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A B S T R A C T

The high level of boron in dryland and semi-arid soils is an important issue that strongly affects 
growing and developing crops, especially under drought stress. Meanwhile, brassinosteroid (BR) 
as a noval stress hormone can improve resistance to abiotic stress in plants. To explore the 
appropriate foliar application of boron (0.5 and 1 %) and 24-Epi-brassinolide (0.5 and 1 μM) and 
their combinations on camelina (Camelina sativa L.) under irrigation regimes a field experiment 
was conducted during 2018–2020 years. Irrigation regime consisted of well irrigation from 
emergence until the end of the growing season (WI0), withholding irrigation from flowering to 
siligue formation (WI1), and withholding irrigation from siligue formation to harvest (WI2)]. Our 
finding revealed that boron had a destructive effect on phytochemical parameters of camelina 
while application of brassinolide mitigated the boron impacts and improved the parameters. 
Results showed the highest increase in chlorophyll a (26.8 and 23.8 %) at B0.5 + BR0.5 treatments 
under WI1 and WI2 conditions, respectively. Application of BR (0.5 and 1 μM) and low level of B 
(B0.5 %) combination alleviated drought stress by improving osmolyte accumulation (proline) 
(5–9% increase), antioxidant enzymes, superoxide dismutase (SOD) (5.35–5.72 % increase), 
catalase (CAT) capacity (4.10 % increase) and secondary metabolites (total phenol and flavonoid) 
(6.78–10.26 % and 4.60–5.27 % increase). Further, malondealdehide (MDA) decreased (8.73 %) 
at BR and B combination and increased with a high level of B (B1%) application under- 
withholding irrigation. All of these results confirmed that BR and B synergistically (mainly 
B0.5 + BR0.5 and B0.5 + BR1) regulate the phytochemical properties response in the camelina plant 
to drought stress.

1. Introduction

Camelina (Camelina sativa L.), a Brassicaceae member, as an adaptable plant, can replace other oilseed crops in water shortage 
conditions [1,2]. Among oilseed crops, camelina has been reported as a high tolerant crop to drought conditions [3–5]. So It can 
growth to different stressful conditions [6–8] especially in water limited areas [9,10]. Camelina performs well on poor soils [8,11–13] 
and drier climates [6,14–17].

Although many studies reported that camelina has high efficiency in using of ground water [2,12,18], water restriction is a major 
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environmental factor that limited crop productivity in arid and semi-arid regions [19–22]. Water deficit stress can directly affect 
oxidative defense system, physiological and biochemical activities including photosynthetic efficiency and secondary (bioactive) 
compounds [23–26]. Also, under stressful environments, Reactive oxidative species (ROS), increased and damage cell membranes and 
vital components of the cell, such as proteins, lipids, carbohydrates and nucleic acids, [27,28]. However, In plants, the antioxidant 
defense system can be reduced and remove ROS with enzymatic (including superoxide dismutase (SOD), catalase (CAT), peroxidase 
(POD)) and non-enzymatic (contains certain secondary metabolites such as total phenolic (TPC) and flavonoids (TFC) components) 
[29,30]. Additionally, to improve the water absorption from the environment, plants produce osmolytes substances such as proline, 
soluble protein and carbohydrate [31,32]. Based on previous research The growth, yield, oil content and physicochemical properties of 
camelina are affected by drought stress [33–36].

Boron is an necessary micronutrient for crop production that plants require in extremely small concentrations [37,38]. However, 
the Brassicaceae family have a high consumption of boron [39,40]. For example Brassica napus, a member of the Camelina family, is 
highly sensitive to B deficiency conditions [41]. It also is essential to plant development in which it participates in carbohydrate and 
phenol metabolism [42], water relations [43], cell wall integrity [44–46]. In addition, The problem of boron deficiency is more critical 
than other micronutrients [47]. Nevertheless, the excessive accumulation of B limits plant growth and productivity in areas with 
excessive dryness [48,49]. It is proven that excess of B is frequent in the drylands and semi-arids zones [50,51]. The main reason is high 
evaporation and transpiration and very limited washing in these regeons [52,53]. Recent reports have indicated that during 
co-combination of water deficiency and boron excess in the soil, devastating effects of drought stress can have an noticeable influence 
on the effects of B toxicity on plants [52–54]. However, different evidences show that climate change will intensify the stress of 
drought and the expansion of deserts in arid and semi-arid regions, and this will lead to the aggravation of soils with boron toxicity, 
which will ultimately lead to the vulnerability of plants and reduce their production [49,53].

Brassinosteroids (BRs) are a new class of phytohormones whose importance in many plant processes and reducing the effects of 
various abiotic stresses has been well proven [55–59]. BR influences photosynthesis [60], photomorphogenesis, cell elongation, seed 
germination, and xylem differentiation [58]. Numerous studies have proven the role of BR in drought resistance in higher plants [58,
61,62]. BR participated in many metabolic processes of plants including chlorophyll function [63] and antioxidant metabolism [64]. 
Therefore it is concluded that BR could increase the plant tolerance to drought, salt and nutrient toxicity, via the enhancement of 
antioxidant defense enzymes and accumulation of important osmolytes [65–68]. Recent reports documented that BR affects nutrient 
availability by regulating root growth and development during periods of low nutrient availability [69,70]. Also, phytohormones are 
effective in plant reaction to B availability (deficiency and excess) [71]. In this regard, interactions between BR and B deficiency in 
Arabidopsis root growth have been recorded. It may be due to the effect of B deficiency on the reduction of bioactive BRs and then the 
suppression of BR effect on cell division and development and subsequent root growth [70].

Numerous studies on plants of the Camelina family well reflect the effect of brassinosteroids in reducing drought stress through 
biochemical and enzymatic changes. Brassinosteroid and jasmonic acid, individually and in combination, had a significant effect on 
the photosynthetic system and antioxidant defense system, increasing resistance and improving the growth of Brassica rapa under 
drought stress conditions [72]. In another report, foliar application of epibrassinolide (EBL) reduces the destructive effects of drought 
stress in Brassica napus by reducing membrane damage, improving yield, and increasing antioxidant capacity [73].

