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Abstract
Nanoparticles (NPs) are an emerging tool for mitigating environmental stresses. Although beneficial roles of NPs have 
been reported in some plants, there is little data on magnesium (Mg)-NPs in alleviating drought stress. Therefore, the field 
experiment was conducted to study changes in biochemical attributes and essential oil (EO) compositions of yarrow (Achil-
lea millefolium L.) plants under drought stress and Mg-NPs in 2016 and 2017. Irrigation regimes were used in two levels as 
well-watered (irrigation intervals of 7 days) and drought stress (irrigation intervals of 14 days) conditions, and Mg-NPs were 
sprayed on leaves in four levels (0, 0.1, 0.3, and 0.5 g  L−1). The results showed drought stress led to increased electrolyte 
leakage (EL), proline, carotenoid, anthocyanin, and total flavonoid content (TFC). However, flowers yield and EO yield were 
lower in plants exposed to drought stress as compared to well-watered conditions. The 0.3 and 0.5 g  L−1 Mg-NPs were more 
effective in alleviating drought stress by enhancing these traits. Heat map results showed that EL and TSS represented the 
high variability upon different treatments. The GC and GC/MS results represented that α-pinene (8.60–12.20%), 1,8-cin-
eol (9.03–14.02%), camphor (6.84–9.80%), α-bisabolol (8.54–18.81%), chamazulene (14.23–22.50%), and caryophyllene 
oxide (7.20–9.80%) were the min EO constitutes of yarrow plants. Totally, drought decreased monopertens but increased 
sesquiterpenes of EO. To sum up, foliar applied Mg-NPs in a range of 0.3–0.5 g  L−1 can be recommended as effective tool 
to improve plant yield through changes in biochemical attributes of yarrow plants.
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Introduction

There is an enhancing interest to replace synthetic medicines 
with herbal products; therefore, the medicinal plants are in 
a pressure of over harvesting in the world)Van Wyk and 
Prinsloo 2018). Asteraceae is a one of the largest family of 
medicinal and ornamental of plants, which includes major 
genera such as Cichorium, Stevia, and Achillea (Rolnik et al. 
2021). Yarrow (Achillea millefolium) is widely grown due 
to great importance in the cosmetics, health, and pharma-
ceutical industries. This species is used in the treatment of 
intestinal, gastric, liver, and bile disorders (Applequist and 

Moerman 2011; Strzępek-Gomółka et al. 2021). In addition, 
it is used as an appetite-enhancing drug due to its bitter taste, 
wound healing and also against skin inflammations (Chou 
et al. 2013). In fact, the many properties and benefits of yar-
row are due to the various compounds in its essential oils 
(EOs) (Rakmai et al 2017). Yarrow EOs contain sesquit-
erpene, monoterpene, phenolic compounds, and terpenoids 
such as cineole, camphor, and caryophylline (Howyzeh et al. 
2019; Farhadi et al. 2020). The presence and amount of EOs 
constituents of medicinal plants is related to genetic and 
environmental factors (Saki et al. 2019). On the other hand, 
it has been reported that secondary metabolites in medicinal 
plants are the main response of plants to cope with environ-
mental stresses (Mirzaie et al. 2020).

Drought stress is the important environmental challenge 
that has significant impacts on plant growth and devel-
opment. In addition, it can strongly affect the secondary 
metabolites (Gharibi et al. 2019) and lead to overproduc-
tion of reactive oxygen species (ROS). Plants also have 
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different molecular and biochemical mechanisms to inhibit 
free radicals, including enzymatic antioxidant systems 
(catalase, peroxidase, etc.), and various non-enzymatic 
antioxidants (flavonoids, anthocyanins, phenylpropanoids, 
etc.) (Tohidi et al. 2017). Among the physiological strate-
gies of the plant, the accumulation of osmolites is one of 
the most effective methods to help plants cope with the 
deleterious effects of water scarcity. Increased accumula-
tion of osmolites such as total flavonoids, total phenol, 
proline, malondialdehyde, and hydrogen peroxide has been 
reported in various plants exposed to drought stress (Ghar-
ibi et al. 2015; Mirzaie et al. 2020; Afshari et al. 2021).

