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Abstract: Linum album is an important medicinal plant contains important lignan compounds such
as podophyllotoxin as well as fatty acids. Despite the high medicinal value, it has not been studied
in agricultural conditions so far. This study was conducted to evaluate the morphological,
phenological, and physiological responses of six L. album accessions under water deficit treatments
(100% available water, 75%, 50%, and 25%) in pot conditions. Based on the results the morphological
properties of accessions reduced due to water deficit. Accessions of UTLA7 and UTLA9 showed
higher seed yield and dry weight of the vegetative part. The occurrence of phenological stages in
the accessions showed a significant difference. Maturity was accelerated in plants under stress
conditions, and accession of UTLA9 completed its growth earlier than others. Physiological
responses of the accessions did not have the same trend based on the measured traits, and significant
differences were observed depending on the trait and accession. The most important result of this
study was the diversity of responses in different accessions. The results showed that the effect of
water stress on the measured traits depends on the level of stress and accession, which suggests that
it is possible to select the tolerable accessions for the production of the desired product. Based on
the results, plant breeders may be able to use the chlorophyll content as a marker to identify tolerate
L. album accessions.

Keywords: Abiotic stress; Linum album Ky. ex Boiss.; Morphological properties; Phenology;
Pigments; Seed yield.

1. Introduction

Linum album Ky. ex Boiss. is a perennial medicinal plant belonging to the Linaceae family. This
plant known as an endemic plant of Iran and grows in northwest, west, and center of Iran. Flowering
and maturing of this plant last from May to July [1,2]. L. album contains important lignan compounds
such as podophyllotoxin and 6-methoxy podophyllotoxin that have antiviral and antitumoral
properties [3]. These substances have great importance today as raw materials for some anticancer
drugs. Podophyllotoxin is the most important aryltetralin lignan for human health [4]. The
compound is used to produce the semi-synthetic anticancer drugs like Etoposide, Teniposide and
Etopophos, which are used to curing lung, ovarian and brain cancer [5]. L. album seeds also
accumulate fatty acid compounds like palmitic, stearic, oleic, linoleic, and linolenic acid [6].

Plants are confronted with lots of biotic (such as fungi, viruses, and insects) and abiotic (such as
drought and salinity) stresses in the environment. Environmental stresses confine crops yield and
originate many changes in their molecular processes like variation in metabolite profile [7]. Water
deficit stress is a condition of insufficient water availability, caused by intermittent to continuous
periods without irrigation [8]. In Iran, more than 75% of the arid and semiarid regions have been
classified as water deficient regions [9]. The outcome of water deficient is limiting the distribution
and survival of plants in arid and semi-arid regions [10-12]. Water deficit condition as the most
important stress in plants conducts to an unusual increase in reactive oxygen species (ROS)
production [13]. ROS can damage cells membrane and increase production of malondialdehyde
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(MDA) content [14]. However, to fight the produced ROS, plants use enzymatic and non-enzymatic
systems. Plants employ both enzymatic and non-enzymatic systems to cope with produced ROS [13].
The enzymatic antioxidant processes involved the activity of enzymes like catalase (CAT), superoxide
dismutase (SOD), ascorbate peroxidase (APX), and polyphenol oxidase (PPO) [13,15,16].

Water deficit stress also affects the rate of plant growth and development [17,18]. Under water
stress conditions, plants completes their life cycle faster than under normal conditions, consequently,
crop growth stages will have a short duration, with fewer days to accumulate assimilates during life
cycle, and in consequence the production of biomass is reduced [19,20]. Crops have a definite
temperature requirement before they attain certain phenological stages. The accumulative heat units
and system was adopted for determining the dates to flowering and maturity of different field crops
[18,21]. However, different phenological stages vary in their sensitivity to drought, and this depends
on plant species and genotype as there are wide inter- and intra-specific variations [22,23].

Abscisic acid (ABA) is one of the most important hormonal moderators of abiotic and biotic
signals, and as such, ABA acts as the interpreter of the environment, regulating key physiological
processes such as germination, stomatal movements, dormancy, and plant-microbe interactions [24].
Accordingly it is urgent to assess the variations in biochemical mechanisms induced by the
application of water deficit conditions by analyzing the role of abscisic acid [25] and also proline
accumulations [26,27]. In fact, ABA is known as a key stress-signaling hormone, acting in the
regulation of stomatal closure, synthesis of compatible osmolytes, and in the upregulation of genes
leading to adaptive responses [25]. Proline, as an active molecule between osmolytes, is formed as a
result of oxidative stress by free radicals stimulating. [26,27]. Proline accumulation acts as a protective
osmolyte for plants in the face of different environmental stresses [28,29].

The focus of most researches on L. album has been to enhance lignan compounds in in vitro
culture. Different techniques such as optimization of culture medium [30], use of elicitors [31] and
inducing polyploidy [32] have been effective in increasing the accumulation of lignans in in vitro
culture of L. album. However, insufficient research has been done to increase lignans under
greenhouse or field conditions

In short, the purpose of this study is to investigate and understanding morphological,
phenological, and physiological responses of six L. album accessions to water deficit stress conditions.

2. Results

2.1. Morphological properties

The response of L. album accessions to different irrigation levels showed a significant difference
in most traits including seed width, weight of 1000 seeds, inflorescence length, main branch length,
plant height, leaf length, flower diameter, root length, fresh and dry weight of shoots and roots (Table
3 and S1).
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Table 3. Effect of water deficit stresses on morphological traits of L. album accessions.