The existing reports indicating the effective role of the plant growth-promoting (brassinosteroids) in modulating the damage 
caused by non-biotic stresses. Currently, no comprehensive and targeted study has been reported on the combined use of brassinos
teroid*boron on physiological behavior of the relatively new crop, Camelina, under drought stress conditions. The main hypothesis of 
our study was that the combined application of brassinosteroid and boron would be an agronomic tool to reduce the negative effects of 
drought by increasing physiological and biochemical traits in camalina. Therefore, what motivated the authors to conduct this study 
was to determine which of the brassinosteroid and boron treatments could reduce the negative effects of water deficit on biochemical 
parameters, photosynthetic pigments, and membrane lipid peroxidation.

Fig. 1. Maximum, minimum temperatures (◦C) and rainfall (mm) during the 2018–2019 (A) and 2019–2020 (B) years at the experimental site.
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2. Materials and methods

2.1. Site information

This study was conducted during the 2018 to 2020 growing seasons at research field of Tarbiat Modares University, Iran, NV (35◦

44ʹ N, 51◦ 09ʹ E and 1265 masl). The climate type of the site according to the Köppen is arid to semi-arid with low rainfall distribution 
during late autumn and early spring [Fig. 1(A and B)]. Textural class of the soil (0–30 cm depth) was silty loam (pH = 7.5) and soil 
available B concentration was 0.50 ppm.

2.2. Experimental arrangement and treatments

The experiment was laid out as a randomized complete block design (RCBD) with split-plot arrangement of treatments in each year 
(three replications). Irrigation regimes (IR) were assigned to the main plots, including: (WI0) [well irrigation (control)], (WI1) 
withholding irrigation from full flowering (growth stage BBCH: 65) to silique formation (growth stage BBCH: 73), and (WI2) with
holding irrigation from silique formation to one week prior to harvesting (growth stage BBCH: 89). Also the foliar spray were divided 
into ten treatment groups: (1) non sprayed (control); (2) distilled water; (3) boron 5 %; (4) boron 1 %; (5) BR 0.5 μM; (6) BR 1 μM; (7) B 
0.5 % + BL 0.5 μM; (8) B 0.5 % + BR 1 μM; (9) B 1 % + BR 0.5 μM; and (10) B 1 % + BR 1 μM were the sub-plot factor.

2.3. Cultural practices and treatments application

Winter camelina (Camelina sativa L.) seeds (Soheil cultivar) were obtained from Biseton Shafa Co, Kermanshah Province, Iran. 
Nitrogen (urea) and Phosphorus (triple superphosphate) were applied based on soil tests at a rate of 50 kg ha− 1 and 30 kg ha− 1, 
respectively before sowing. The seeds were sown on November 1, 2018 and November 3, 2019 at a rate of 6.5 kg ha− 1, with spacing of 
20 cm and depth of 1.0 cm. Each plot consisted of six planting lines with a length of 4.2 m and 20 cm row space. Also 0.5 m and 1.5 m 
distance was kept between plots and blocks, respectively, for lateral water movement and other interferences.

Drought stress was applied by withholding water and irrigation intervals were adjusted based on 50 and 70 % of available soil 
water for control and stressed plots. This means that for stress plants, all plots were watered completely before the beginning drought 
stress, then water was withheld from the two different growth stages (flowering and seed filling stage) until soil water potential became 
70 % of available soil water (ASW) and continued throughout the ending stages. The control plots were irrigated at the same time to 
100 % field capacity (FC) after depleting 50 % of available soil water. TDR (Time Domain Reflectometry) was used to monitor soil 
moisture. According to Mokhtassi-Bidgoli et al. [74], irrigation scheduling was based on maximum allowable depletion (MAD) over 30 
cm soil depth Eq. (1) and the required volume of water was calculated according to Eqs. (2) and (3)

MAD=(FC − θ / FC − PWP) Eq. (1) 

ASW= FC − PWP Eq. (2) 

Vd=MAD × ASW × Rs × 10 Eq. (3) 

The solutions of BR were firstly dissolved with ethanol, then the volume was made by using deionized water in a volumetric flask. 
Boron as H3BO3 (Merck, Germany) at 0.5 and 1 %, was used and mixed in distilled water. Solutions were applied as a foliar application 
to the camelina plants at different concentrations of each compound separately and mixed with surfactant (0.1 % Tween-20). Foliar 
applications were conducted two times with an interval of 24 h, since the last sufficient irrigation day at the two growth stages 
(flowering and seed filling). Each plot was uniformly sprayed with a respective solution (Cone type nozzle under operating pressure of 
0.2–0.3 MPa).

2.4. Pigments assay

For the determination of Chl a, b and carotenoids concentrations, Leaves sample (0.5 g) were extracted in 5 ml acetone (80 %) 
solution, and after centrifugation, pigments were determined by absorption at 663, 645 and 470 nm by spectrophotometer following 
the method of Arnon [75].

2.5. Antioxidant enzymes activity

The terminal leaves on several stems from each plant were harvested and frozen in liquid nitrogen for all analyses. Protein assay 
according to the Bradford [76] method and using bovine serum albumin (BSA) as a standard. The enzyme activities were measured 
using a Spectrophotometric (Specord 200, Analytical Jena, Germany) Method. For determination of SOD activity (unit mg− 1 protein) 
after prepared of reaction, mixture contained extraction buffer, EDTA (0.1 mM), Na2CO3 (50 mM, pH 10.2), L-methionine (12 mM), 
nitroblue tetrazolium chloride (NBT) (75 μM), enzyme extract (300 μL), and riboflavin (1 μM) and extracted enzyme. The activity of 
SOD was assayed by monitoring the inhibition of photochemical reduction of NBT at 560 nm [77]. For catalase (CAT) activity, samples 
of camelina leave thawed in 3 ml of K-phosphate buffer (25 mM, pH 6.8). then, it was measured as a decrease of absorbance at 240 nm 
due to H2O2 consumption, against enzyme units mg− 1 protein [78]. The peroxidase (POD) activity was assayed by using the method of 
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[78]. In brief, the assay reaction mixture (3 mL) was composed of sodium acetate buffer (50 mM with pH 5.0), Н2О2 (40 mM), guaiacol 
(20 mM), and crude extract. The activity was expressed as changes in the absorbance at 470 nm against enzyme unit mg− 1 protein [78]. 
Eventually, Nakano and Asada [79] method was used to measure Ascorbate peroxidase (APX) activity. In brief, the homogenate was 
containing leaves samples homogenized in Na-phosphate buffer (1 mL of 50 mM, pH 7.8) and then placed in a centrifuge. This reaction 
mixture contains crud extract, Na-phosphate buffer (50 mM) and H2O2 (44 μM). Finaly, the activity was measured by recording the 
decrease in absorbance at 290 nm for 1 min.