Foliar application of elements improves the mechanism 
of tolerance to water stress and thus increases plant yield 
(Aslam et al. 2018). One of the most important elements in 
the growth and development of plants is magnesium (Mg). 
The most important role of Mg in plants is to participate 
in the construction of chlorophyll, which contains about 
15–30% of the total Mg in plants. Mg also activates more 
than 300 enzymes such as RNA polymerases, ATPases, 
protein kinases, phosphatases, glutathione synthase, and 
carboxylases, and regulates ion transport and cation bal-
ance in plants (Bose et al. 2011). It plays a key role in the 
biosynthesis of nucleic acids and proteins, the transport 
of photosynthetics in the phloem, the control of plant dis-
eases, and finally in the growth, yield, and product quality 
of plants (Le et al. 2020). In general, foliar application of 
fertilizers is used to quickly supply the nutrients needed by 
the plant, and in these conditions, the use of nanoparticles 
(NPs) as foliar application is significantly more efficient 
for plant uptake (Afshari et al. 2021). Since NPs are less 
than 100 nm in size, it causes interesting and remarkable 
properties and behaviors of these materials such as high 
mobility, self-control, and intelligence properties in these 
particles (Ghasemian et al. 2021). The NPs are more effec-
tive than their usual particles due to their higher adsorp-
tion efficiency and higher specific surface area (Tripathi 
et al. 2017; Afshari et al. 2021).

Recently, NPs have been widely used to mitigate drought 
stress on plants. The mitigation of drought stress with 
the use of different  NPS have been reported on coriander 
(Afshari et al. 2021), rice (Ahmed et al. 2021); maize (Van 
Nguyen et al. 2021), eggplant (Semida et al. 2021), pome-
granates (Zahedi et al. 2021), cucumber (Ghani et al. 2022), 
and tomato (El-Zohri et al. 2121). However, there is little 
information for Mg-NPs on medicinal plants upon irrigation 
regimes. The aims of present study were (1) to assess the 
effect of Mg-NPs on electrolyte leakage, carbohydrate, pro-
line, anthocyanin, carotenoids, and flavonoid under drought 
stress in yarrow plants and (2) to study the changes of essen-
tial oil (EO) yield and EO compositions of yarrow plants 
at two different irrigation regimes and foliar application of 
Mg-NPs.

Materials and methods

Nanoparticles properties

Mg-NPs were provided in the powder form of MgO 
(Sigma Aldrich) with CAS number: 1309–48-4, 99% 
purify, molecular weight of 40.3 g  mol−1, size of ≤ 20 nm, 
and density of 3.58 g  cm−2.

Experimental design and treatments

The field experiment was conducted to evaluate the effect 
of Mg-NPs on biochemical properties of yarrow (Achil-
lea millefolium L.) under two irrigation grimes as a split 
design with three replicates on in Safadsht, Iran (1165 m 
asl, 35° 41′ 17″ N, 50° 50′ 25″ E), during 2016–2017. 
The experiment included irrigation regime as main plot 
at two levels including normal irrigation (irrigation inter-
vals of 7 days) and water stress conditions (irrigation 
intervals of 14 days); the subplot was the concentration 
of foliar applied Mg-NPs at four levels (0, 0.1, 0.3, and 
0.5 g  L−1).

Growth conditions

The operations of land preparation were carried out 
according to the custom of the region by plowing and dis-
king. The seeds were cultured in 3.5 × 5 m plots with 1-m 
distance between the plots and 30 cm distance between 
plants on the rows. Before culturing, soil samples from 
two depths (0–20 and 20–40 cm) were transferred to labo-
ratory to determine physiochemical properties (Table 1), 
and according to soil properties and fertilizer recommen-
dation, the NPK fertilizers were added to soil. The plants 
were sprayed by the solutions of Mg-NPs at three times 
including leaf development, stem elongation, and budding. 
Irrigation regimes were applied in two levels based on 
evaporation from class A pan with irrigation after 60 mm 
(irrigation intervals of 7 day( and 120 mm (irrigation 
intervals of 14 day( evaporation from class A pan. Irri-
gation was done using drip irrigation system. The weeds 
were manually harvested during the growth period.

Electrolyte leakage measurement

To determine EL, 1-cm disks of fresh leaves were prepared 
and moved to Erlenmeyer’s containing 10 mL of water 
twice distilled at 25 °C. After shaking for 24 h, the EC of 
samples was measured by a gage digital EC  (EL1 μS/cm). 
Subsequently, the solution was placed in an autoclave for 
1 h at 120 °C and then its EC was determined  (EL2 μS/

59375Environmental Science and Pollution Research  (2022) 29:59374–59384



cm). Finally, electrolyte leakage (EL) was calculated as 
follow (Sheppard et al. 1995). EL = [(EL2 –  EL1)/EL1)].

