatment aimed
to regulate plant adaptation to water deficit conditions
and is a kind of defense mechanism to maintain the
vital activities of plants under stress. The increase
in the quantity and quality of the volatile oil in the
plants treated with SA may be due to its role in en-
hancing the overall growth of aerial parts [Janda and
Ruelland 2015]. Drought stress, by altering the syn-
thesis of the secondary metabolites through metabolic
pathways and changes in the activity of enzymes and
metabolism of the herbs, resulted in changes in the
composition of the volatile oils [Ghasemi Pirbalouti
et al. 2017]. Regarding the chemical composition of
volatile oil, we observed qualitative and quantitative
variations depending on the treatments. These modi-
fications result in the appearance or disappearance of
some major constituents and changes in the contents
of pre-existing compounds. However, treating plants
with SA increased the levels of sesquiterpene hydro-
carbons affected by water deficit stress.

CONCLUSIONS
The results of the current study suggested that
reduced irrigation had a positive effect on the phyto-

chemical traits of E. purpurea, including the volatile
oil, proline, and the percentages of the major constit-
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uents of the E. purpurea volatile oil, especially ger-
macrene D. However, water deficit stress had negative
impacts on the growth parameters. Therefore, the foli-
ar application of SA could be practical for the stability
of the quantity and quality of volatile oil under deficit
irrigation conditions, which can be used to produce the
medically active substance. Also, the foliar application
of SA could be exploited in the sustainable production
of E. purpurea under water deficit conditions, espe-
cially in arid and semi-arid climates.
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