2.6. Proline measurement

Proline was estimated according to assay Bates et al. [80]. The leaves sample were dissolved with 3 ml 3 % aqueous sulfosalicylic 
acid. The mixture was centrifuged, then ninhydrin acid and glacial acetic acid (2:2) were added to 2 ml extraction and was placed for a 
1-h at 100 ◦C. after cooled extraction, 4 ml toluene was added. A spectrophotometer recorded absorbance at 520 nm.

2.7. Total phenolic, flavonoid and anthocyanin content

Preparation of extracts for TPC assay leaves sample were homogenized in 10 mL acetone (80 %). The supernatant extracts were 
mixed with 100 μL of Folin-Ciocalteu reagent, then 300 μL sodium carbonate was added to the solution then ancobated for half-hour at 
40 ◦C, the absorbance calculated with 765 nm against the blank. Total phenol was determined by a standard curve based on the 
solution of mg Gallic acid per gram of dry weight 82].

For TFC analysis leaves were homogenized in methanol (80 %). The supernatant extracts were added to sodium nitrite. Then, 0.5 
mL extract was mixed with AlCl3 and followed by 2 % ethanol and centrifuged. the absorbance was measured at 420 nm. Total 
flavonoid content was calculated by a standard curve based on the solution of mg Quercetin per gram of dry weight [81].

For anthocyanin determination, 0.5 g of leaves sample were extracted in methanol: hydrochloric acid (99:1, v/v) and then 
centrifuged at 12000×g for 15 min. The supernatant was kept overnight in the dark condition, and finally anthocyanin content was 
calculated at 550 nm using an extinction coefficient of 33000 M− 1 cm− 1 [82].

2.8. Membrane lipid peroxidation assay

The measurement of malondialdehyde (MDA) was considered as a measure to determine of membrane lipid peroxidation. leaves 
sample (0.2 g) were homogenized in 10 % trichloroacetic acid (TCA) and centrifuged (at 10,000×g for 15 min) and filtration, the 
supernatant was added to 0.5 % thiobarbituric acid (TBA) and incubated in a 100 ◦C water bath for 30 min. Then it was placed in an 
ice-water bath. Finaly, To determine the MDA used from the absorbance at 532 nm followed by correction for the non-specific 
absorbance at 600 nm and calculated from the extinction coefficient 155 mM− 1cm− 1 [83].

2.9. Data processing

All data (mean ± standard error) were analyzed by SAS 9.4 software for windows. The brown and Forsythe’s test indicated that the 
variance was homogeneity among different years. The differences between the mean of main and interactions values obtained using 
different treatments were compared using the Least Significant Difference (LSD) test (p < 0.05) and General Linear Model (GLM) 
procedure, respectively.

3. Results

3.1. Pigments

Photosynthetic pigments (Chl a, Chl b and Total Chl) were significantly affected by the interaction of IR, FS (Table 1); and 13.7, 
11.2 and 13.0 % were lower in 2018-19 than in 2019-20 in this study (Table 2). Under withholding irrigation, the combination of lower 
B (B0.5) plus BR (0.5 and 1) increased Chl a, Chl b and Total Chl (26.8, 8.1 and 17.3 %) at flowering (WI1) and (23.8, 6.7 and 15.3 %) at 
seed filling stage (WI2) compared to the control, respectively (Table 3). Carotenoid content was 28 % higher in the 2018-19 than in the 
2019-20 (Table 2). At withholding irrigation conditions, the Car content increased (58 % at WI1) significantly compared with control. 
Further, the maximum of Car was observed at the combination of B plus BR (in particular B0.5 + BR1) (Table 4).

3.2. Proline content

Three way interaction (IR × FS × Y) for proline content was significant (Table 1). In both years, the lowest and highest proline 
concentrations were obtained under normal and withholding irrigation at flowering stage conditions, respectively [Fig. 2(A and B)]. In 
both years, under withholding irrigation at (B: WI1), the highest accumulation of proline in leaves was obtained with the combined 
application of B0.5 + BR0.5 by about 5–9 %. In addition, in the absence of irrigation during the seed filling stage (C: WI2) in the first 
year, combined application of B0.5 + BR0.5, B0.5 + BR1 and BR1μM had higher proline content than other foliar application, while in the 
second year, combined application of B0.5 + BR0.5 had remarkable improvement on proline accumulation compared with other 
treatments, in the same conditions (Fig. 2C).
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Table 1 
Analysis of variance (F values) on phytochemical properties of camelina affected by irrigation regime and foliar spray during the 2018-19 and 2019-20 growing seasons.