Determination of total soluble sugar

The 95% and 70% ethanol was used to determine total solu-
ble sugar (TSS). The 0.5 g of frozen flowers was grinded 
liquid nitrogen and mixed with 5 mL of 95% ethanol. After 
that, 5 mL of 70% ethanol was added to the mixture in two 
times and centrifuged at 3500 rpm for 10 min and followed 
by keeping in the refrigerator for 7 days. Subsequently, 
0.1 mL of the stored stock was mixed with 3-mL antron 
(150-mg antron and 100-mL 72% sulfuric acid). The solu-
tion was placed in the boiling water bath at 90 °C for 10 min. 
The absorbance was measured at 625 nm using a UV–Vis 
spectrophotometer (Shimadzu, Tokyo, Japan). For a stand-
ardized diagram, it was used the solutions with 0, 1, 2, 3, 4, 
5, 7, and 10 ppm concentrations (Irigoyen et al. 1992).

Total flavonoid content

The aluminum chloride colorimetric method was used to 
determine total flavonoid content (TFC). According to this 
instruction, 0.5 mL of the extract solution with mixed with 
1.5 mL of 95% ethanol, 0.1 mL of 10% aluminum chloride, 
0.1 mL of 1 M potassium acetate, and 2.8 mL of distilled 
water. After keeping the samples at room temperature for 
30 min, the adsorption of the mixture was read at 415 nm. 
The quercetin standard was used to draw the curve (Chlop-
icka et al. 2012).

Proline concentration

To determine the proline content, 0.1 g of fresh leaf tissue 
was mixed with 10 mL of sulfosalicylic acid (3% w/v) and 
centrifuged at 4000 × g for 20 min. Then, the mixture was 
supplied with 2 mL of ninhydrin acid and 2 mL of glacial 
acetic acid. Simultaneously, 2 mL of standard 0, 4, 8, 12, 16, 
and 20 mg of proline were mixed with 2 mL of ninhydrinic 
acid and 2 mL of acetic acid. All samples were heated in 
a hot water bath for 60 min and then placed on ice to cool 
completely. The 4 mL of toluene was added to the solution. 
Using 0, 4, 8, 12, 16, and 20 mg proline, the regression 
equation of the standard curve was determined spectrophoto-
metrically at 520 nm (Bates et al. 1973).

Flower carotenoids content

Arnon (1967) method was used to measure carotenoid con-
tent in flowers. The 0.5 g of fresh samples was grinded using 
liquid nitrogen and then 20 mL acetone 80% was added and 
centrifuged at 6000 rpm for 10 min. The supernatant was 
transferred to a glass balloon. The values were recorded by Ta
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a spectrophotometer in the absorbance read at 470, 645, and 
663 nm. The carotenoid content was calculated according to 
the following equations.

Chl a = (12.7 ×  A663 − 2.69 ×  A645) V/1000 W.
Chl b = (22.9 ×  A645 − 4.68 ×  A663) V/1000 W.
Carotenoid = 100(A470) − 1.82(mg Chl a) − 85.02(mg Chl 

b)/198.

Determination of anthocyanins

To measure the anthocyanin content of the petals, 0.3 g of 
fresh petals were first weighed and turned into small pieces 
and crushed in a fine mortar. To extract anthocyanins, the 
solution containing 1 cc methanol and 99 cc hydrochloric 
acid (1%) was added to each sample and then the sam-
ple was transferred into falcon and refrigerated for 24 h 
at 4 °C. After that, the samples were centrifuged for 24 h 
at 4000 rpm, and then the supernatant was used. Finally, 
the amount of anthocyanin after proper dilution was meas-
ured at 530 and 657 nm with a spectrophotometer (Shi-
madzu, Tokyo, Japan) (Sankhla et al. 2005). Anthocyanin 
content: = A530 − 1/4A657.

Essential oil distillation

In order to obtain the EO, the aerial parts of the plants were 
harvested at the flowering stage and dried at shade condi-
tions. The 80–100 g of dried samples were hydro-distillated 
using Clevenger type apparatus for 3 h and then the essential 
oil yield of each population was measured based on dry plant 
weight (Sefidkon et al. 2006).

Essential oil profile

The EOs analysis was performed by gas chromatography 
(GC) and gas chromatography-mass spectrometry (GC–MS). 
Dry sodium sulfate was used to dehydrate the oil samples. 
After injecting the essential oils into the GC and finding the 
most suitable column temperature program, the EOs were 
diluted with dichloromethane and injected to the GC–MS, 
and the retention index, mass spectra, and related chromato-
grams, and finally, the quantitative and qualitative amounts 
of the active ingredients of EOs were identified. The EO 
composition were analyzed by Varian 3400 GC–MS system 
equipment with AOC-5000 auto injector and DB-5 fused 
silica capillary column (30 m × 0.25 mm i.d.; film thick-
nesses 0.25 μm). Helium was used as carrier gas.

Statistical analysis

The data were analyzed using SAS software version 9.2 
(SAS Institute Inc., Cary, NC, USA) and the means were 
compared using Duncan’s multiple range test at 0.05 

probability level. Before analyzing the ANOVA, Bartlett’s 
test was formed to normality. Because the experiment was 
done in 2 years, the data were analyses as a combined split 
design.

Results

Electrolyte leakage and proline concentration

Electrolyte leakage and proline content were significantly 
changed upon irrigation regimes and foliar application of 
Mg-NPs (P ≤ 0.05). Electrolyte leakage increased under 
drought stress, while M-NPs decreased its amount. At 
non-foliar application of Mg-NPs, drought stress increased 
electrolyte leakage by 93% compared with control. All 
levels of Mg-NPs decreased electrolyte leakage relative to 
control in normal irrigation and drought stress conditions. 
In plants experiencing drought stress, 0.1, 0.3, and 0.5 g 
 L−1 Mg-NPs decreased electrolyte leakage by 12, 23, and 
27% as compared with non-foliar application of Mg-NPs 
(Fig. 1a). Like electrolyte leakage, proline concentration 
increased by drought stress, the maximum proline amount 
was observed in plants exposed to drought stress and 0.5 g 
 L−1 Mg-NPs as 2.92 μg  g−1. In contrast, the minimum pro-
line content was found in plants under normal irrigation 
and 0.5 g  L−1 Mg-NPs to be 0.98 μg  g−1 (Fig. 1b).

Total soluble sugar and total flavonoid continent

Drought stress and foliar application of Mg-NPs sig-
nificantly affected TSS and TFC (P ≤ 0.05). Drought 
stress increased TSS, but Mg NPs decreased it. There 
was an interesting results of 0.5 g  L−1 of Mg-NPs under 
irrigation regimes; where it decreased TSS at drought 
stress, but increased it upon normal irrigation. However, 
0.1 and 0.3  g  L−1 decreased TSS in bot normal and 
stress conditions. Under drought stress, 0.1, 0.3, and 
0.5 g  L−1 Mg-NPs decreased TSS by 7, 13, and 31% 
compared with non-sprayed plants (Fig. 1c). Drought 
stress and Mg-NPs led to increased TFC in yarrow 
leaves. Although 0.1 g  L−1 Mg-NPs showed no signifi-
cant difference with control, 0.3 and 0.5 g  L−1 increased 
TFC by 14 and 18%, respectively, when compared with 
non-foliar application (Fig. 1d). Drought significantly 
increased TFC, so that in non-foliar application, 0.1, 
and 0.3  g  L−1 of Mg-NPs, drought stress increased 
TFC by 55, 52, and 48% relative to normal irrigation. 
In addition, in 0.5  g  L−1 of Mg-NPs, TFC in plants 
exposed to drought represented 2.4-fold increases com-
pared with normal irrigation (Fig. 1d).
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Anthocyanin and carotenoid content

Anthocyanin was significantly changed under drought 
stress and foliar-applied Mg-NPs (P ≤ 0.05). The high-
est anthocyanin content was obtained in plants exposed 
to drought stress and 0.5 g  L−1 Mg-NPs. Upon nonfoliar 
application of Mg-NPs and also compared with normal 

irrigation, the 36% increase of anthocyanin was observed 
when plants exposed to drought stress (Fig. 2a). Although 
Mg-NPs showed no significant change of anthocyanin at 
normal irrigation, they increased this secondary metabo-
lite in drought treatments (Fig. 2a). Carotenoid revealed 
a similar response to drought stress and leaf spraying of 
Mg-NPs. It ranged from 0.55 mg  g−1 in normal irrigation 

Fig. 1  Electrolyte leakage (EL, 
a), proline (b), total soluble 
sugar (TSS, c), and total flavo-
noid content (TFC, d) of yarrow 
plants sprayed with Mg-NPs 
under irrigation regimes. Values 
are means ± standard deviation 
(SD). Different letters show 
significant differences among 
treatments at P ≤ 0.05
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and 0.5 g  L−1 of Mg-NPs to 1.03 in drought stress and 
0.5 g  L−1 of Mg-NPs (Fig. 2b).