Effect df Chl aa Chl b Total Chl Car Pro Ant TPC TFC SOD CAT POD APX MDA

Year (Y) 1 1.60** 0.64** 4.3** 7.28** 4.11** 5.05** 0.01ns 0.06ns 0.06ns 2.40** 0.28ns 0.002ns 0.4ns

IR 2 8.04** 1.60** 16.72** 5.00** 407.72** 0.77** 11.56** 3.55** 511.67** 607.86** 76.67** 47.90** 63.55**
IR × Y 2 0.05ns 0.03ns 0.05ns 0.02ns 1.08** 0.005ns 0.07ns 0.001ns 0.002ns 0.001ns 0.02ns 0.07ns 0.02ns

FS 9 0.35** 0.10** 0.75** 0.41** 1.70** 0.007* 2.24** 0.34** 1.46** 0.50** 0.37** 0.35** 0.24**
IR × FS 18 0.04** 0.03* 0.12** 0.06ns 0.28** 0.001ns 0.22** 0.03ns 0.48** 0.43** 0.01ns 0.04ns 0.10**
FS × Y 9 0.04ns 0.08ns 0.01ns 0.05ns 0.03ns 0.001ns 0.08ns 0.006ns 0.003ns 0.001ns 0.02ns 0.001ns 0.009ns

IR × FS × Y 18 0.03ns 0.03ns 0.08ns 0.01ns 0.17* 0.0003ns 0.18* 0.002ns 0.003ns 0.002ns 0.01ns 0.009ns 0.004ns

CV (%) ​ 9.18 11.52 7.69 16.15 2.34 2.13 2.66 3.73 1.34 2.02 4.20 5.85 6.82

*, significant at P < 0.05.
**, significant at P < 0.01.
† IR = irrigation regime, FS = foliar spray.

a Chl a = chlorophyll a, Chl b = chlorophyll b, Car = carotenoid, Pro = proline, Ant = Anthocyanin, TPC = total phenol content, TFC = total flavonoid content, SOD = super oxide dismutase, CAT =
catalase, POD = peroxidase, APX = ascorbate peroxidase, MDA = malonyldealdehyde. ns, not significant at P ≥ 0.05.
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3.3. Total phenol, flavonoid and anthocyanin

The content of total phenol was affected by a tree way interaction of IR × FS × Y (Table 1). Under normal irrigation, combination 
application of B and BR (B0.5+BR0.5, B0.5+BR1, B1+BR0.5 and B1+BR1) and BR single applications (BR0.5 and BR1) increased signif
icantly total phenol content [Fig. 3 (A)]. Under WI1, application of B0.5+BR0.5 and B0.5+BR1 had the greatest effect (6.78–10.26 % 
increase) on the accumulation of phenol in camellia leaves in both years and In the 2018-19 it was more than the 2019-20 [Fig. 3 (B)]. 
Also, under WI2 in the first year, the highest amount of total phenol was recorded using B0.5+BR0.5, B0.5+BR1 and BR1. However, in the 
second year of application of B0.5+BR0.5 and BR0.5 had the greatest effect on increasing total phenol [(Fig. 3 (C)].

The TFC in leaves of camelina was affected by IR and FS and increased (by ≈ 5–6 %) significantly under-withholding irrigation 
conditions (Tables 1 and 4). Among foliar application treatments, B0.5 + BR0.5 and B0.5 + BR1 application had the highest significant 
effect on flavonoid content that was 4.60–5.27 % higher compared to the control. Further, the B1 application did not differ in the TFC 

Table 2 
Main effects of the year on Chl a, Ch b, Total Chl, Car, Ant and CAT of camelina during 2018- 
19 and 2019-20 growing seasons.

treat year

2018–19 2019–20

Chl a 1.31 ± 0.02 b 1.49 ± 0.03a

Chl b 1.07 ± 0.02 b 1.19 ± 0.03a

Total Chl 2.38 ± 0.05 b 2.69 ± 0.05a

Car 1.41 ± 0.10a 1.01 ± 0.08 b

Ant 2.42 ± 0.04 b 2.76 ± 0.05a

CAT 13.00 ± 0.05a 12.76 ± 0.04 b

Values (means ± standard error) with the same letter are not significantly different according 
to LSD (P < 0.05).

Table 3 
A two-way interaction effect of irrigation regime (I) and foliar spray (F) on chlorophyll pigments (Chl a, Chl b and Total Chl), Superoxide dismutase 
(SOD), Catalase (CAT) activities and Malondialdehyde (MDA) content of camelina.

I × F Chl a (mg/g FW) Chl b (mg/g FW) Toltal Chl (mg/g FW) SOD (U mg/protein) CAT(ΔA 240/mg protein) MDA (μM MDA/gFW)

I1F1 1.51 ± 0.04d 1.24 ± 0.04b-e 2.76 ± 0.08d 11.29 ± 0.07mn 8.94 ± 0.07gh 0.81 ± 0.01h

I1F2 1.51 ± 0.05d 1.25 ± 0.04a-e 2.77 ± 0.08d 11.28 ± 0.06n 8.93 ± 0.06gh 0.81 ± 0.01h

I1F3 1.85 ± 0.05bc 1.29 ± 0.06a-c 3.14 ± 0.10bc 11.46 ± 0.06k-n 8.96 ± 0.07gh 0.77 ± 0.01h

I1F4 1.75 ± 0.09c 1.29 ± 0.14a-c 3.04 ± 0.14c 11.51 ± 0.09 j-m 9.64 ± 0.08f 0.78 ± 0.01h

I1F5 1.85 ± 0.06bc 1.28 ± 0.04a-d 3.13 ± 0.09bc 11.55 ± 0.06j-l 8.77 ± 0.07h 0.80 ± 0.01h

I1F6 1.86 ± 0.05bc 1.33 ± 0.06ab 3.20 ± 0.10bc 11.60 ± 0.06jk 8.82 ± 0.07h 0.79 ± 0.03h

I1F7 2.06 ± 0.04a 1.40 ± 0.07a 3.46 ± 0.09a 11.37 ± 0.06l-n 9.20 ± 0.07g 0.77 ± 0.01h

I1F8 1.97 ± 0.05ab 1.35 ± 0.05a-b 3.32 ± 0.09ab 11.38 ± 0.06k-n 9.21 ± 0.10g 0.78 ± 0.00h

I1F9 1.84 ± 0.05bc 1.27 ± 0.04a-d 3.11 ± 0.07bc 11.70 ± 0.06j 9.79 ± 0.10f 0.80 ± 0.02h