Flower weight yield and essential oil yield

The flower yield remarkably decreased when exposed to 
drought stress. At non-foliar application, 40% reduction of 
flower yield was obtained in plants under drought stress. On 
the contrary, 0.3 and 0.5 g  L−1 Mg-NPs increased flower 
yield by 10 and 18%, respectively, compared with non-
sprayed plants (Fig. 2c). Like flower yield, drought stress 
decreased EO yield, but Mg-NPs improved EO yield. The 
0.3 and 0.5 g  L−1 Mg-NPs were more effective in enhancing 
EO content under drought stress. The 0.1, 0.3, and 0.5 g  L−1 
of Mg-NPs increased EO yield by 10, 17, and 35%, respec-
tively, in comparison with non-foliar application (Fig. 2d).

Essential oil profile

The GC and GC/MS results showed 21 compounds of yar-
row EOs, which represented 98.16–99.97% of total EOs 
(Tables 2 and 3). The main EO compounds were α-pinene, 

1,8-cineol, camphor, α-bisabolol, chamazulene, and cary-
ophyllene oxide. These constitutes had different amounts 
under drought stress and foliage application of Mg-NPs. 
α-pinene ranged from 8.60% in non-application of Mg-NPs 
at drought stress to 12.20% in 0.3 g  L−1 of Mg-NPs upon 
well-watered conditions. The amount of 1,8-cineol was 
obtained in a range of 9.03–14.02, which its highest was 
observed in 0.3 g  L−1 of Mg-NPs under well-watered condi-
tions. Camphor represented the different amounts under irri-
gation regimes and Mg-NPs, ranging from 14.23 to 17.25%. 
Caryophyllene oxide was obtained in a range of 6.84–9.80%. 
The amount of α-bisabolol was obtained in a range of 8.54% 
in 0.3 g  L−1 of Mg-NPs at normal irrigation to 18.81% in 
non-application of Mg-NPs under drought stress. Chama-
zulene amount varied from 14.23 in 0.3 g  L−1 of Mg-NPs 
under well-watered conditions to 22.50% in 0.1 g  L−1 of 
Mg-NPs upon drought stress.

Heat map results

Based on heat map analysis, the traits distribute according 
to their value from 0 as blue to 1 as red. The TSS and EL 

Table 2  Essential oil (EO) composition of yarrow (Achillea millefolium L.) under irrigation regimes and magnesium nanoparticles (Mg-NPs) in 
2016

Compound RI Normal irrigation Drought stress

Mg 0 Mg 0.1 g  L−1 Mg 0.3 g  L−1 Mg 0.5 g  L−1 Mg 0 Mg 0.1 g  L−1 Mg 0.3 g  L−1 Mg 0.5 g  L−1

α-Pinene 942 10.50 11.34 11.76 10.5 8.6 9.46 10.1 10.6
Camphene 952 1.62 1.23 1.75 2.11 1.05 0.98 0.78 0.98
Sabinene 975 0.81 0.66 0.47 1.54 0.34 0.87 1.01 0.56
b-Pinene 976 4.23 3.12 2.65 3.15 2.16 1.98 2.12 1.67
1,8-Cineol 1031 12.81 13.22 13.99 11.69 9.03 10.04 10.18 10.75
Cis-sabinene hydrate acetate 1051 1.87 1.65 1.22 2.12 1.33 1.76 1.34 2.12
Terpinene 1052 0.08 0.00 0.03 0.06 0 0.09 0.1 0.02
Linalool 1081 2.70 2.34 3.24 1.78 1.34 1.98 2.12 1.23
Thujene 1107 1.84 1.89 1.74 1.29 2.13 1.19 0.98 1.12
Camphor 1119 15.23 17.25 16.34 14.56 14.23 15.64 15.11 16.21
Menthone 1142 0.08 0.03 0.1 0.03 0 0 0.01 0.02
Borneol 1165 2.81 2.73 2.01 3.03 3.12 1.9 1.9 2.4
Cis-carveol 1232 2.11 2.15 1.89 1.56 2.13 2.156 1.89 2.02
Iso bornyl acetate 1271 1.01 0.89 1.23 1.76 1.23 1.15 2.02 2.06
Neryl format 1281 2.62 2.17 2.98 2.87 2.09 2.13 2.76 2.66
Bornyl acetate 1284 2.41 3.12 2.89 2.52 1.22 1.34 1.73 1.92
Eugenol 1355 0.91 0.78 0.43 0.56 0.34 0.65 0.56 0.34
Elemol 1559 0.72 0.98 1.08 1.4 0.88 1.05 1.06 1.01
Caryophyllene oxide 1581 8.50 8.50 9.4 9.8 7.6 8.3 7.9 7.2
α-Bisabolol 1688 11.26 9.93 8.54 11.26 18.81 15.98 13.35 12.46
Chamazulene 1728 14.37 15.26 15.85 14.58 20.67 21.32 21.78 22.5
Monoterpenes (%) 63.64 64.57 64.72 61.13 50.34 53.32 54.71 56.68
Sesquiterpenes (%) 34.85 34.67 34.87 37.04 47.96 46.65 44.09 43.17
Total (%) 98.49 99.24 99.59 98.17 98.30 99.97 98.24 99.85
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represented the highest variability among the traits. How-
ever, flower and EO yield, anthocyanin, and carotenoid had 
the minimum change under Mg-NPs application at two irri-
gation regimes. Therefore, TSS and EL can be considered as 
biochemical markers of yarrow plants with high sensibility 
under drought and foliar application of Mg-NPs. Moreover, 
irrigation regime was more effective than Mg-NPs on creat-
ing two main clusters of biochemical traits of yarrow plants 
(Fig. 3).

Discussion

In this experiment, drought stress increased electrolyte 
leakage (Fig.  1a). Water deficit can damage cell mem-
brane by increasing reactive oxygen species (ROS) such 
as superoxide, hydrogen peroxide, and hydroxyl radical. 
It leads to rapid oxidation of lipids and fatty acids due to 
high sensitivity to oxygen (Xie et al. 2019). Since the cell 
membrane is a type of phospholipid membrane, oxygen can 
stimulate it and eventually leaks electrolytes to extracellu-
lar environment (Kong et al. 2020). Drought stress causes 

the stomatal closure in leaves, which decreases the rate of 
 CO2 stabilization. The increased IL under drought stress 
have been reported on maize (Bijanzadeh et al. 2019) and 
coffee (Silva et al. 2018), and tomato plants (Cornejo-Ríos 
et al. 2021). Water deficit reduces the availability, transport, 
and metabolism of nutrients in plants, so that the lack of 
water by affecting the active transfer and permeability of 
the membrane, reduces the root access of plants to absorb 
cations such as Mg (Hussainet et al. 2018). Therefore, in 
this study, to compensate for Mg deficiency, its NPs were 
sprayed on yarrow plants. Mg-NPs in all levels reduced ion 
leakage. Regarding the special properties of NPs like high 
specific surface area, small size, and low weight of these 
particles, they are can move easily through the cell wall of 
plants leaves and results in changes in physiological and 
biochemical attributes (Afshari et al. 2021). The concen-
tration of Mg-NPs showed different response under normal 
irrigation and drought stress. High concentration of Mg 
(0.5 g  L−1) was more effective at drought stress. The use of 
Mg-NPs can reduce oxidative stress by accumulating anti-
oxidants and osmolytic compounds, thereby reducing the 
amount of ROS. These NPs increased the stability of the cell 

Table 3  Essential oil (EO) composition of yarrow (Achillea millefolium L.) under irrigation regimes and magnesium nanoparticles (Mg-NPs) in 
2017

Compound RI Normal irrigation Drought stress

Mg 0 Mg 0.1 g  L−1 Mg 0.3 g  L−1 Mg 0.5 g  L−1 Mg 0 Mg 0.1 g  L−1 Mg 0.3 g  L−1 Mg 0.5 g  L−1