I1F10 1.83 ± 0.07bc 1.28 ± 0.06a-d 3.11 ± 0.13bc 11.93 ± 0.06i 9.83 ± 0.09f 0.80 ± 0.02h

I2F1 1.19 ± 0.06f-h 1.11 ± 0.04ef 2.31 ± 0.09fg 16.24 ± 0.08ef 14.60 ± 0.08de 2.52 ± 0.04c-e

I2F2 1.20 ± 0.06fg 1.11 ± 0.05ef 2.31 ± 0.11fg 16.24 ± 0.07ef 14.60 ± 0.06de 2.53 ± 0.05c-e

I2F3 1.27 ± 0.05ef 1.13 ± 0.04d-f 2.40 ± 0.10fg 16.54 ± 0.06d 14.69 ± 0.08c-e 2.50 ± 0.04d-f

I2F4 1.06 ± 0.04g-j 0.95 ± 0.06g-i 2.01 ± 0.10i-k 16.20 ± 0.06e-g 14.56 ± 0.10de 2.60 ± 0.16cd

I2F5 1.39 ± 0.05de 1.13 ± 0.04d-f 2.52 ± 0.07ef 17.11 ± 0.08a 15.03 ± 0.12ab 2.36 ± 0.04fg

I2F6 1.49 ± 0.07d 1.16 ± 0.04b-f 2.65 ± 0.07de 17.18 ± 0.09a 15.07 ± 0.11a 2.36 ± 0.04fg

I2F7 1.51 ± 0.08d 1.20 ± 0.04c-f 2.71 ± 0.12de 17.07 ± 0.06ab 15.09 ± 0.07a 2.31 ± 0.05g

I2F8 1.47 ± 0.05d 1.17 ± 0.05c-f 2.65 ± 0.07de 17.09 ± 0.06ab 15.20 ± 0.13a 2.30 ± 0.05g

I2F9 1.26 ± 0.06ef 1.09 ± 0.04fg 2.35 ± 0.07fg 16.87 ± 0.10bc 14.93 ± 0.19a-c 2.42 ± 0.07e-g

I2F10 1.30 ± 0.06ef 1.11 ± 0.04ef 2.42 ± 0.11fg 16.87 ± 0.12bc 14.99 ± 0.20a-c 2.42 ± 0.06e-g

I3F1 1.05 ± 0.05h-j 1.03 ± 0.05f-h 2.08 ± 0.09h-j 16.01 ± 0.08gh 14.49 ± 0.07de 2.90 ± 0.04b

I3F2 1.04 ± 0.04ij 1.03 ± 0.05f-h 2.08 ± 0.09h-j 16.02 ± 0.07f-h 14.48 ± 0.07de 2.90 ± 0.06b

I3F3 0.95 ± 0.05jk 0.84 ± 0.05i 1.80 ± 0.08k 16.32 ± 0.15h 14.52 ± 0.12de 2.94 ± 0.01ab

I3F4 0.82 ± 0.08k 0.67 ± 0.06j 1.50 ± 0.14l 15.95 ± 0.05h 14.45 ± 0.15e 3.07 ± 0.05a

I3F5 1.18 ± 0.14f-i 1.05 ± 0.04f-h 2.24 ± 0.18gh 17.03 ± 0.06ab 14.58 ± 0.11de 2.45 ± 0.04d-g

I3F6 1.18 ± 0.08f-i 1.04 ± 0.07c-f 2.23 ± 0.15g-i 17.15 ± 0.06a 14.62 ± 0.16de 2.43 ± 0.05e-g

I3F7 1.30 ± 0.09ef 1.10 ± 0.06a-e 2.40 ± 0.10fg 16.58 ± 0.14d 14.77 ± 0.08b-d 2.43 ± 0.00e-g

I3F8 1.26 ± 0.05ef 1.07 ± 0.07fg 2.33 ± 0.10fg 16.65 ± 0.12cd 14.62 ± 0.24de 2.45 ± 0.02d-g

I3F9 1.02 ± 0.06j 0.91 ± 0.04hi 1.93 ± 0.08jk 16.01 ± 0.04gh 14.52 ± 0.09de 2.67 ± 0.05c

I3F10 1.06 ± 0.09g-j 0.91 ± 0.04hi 1.98 ± 0.11jk 15.97 ± 0.03h 14.53 ± 0.10de 2.67 ± 0.07c

I1 = well irrigation from emergence until the end of growing season, I2 = withholding irrigation from flowering to silique formation, and I2 =

withholding irrigation from silique formation to harvest; F1 = non-sprayed, F2 = distilled water, F3= B0.5 %, F4= B1 %, F5= BR0.5 μM, F6= BR1 μM, F7=

B0.5 % + BR0.5 μM, F8=B0.5 % + BR1 μM, F9= B1 % + BR0.5μM, F10= B1 %+ BR0.5μM.
Values (means ± standard error) with the same letter are not significantly different according to LSMEANS multiple comparison procedure (P < 0.05).
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compared with other foliar application treatments and no was significant differences with the control (Table 4).
Anthocyanin accumulation was influenced by IR, FS and Y in this study, and also was smaller 14 % in 2018-19 than in 2019-20 

(Tables 1 and 2). Water stress at the flowering stage (WI1), increased significantly (about 8 %) anthocyanin content compared to 
the well irrigation (WI0). Among BR and B application, the highest and lowest anthocyanin content was obtained at BR1 and B1 single 
application, respectively (Table 4).

3.4. Antioxidant enzymes activity

IR and FS interactions have a significant influence on the amount of SOD and CAT activity and also there was the main effect of 
years on CAT activity. As well as, POD and APX activity was affected by only the main effects of IR and FS in this study (Table 1). CAT 
activity was higher (by ≈ 2 %) in 2018-19 than in 2019-20. Under well irrigation (WI0), the lowest SOD and CAT activity were 
observed at foliar application treatments in this study. However, BR single application (BR0.5 and BR1) and combination with B (B1 +

BR0.5 and B1 + BR1) and also B1, B1+BR0.5 and B1+ BR1 were shown to have similar effects in increasing on SOD and CAT activity in 
such conditions. Further, at WI1, foliar application of single BR (0.5 and 1 μM) and BR0.5 and B0.5 increased SOD (5.3–5.7 %) and CAT 
(4.10 %) activity compared to the control, respectively. But single B (B1) application decreased the activity of SOD and CAT compared 
to the control in such conditions. Under withholding irrigation at seed filling stage (WI2), the highest SOD activity was recorded for BR 
(1 and 0.5 μM) application while, under such conditions, no significant differences were detected in CAT among foliar application 
(Table 3). Finally, withholding irrigation at WI1 and WI2 increased the POD and APX activity by 33–36 % and 32–44 % compared to the 
normal irrigation, respectively. In addition, a single application of BR0.5 and a combined application of B0.5 + BR1 had more positive 
effects on POD and APX activity compared with control, respectively while, B1 single application showed a negative effect on POD and 
APX activity compared to other foliar application treatments (Table 4).

3.5. Malondialdehyde (MDA) content

Irrigation regimes, foliar spray and their interaction also influenced malondialdehyde (MDA) content in camelina leaves (Table 1). 
Withholding irrigation at two growing stages significantly increased the MDA value in camelina plants. Further, foliar application 
mitigated MDA levels under-withholding irrigation conditions. Under well irrigation (WI0), there were no significant differences 
among foliar spray treatments. In addition, when plants exposed to water deficiency (WI1 and WI2), the highest MDA levels were 
obtained at B1 application under WI2 condition that was 6 % higher compared to untreated-stress plants and there was no significant 
difference with B0.5 treatment. However, at WI1, a combination of B0.5 + BR1 declined the MDA value by about 8.73 % compared to the 
other foliar application treatments (Table 3).

4. Discussion

4.1. Photosynthetic pigments

Photosynthetic pigments were directly or indirectly influenced by phytohormones and micronutrients status in plant tissue [84,85]. 
According to our findings B and BR synergistically improved photosynthetic pigments in camelina plants. In contrast, withholding 
irrigation reduced all photosynthetic pigments except Car content that was increased in drought conditions (Tables 3 and 4). However, 

Table 4 
Effect of irrigation regime (IR) and foliar spray (FS) treatments on carotenoid (Car), anthocyanin (Anth), total flavonoid content (TFC), peroxidase 
activity (POD) and ascorbate peroxidase (APX) of camelina.

Car (mg/g FW) Anth (mg/g FW) TFC (mg/g DW) POD (ΔA 470/mg protein) APX (ΔA 290/mg protein)

Irrigation regime
W0 0.87 ± 0.03b 2.52 ± 0.02b 7.28 ± 0.03b 5.61 ± 0.03b 3.88 ± 0.03c

W1 1.37 ± 0.04a 2.72 ± 0.02a 7.73 ± 0.03a 7.65 ± 0.03a 5.60 ± 0.03a

W2 1.38 ± 0.04a 2.53 ± 0.02b 7.67 ± 0.04a 7.48 ± 0.04a 5.13 ± 0.04b

Foliar spray
control 1.01 ± 0.08e 2.57 ± 0.04bc 7.39 ± 0.07d 6.76 ± 0.22de 4.70 ± 0.18f

dw 1.04 ± 0.07e 2.57 ± 0.04bc 7.39 ± 0.06d 6.76 ± 0.22de 4.71 ± 0.18ef

B0.5 1.14 ± 0.09cd 2.60 ± 0.04ab 7.50 ± 0.09cd 6.81 ± 0.23c-e 4.82 ± 0.18c-f

B1 1.05 ± 0.06de 2.56 ± 0.04bc 7.38 ± 0.04d 6.72 ± 0.22e 4.71 ± 0.15d-f

BR0.5 1.28 ± 0.09b 2.61 ± 0.04a 7.61 ± 0.10a-c 7.09 ± 0.24a-b 4.93 ± 0.21a-c

BR1 1.27 ± 0.10b 2.62 ± 0.05a 7.62 ± 0.08a-c 7.11 ± 0.24a 4.89 ± 0.19b-e

B0.5+BR0.5 1.41 ± 0.09a 2.60 ± 0.04a-c 7.73 ± 0.08ab 7.00 ± 0.23a-c 5.06 ± 0.19ab

B0.5+BR1 1.44 ± 0.09a 2.59 ± 0.04a-c 7.78 ± 0.08a 7.04 ± 0.23ab 5.11 ± 0.20a

B1+BR0.5 1.20 ± 0.08bc 2.60 ± 0.04ab 7.55 ± 0.05b-d 6.90 ± 0.21b-e 4.90 ± 0.17b-d

B1+BR0.5 1.23 ± 0.08bc 2.60 ± 0.04ab 7.62 ± 0.08a-c 6.93 ± 0.23a-d 4.87 ± 0.16b-f

WI0 = well irrigation from emergence until the end of growing season, WI1 = withholding irrigation from flowering to silique formation, and WI2 =

withholding irrigation from silique formation to harvest.
Values (means ± standard error) with the same letter are not significantly different according to LSD (P < 0.05).
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BR (0.5 and 1 μM) application in combination with B at a lower dose (B 0.5 %) improved the chlorophyll (Chl a, Chl b and Total Chl) 
content under-withholding irrigation, while B1 application resulted in a negative effect on chlorophyll pigments in such conditions. 
Researches showed that BR as a signaling compound could recovery in chlorophyll contents by promoting modulation of transcription 
and translation processes which finally improves chlorophyll biosynthesis [86,87]. In addition, it has also been hypothesized that 
brassinosteroids increase the rate of photosynthesis by affecting processes such as stomatal conductance, which accelerates carbon 
dioxide uptake. This hypothesis is supported by the studies of Hu et al. [88], who reported that the BR-induced performance in CO2 
uptake under drought conditions was mainly due to stomatal events. Also, Barros Junior et al. [89], studying Eucalyptus orophylla, 
found that BR treatment increased the rate of photosynthesis and stomatal conductance under drought stress conditions. Kolomeichuk 
et al. [90] described that pretreatment of barley plants with HBL (28-hemobrassinolide) improved the efficiency of photosynthetic 
pigments by reducing the effects of water deficit. It was also observed that the B treatments (B0.5, B1, B1 + BR0.5 and B1 + BR1) had a 
minimum effect on all photosynthetic pigments (Chl a, Chl b, Total Chl and Car) compared with other foliar applications (Tables 3 and 
4). The decrease of this pigments in B1 concentration may be due to the degradation of chloroplast and conflict in the electron supply 
chain of two photosystem reaction center (PSI and PSII), that result in the production of the ROS under such conditions [91–93]. 
Similar to our results, Shah et al. [94] documented that the B excess inhibits chlorophyll and carotenoid contents in the Citrus sinensis.