α-Pinene 942 11.20 10.80 12.11 10.78 9.03 8.94 10.16 9.16
Camphene 952 1.35 2.76 3.19 1.32 0.96 1.04 1.03 0.91
Sabinene 975 0.84 0.67 0.23 0.98 1.04 1.01 0.88 0.92
b-Pinene 976 3.14 2.98 2.15 3.87 2.12 1.78 1.98 1.34
1,8-Cineol 1031 11.23 13.76 14.02 13.11 10.15 9.98 10.65 10.52
Cis-sabinene hydrate acetate 1051 0.98 1.03 0.88 1.09 0.87 0.193 1.04 2.01
Terpinene 1052 0.00 0.02 0.06 0 0 0.02 0.08 0.01
Linalool 1081 3.12 3.02 3.07 2.14 2.54 2.45 3.01 1.98
Thujene 1107 2.54 1.98 3.12 2.08 2.86 1.89 0.95 1.06
Camphor 1119 14.87 16.87 16.98 15.03 14.67 15.01 15.34 16.03
Menthone 1142 0.00 0.00 0.02 0.05 0 0 0 0
Borneol 1165 3.12 4.13 2.19 3.23 3.18 2.09 1.87 2.45
Cis-carveol 1232 2.65 2.15 1.89 2.13 1.56 1.23 1.12 1.97
Iso bornyl acetate 1271 2.87 1.02 1.01 1.45 1.43 1.57 1.98 1.78
Neryl format 1281 2.09 1.99 2.11 2.19 1.67 1.23 1.89 1.23
Bornyl acetate 1284 2.45 2.67 2.12 2.56 3.15 3.18 3.12 3.87
Eugenol 1355 0.56 0.89 0.64 1.04 1.24 1.26 0.98 1.02
Elemol 1559 0.32 0.34 0.27 0.45 1.23 0.98 1.01 0.89
Caryophyllene oxide 1581 7.80 7.67 9.12 8.13 6.84 8.16 8.15 8.12
α-Bisabolol 1688 12.50 10.40 9.89 10.45 16.43 16.01 14.06 12.54
Chamazulene 1728 15.12 14.23 14.32 16.08 18.86 21.87 20.03 21.03
Monoterpenes (%) 63.01 66.74 65.79 63.05 56.47 52.87 56.08 56.26
Sesquiterpenes (%) 35.74 32.64 33.60 35.11 43.36 47.02 43.25 42.58
Total (%) 98.75 99.38 99.39 98.16 99.83 99.89 99.33 98.84

59380 Environmental Science and Pollution Research  (2022) 29:59374–59384



membrane and reduce the leakage of electrolytes in yarrow 
plants. Similarly, Siddiqui et al. (2018) showed that Mg by 
increasing antioxidant enzymes and accumulating osmolites 
such as glycine betaine and proline can reduce ROS under 
drought stress.

Proline concentration increased under drought stress 
as well as Mg-NPs (Fig. 1b). The increased proline upon 
drought stress is a stagey of most plants to cope the undesir-
able conditions of environmental stress (Furlan et al. 2020). 
Plants increase proline contents to reduce the water poten-
tial in their tissues and to maintain the turpentine pressure. 
Increasing the activity of delta-1-proline-5-carboxylase 
reductase enzymes in the production cycle of this substance 
and preventing the activity of proline oxidizing enzymes, 
including proline dehydrogenase, increases the proline con-
tent in plant cells (Furlan et al. 2020). The yarrow plants 
enhanced their praline content to improve the antioxidant 
capacity under drought tress, and it was in accordance with 
the results of Hammad and Ali (2012) and Zegaoui et al. 
(2017) on cowpea plants. In addition, 0.3 and 0.5 g  L−1 
of Mg-NPs enhanced proline content in plants exposed to 
drought stress. Similarly, Rehman et al. (2018) represented 
the accumulation of proline under foliar application of Mg 
in sunflower plants. Mg participates in many biochemical 
pathways in plants, and it affects the production of proline 
when plants exposed to drought. Totally, increased proline 
in yarrow plants is a stagey to alleviate draft stress by foliar 
application Mg-NPs.

TSS increased under drought stress but had different 
response to foliar applied Mg-NPs. During drought stress, 
plants convert larger molecules such as starch to small mol-
ecules like sucrose and then to glucose and fructose mol-
ecules to escape the process of plasmolysis and to reduce 
cell turgescence (Afshari et al. 2021). The increased TSS 
in drought-exposed plants have been reported by Moloi and 
Merwe (2021) on wheat and Sadaghiani et al. (2019) on Ger-
man chamomile, which support the results of present study. 
The levels of 0.1 and 0.3 g  L−1 Mg-NPs decreased TSS, but 
0.3 g  L−1 increased it compared with non-foliar applica-
tion under normal irrigation. Mg is required to the function 
of the  H+-ATPase, which pumps protons from the plasma 
membrane to the apoplast. Screening elements — the cell 
is loaded, and this leads to the accumulation of sucrose in 
the apoplast, which in turn affects the rate of proton/sucrose 
transcription. Therefore, poor performance of the ATPase-
H + proton pump has a negative effect on sucrose transfer 
(Su et al. 2020). Under drought stress, all levels of Mg-NPs 
decreased TSS (Fig. 1c). In line with the results, Barbosa 
et al. (2019) also reported decreased TSS in potato plants 
with foliar applied Mg. Finally, drought stress increased 
TSS, but foliar application of Mg-NPs decreased it in plants 
exposed to drought stress.