4.2. Proline content

Proline is a known beneficial solute compound, which plays an important role in an osmotic potential under water deficit [95–97]. 
Further, BR is a phytohormone that synthesizes proline in plant cells under water shortage [98]. It has been demonstrated that BR is 
responsible for stimulating Δ1-pyrroline-S-Carboxylate synthase, which is the key enzyme of the proline biosynthetic pathway [65]. 

Fig. 2. A three-way interaction effect of irrigation regime (A: WI0 = well irrigation from emergence until the end of growing season, B: WI1 =

withholding irrigation from flowering to silique formation, and C: WI2 = withholding irrigation from silique formation to harvest) foliar spray 
(conrol = non-sprayed, dw = distilled water, B0.5 = 0.5 %, B1 = 1 %, BR0.5 = 0.5 μM, BR1 = 1 μM, B0.5+BR0.5 = 0.5 % B and 0.5 μM BR, B0.5+BR1 =

0.5 % B and 1 μM BR, B1+BR0.5 = 1 % B and 0.5 μM BR, B1+BR0.5 = 1 % B and 1 μM BR) and year on proline content of camelina during the 2019 
and 2020 growing seasons. Values (means ± standard error) with the same letter are not significantly different according to LSMEANS multiple 
comparison procedure (P < 0.05).
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Accordingly, brassinosteroids have been identified in various studies as an important factor in stimulating proline accumulation under 
water deficit conditions [99–101]. According to our results, under water stress condition, a significant increase in the prolin content of 
the camelina leaves was observed in two years. Also, the application of different foliar spray treatments (B and BR) was different in 
both years. According to the results, the BR1 application in 2018-19 and combination of BR1 with B0.5 in 2019-20 increased proline 
accumulation under-withholding irrigation at flowering stage (WI2); However, BR application could not influence proline accumu
lation under normal irrigation (Fig. 2). Recently, many studies have revealed that the BR application in abiotic stress increase proline 
levels of the plants, which protect plant cells against ROS accumulation under stressful conditions [102–104]. Consistent with our 
results, Kolomeichuk et al. [90] showed that brassinosteroids applied to barley plants under normal irrigation conditions had no 
significant effect on proline levels, whereas pretreatment of plants with BRs followed by drought stress significantly inhibited proline 
accumulation induced by water deficit.

Fig. 3. A three-way interaction effect of irrigation regime (A: WI0 = well irrigation from emergence until the end of growing season, B: WI1 =

withholding irrigation from flowering to silique formation, and C: WI2 = withholding irrigation from silique formation to harvest) foliar spray 
(conrol = non-sprayed, dw = distilled water, B0.5 = 0.5 %, B1 = 1 %, BR0.5 = 0.5 μM, BR1 = 1 μM, B0.5+BR0.5 = 0.5 % B and 0.5 μM BR, B0.5+BR1 =

0.5 % B and 1 μM BR, B1+BR0.5 = 1 % B and 0.5 μM BR, B1+BR0.5 = 1 % B and 1 μM BR) and year on total phenol content of camelina during the 
2019 and 2020 growing seasons. Values (means ± standard error) with the same letter are not significantly different according to LSMEANS 
multiple comparison procedure (P < 0.05).
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4.3. Secondary metabolites

Among secondary metabolites of plants, phenolic, flavonoid, terpenoid and anthocyanin compounds are phytochemical com
pounds that are generally found in various organs of plants [105,106]. Secondary metabolites are produced in various plants in 
interaction with internal factors and environmental conditions [107,108]. For example, concentrartion of phenolic [109,110] and 
flavonoid [110,111] increased during water deficiency in various plant species which that similar to this study. When exposed to 
drought stress, Camelina plants responded to drought by increasing secondary metabolite levels. Additionally, our results revealed that 
BR application (alone and combined with a low level of B) enhanced the secondary metabolites (Ant, TFC and TPC) content in camelina 
leaves (Table 4 and Fig. 3). Therefore, one of the protective effects of brassinosteroids (alone and in combination with boron) under 
drought conditions is the significant activation of secondary metabolites. This is may be due to essential role of BR in modify the 
expression of genes involved in secondary metabolites biosynthesis under stress conditions [112,113]. Sharma et al. [114] suggested 
that the application of 24-EBL increases phenolic compounds of black mustard leaves under saline conditions. Further, the finding of 
Aghdam et al. [115] indicated that brassinosteroid increases the activity of phenylalanine ammonia-lyase (PAL) enzyme and causes the 
production of phenolic compounds. Furthermore, BR increases the key enzymes of phenylpropanoid metabolism pathways like PAL, 
cinnamate-4-hydroxylase (C4H), and 4-coumarate-CoA ligase (4CL), leading to the attenuation of oxidative stress [116]. Previously 
reported studies confirmed this effect of BR, which enhances PAL activity and flavonoid content, leading to the decrease of oxidative 
stress-induced ROS accumulation in cucumber plants [117]. Generally, brassinosteroid is known as a phytohormone that has the 
potential to increase secondary metabolites in plants [118]. In black mustard (Brassica nigra), 24-epibrassinolide application promoted 
the secondary metabolites, especially the content of flavonoids and anthocyanins [119]. Treatment of rice plants with brassinosteroid 
under salt stress conditions, caused a significant increase in the total phenol and flavonoid content compared to the untreated plants 
[120].

4.4. Antioxidant enzymes

Types of ROS are generated under stressful situation including drought [121] and boron toxicity [122]. Among the ROS, hydroxyl 
radicals (⋅OH) were converted to Hydrogen peroxide (H2O2) by SOD and then H2O2 converted into dioxygen (O2) and water (H2O) by 
catalase and peroxidase [123,124]. On the other hand, the way of applying drought stress and brassinosteroid treatment has different 
results in the activation of antioxidant enzymes. For example, treatment of tomatoes with brassinosteroids, followed by drought stress 
increased catalase content [125], while treatment of plants during the stress period was associated with inhibition of catalase activity 
[126]. The results of other studies also well prove the increase in the activity of superoxide dismutase and peroxidase enzymes under 
stress conditions [72,99]. The activity of different enzymatic and nonenzymatic antioxidants by BR application may be related to an 
important role of BR in antioxidant gene expression and also acts as a signaling compound in plant tissues [127,128]. In other plants, 
cowpea [129] and tomato [130] showed that BR application increased the SOD, CAT, APX and POD enzyme activities and counter
acted the harmful effects of excess ROS under water stress condition. Kolomeichuk et al. [90] also reports that the Positive application 
of HBL in barley caused a significant increase in SOD and CAT activity and a decrease in POD activity compared to the control under 
drought stress conditions.

Simultaneously, in this study, brassinosteroid neutralized the damaging effects of high boron level (B1) and drought stress. BRs can 
reduce the level of ROS by modulating major oxidant compounds [112,131] and increase tolerance to abiotic stress including drought 
[129,132] and heavy metal [133,134]. Our findings revealed that SOD and CAT activity decreased by a high supply of B concentration 
at withholding irrigation conditions (WI1 and WI2), while increased these enzyme activities at normal irrigation (WI0) conditions 
(Table 3). These results in contrast to the finding of Liu et al. [54] who observed that the glutathione reductase activity increased in 
watermelon (Citrullus lanatus) plants under the co-combination of B toxicity and drought stress conditions. Many studies have reported 
the enhancement of antioxidant enzymes, such as SOD, guaiacol peroxidase (GPO) and ascorbate peroxidase (APX) activity in wheat 
[129], and catalase, peroxidase, SOD in mango [135] results from B toxicity. In similar, Shah et al. [94] reported that CAT, POD and 
SOD activities decreased significantly at both B deficiency and excess. In current study BR application (alone and combined with low B) 
increased SOD, CAT, POD and APX activity (Tables 3 and 4). Similar reports were observed in Arabidopsis thaliana (L.) Heynh, Surgun 
et al., 2016 [136], who demonstrated that 24-epibrassinolide ameliorate the negative effects of B excess by increasing antioxidant 
capacity and decreasing B accumulation.

4.5. Membrane lipid peroxidation

In the present study, drought stress caused a significant increase in MDA content, and this increase was intensified by the addition 
of boron treatments (B0.5 and B1) at the seed filling stage, while under normal irrigation the application of B did not affect MDA content 
(Table 3). An increase in ROS under water-limited conditions, results in membrane lipid peroxidation, dysfunction of enzymes, 
electrolyte leakage and alleviate photosynthetic rate [137]. Shah et al. [94] reported that B excess can increase MDA contents in 
citrange orange plants. Further, our results revealed that BR application reduced the MDA levels in camelina leaves (Table 3). The 
decrease in MDA level by BR application may be due to the modulating antioxidant production (CAT, POD, SOD, APX, etc.) and 
decrease the oxidative degradation in cellular organelles [138,139]. It is also well known that BR has a remarkable impact on the 
characteristics of the cell membrane viscosity [140–142]. Recently, Nie et al. [130] revealed that BR decreased the electrolyte leakage 
and MDA content under drought stress in tomato plants. In a similar study, brassinosteroid-treated soybean plants exposed to drought 
stress showed a significant decrease in MDA content [143]. Additionally, BR in combination with B decreased MDA content at 
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withholding irrigation conditions in our study (Table 3). Previous studies have shown that the BR and Zn combination under water 
stress could lead to decline in H2O2 and MDA contents in tomato seedlings [144]. Avalbaev et al. [100] observed that Pretreatment of 
wheat plants with BR under stress conditions with PEG6000 significantly reduced lipid peroxidation and electrolyte leakage.

5. Conclusions

Foliar spray of BR and B (mainly at concentrations of B0.5 + BR0.5 and B0.5 + BR1) can synergically reduction of oxidative damage 
and improved physiological traits of camelina including photosynthetic pigments, antioxidant system activities, secondary metabolites 
and proline under drought stress and helped camelina plants with the adverse effects of drought stress. Moreover, the combination of 
BR and B decreased MDA levels by improving the antioxidant defense system; Which can be considered a suitable agricultural 
technique to combat drought stress damage. In addition, BR application alone at two levels (BR0.5 and BR1) improved the studied traits 
under drought stress and performed better in reducing drought stress compared to boron alone treatments (B0.5 and B1). In general 
boron application functions as a double-edged sword. This is evidenced by a significant decrease in all physiological treatments (except 
for MDA content) at high B levels under drought conditions, while B in low level had no adverse effect on the measured traits in such 
conditions. Finally, further experiments are needed to investigate the effect of different levels of brassinosteroids and boron on the 
biochemical and physiological properties and nutrient uptake of camelina under water deficit conditions.
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[49] J.J. Camacho-Cristóbal, M.T. Navarro-Gochicoa, J. Rexach, A. González-Fontes, M.B. Herrera-Rodríguez, Plant response to boron deficiency and boron use 
efficiency in crop plants, in: Plant Micronutr. Use Effic., Elsevier, 2018, pp. 109–121.

[50] C.F. You, A.J. Spivack, J.M. Gieskes, R. Rosenbauer, J.L. Bischoff, Experimental study of boron geochemistry: implications for fluid processes in subduction 
zones, Geochim. Cosmochim. Acta. 59 (1995) 2435–2442.
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