The amount of non-enzymatic antioxidants like TFC, 
anthocyanin, and carotenoid increased under drought stress. 
Although carotenoids have a significance role in chloro-
phyll, the main function of these pigments is correlated to 

Fig. 3  Heat map analysis for the 
studied traits of yarrow plants 
sprayed with Mg-NPs under 
irrigation regimes. EOY: essen-
tial oil yield, FY: flower yield, 
TFC: total flavonoid continent, 
EL, electrolyte leakage, TSS: 
total soluble sugar
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elimination of ROS toxicity (Kang et al. 2018). Due to the 
participation of Mg in the synthesis of chlorophyll and carot-
enoids (Pourranjbari Saghaiesh et al. 2019), increasing the 
concentration of Mg-NPs in yarrow plants led to enhanced 
carotenoids. In addition, phenolic compounds such as flavo-
noids and anthocyanins are produced through the phenylpro-
panoid pathway (Laura et al. 2019). These compounds act 
as a defense barrier, protecting the plant against biotic and 
abiotic stresses (Sharma et al. 2019a, b). The present study 
showed yarrow plants that received the desirable amount 
of Mg-NPs prevented further damages imposed by drought 
stress by increasing phenolic compounds. The increased 
carotenoids (Pourranjbari Saghaiesh et al. 2019) and antho-
cyanins (Faiz et al. 2021) have been reported. The significant 
effects on Si NPs like significantly improved TFC under dif-
ferent irrigation regimes (Afshari et al. 2021).

Flower yield and EO yield decreased under drought 
stress, but increased by Mg-NPs. Under stress conditions, 
plants use their energy to survival and thereby they decrease 
cell deviation (Khosropour et al. 2021). Drought can reduce 
photosynthesis materials to flowers and results in decline 
of flower weight (Sehgal et al. 2017). Plants have different 
responses of their EO content to drought stress and foliar 
application of metal NPs. The increased EO content under 
stress conditions is a strategy in medicinal plants to protect 
plants against the harmful effects of drought stress (Afshari 
et al. 2021). EO yield is affected by EO percentage and 
plants weight (Saki et al. 2019). Therefore, the main factor in 
reducing the EO content in this study is the decreased flower 
yield under drought stress. In fact, foliar application of Mg-
NPs improves the retransfer of photosynthetic materials and 
carbohydrates, promotes photosynthesis pigments, and pre-
vents leaf aging. Similarly, Aslam et al. (2018) reported that 
foliar application of Mg increased plant yield.

The EO profile of yarrow plants showed different 
responses to drought and foliar application of Mg-NPs. 
Totally, 21 compounds were identified in the present study, 
and their main compounds were α -pinene, 1,8-cineol, cam-
phor as monoterpenes and also α-bisabolol, chamazulene, 
and caryophyllene oxide as sesquiterpenes. Farhadi et al. 
(2020) identified 28 EO components of yarrow plants, 
which the main constituent was 1,8-cineole (21.28–34.51%), 
camphor (7.27–14.07%), chamazulene (4.18–11.34%), and 
α-eudesmol (2.09–9.63%). Howyzeh et al. (2019) identified 
32 EO components with main compounds as caryophyl-
lene oxide, camphor, γ-muurolene, γ-eudesmol, borneol, 
β-eudesmol, spatulenol, germacrene D, and γ-gurjunene. 
The changes of EO profile under drought stress have 
been reported different plants (Afshari et al. 2021; Babaei 
et al. 2021). Drought stress increased sesquiterpenes and 
decreased monoterpenes. Babaei et  al. (2021) showed 
increased sesquiterpenes in Mexican marigold plants under 
drought stress. Drought can change the quality and quantity 

of EOs in medicinal plants through altering the expression 
of genes or the activity of enzymes involved in the biosyn-
thesis of monoterpenes and sesquiterpenes in EOs (Caser 
et al. 2019). In addition, the EO profile of yarrow plants 
was altered under different Mg-NPs. According to previous 
studies, there is a strong correlation between EO compounds 
and photosynthesis. Hence, since Mg has a significant role 
on photosynthesis, it can affect the EO composition. Similar 
to the results, Afshari et al. (2021) showed changes in EO 
profile of coriander plants under Si-NPs.

Conclusion

According to the results of the present study, it can be con-
cluded that foliar application of Mg-NPs is effective in 
mitigating drought stress through changes in biochemical 
attributes. Mg-NPs in a range of 0.3–0.5 g  L−1 is effective in 
alleviating drought stress. Among the biochemical traits, EL 
and TSS showed the high variability under drought stress; 
hence, they can be considered as smart traits to study the 
biochemical changes. Irrigation regime was more effective in 
aviation of EO profile so that we can manage the amount of 
the EO compounds according to changes in irrigation water.
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