Number Main
. . Seed ) Number of Number Plant
Accession/ ofseeds  Seed yield per . Weight of 1000 . Inflorescence ~ branch )
L width flowers in of mature height
Irrigation per plant (mg) seeds (mg) . length (cm) length
(mm) inflorescence  capsules (cm)
capsule (cm)
UTLA1
100% AW 8.7+0.15  1857.67+33.58  2.35+0.03  3124.33+102.63 7.33+0.51 6.76+0.57 13.2440.38  14.83x0.44 27.5+0.76
75% AW 8.31+0.18 613+36.37 2.29+0.06  3031.22+140.7 11.67+0.67 11+1 13.33+1.2 13.3340.67  23.83+0.6
50% AW 8.5+0.69 599+58.69 2.25+0.03 3124.22+¢162.93  10.08+1.08 9.42+1.39 15.11+0.49 11+0.58  24.67+2.19
25% AW 7.56+0.34 70556 2.31+0.01  3362.22+163.57 8.08+0.65 6.25+0.8 17.75+0.43 13.5+1.04 25+0.5
UTLAG6
100% AW 7.55+0.62  1340.33+157.99 2.43+0.06 3415.11+157.26  11.39+1.52  10.56+1.44  15.37+1.81 15.5+1.32  29.33+1.45
75% AW 7.92#0.52  959.33+85.23  2.36+0.04  3506+124.67 9.33+0.95 8.83+0.98 17.49+1.5 17+1.04  34.67+0.73
50% AW 7.04+0.61 1014+96.44 2.48+0.06 3871.78+127.82  12.18+0.84  11.16+0.63  15.48+1.58  14.67+0.73 30.17+1.64
25% AW 9.06+0.48  1333.33£93.98  2.55+0.01 3697.11£115.25 9.94+1.06 8.44+0.29 12.59+0.6 15.83+0.6  27.83+1.3

UTLA?

100% AW 8.49+0.18

1465.33+147.89  2.46+0.02  3567.11£154.27 8.94+0.78 8.49+0.7 16.45+0.78 17.33+0.6

31.5+1.53
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75% AW

50% AW

25% AW

UTLA9

100% AW

75% AW

50% AW

25% AW

UTLA10

100% AW

75% AW

50% AW

25% AW

UTLA12

100% AW

9.23+0.31

8.59+0.33

7.44+0.06

8.96+0.13

8.74+0.41

6.92+0.36

8.96+0.14

8+0.19

8.83+0.33

8.44+0.48

9.05+0.22

8.39+0.29

2785.67+76.36

1241.67+127.91

546.33+71.52

1434.33+130.24

2267+184.46

1159.67+137.19

1907.67+15.3

1186.67+79.96

1320+48.05

1312+134.61

1484.67+62.6

1240.67+104.22

2.4+0.07

2.48+0.06

2.49+0.07

2.31+0.05

2.54+0.07

2.42+0.09

2.18+0.05

2.37+0.06

2.46+0.08

2.39+0.04

2.42+0.01

2.39+0.04

3426.67+160.81

3656.89+82.32

3394.89+140.83

3383.11+116.11

3835.33+108.74

3714.22+44.73

2976+60.48

3670.89+39.88

3667.22+84.54

3494+94.56

3860.89+155.74

3807.78+147.78

2 of 26
8.78+0.91 7.89+1.02
8.87+0.38 7.88+0.06
7.21+0.74 6.07+0.97

12.81+0.78 11.72+0.64
10.74+0.9 10.3+0.71
10.92+0.84 9.19+0.91
8.56+0.29 6.73+0.91
9+0.96 8.89+0.87
10.97+0.51 9.72+0.36
8.78+1.61 7.69+0.54
7.78+0.22 6.41+0.13
9.58+1.05 9.4+0.97
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18.78+0.94

15+0.86

12.88+0.74

23.25+0.59

21.66+1.28

19.87+0.13

15.67+1.18

17.2+0.31

17.63+0.59

14+0.51

14.72£1.07

18.97+0.8

21+0.58

19.33+1.09

17.67+0.17

17.33+0.88

18.5+0.29

16.5+1.04

14+0.5

18.17+0.88

18.83+0.93

20.43+0.74

17.83+0.44

19.67+0.88

36.17+0.73

31.83+1.17

28.33+0.33

36.5+1.32

36.17+1.88

34.67+0.67

30.5+1.76

31.5+1

33.17+0.93

30.17+1.48

29.67+1.3

36.17+0.73
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75% AW 8.72+0.24  1384.33+286.45 2.38+0.07 3925.78+128.13 10.22+0.67 9.44+0.73 14.17+0.73 13.3310.6  22.17+1.01

50% AW  8.86+0.56 452.33+63.3 2.46+0.08  3913.22+82.71 7.42+0.3 6.83+0.17 16.92+0.92 15.33+0.88 28+1.53

25% AW 8.34+0.6 587+71.67 2.41+0.07  3677.78+70.63 7.02+0.39 6.11+0.36 13.88+0.51 15.83:0.6  25.83+1.42

LSD (1%) 1.5 441.85 0.2 465.77 3.05 2.95 2.68 2.96 4.67
Continued Table 3.
Number
i Number of Flower Shoot fresh ~ Shoot dry Root dry

Accession/ Leaf length of ) Root ) ) Root fresh ]

o inflorescences ) diameter weight weight ] weight

Irrigation (mm) chlorosis length (cm) weight (mg)
per plant ) (mm) (mg) (mg) (mg)
eaves
UTLA1

100% AW 16.07+1.27 5.33+0.33 1.44+0.29 34+0.58 26.6+0.81 21.85+1.47 5.92+0.42 24.11+3.2 3.44+0.32

75% AW 19.08+0.58 3+0.58 1.56+£0.06  32.33+0.67 23.5+0.87 27.4+0.35 7.68+0.19 46.05+2.42 5.19+0.67

50% AW 20.07+0.23 2.33£0.33 2.67+0.17  34.33+£0.6 27.5+0.87 17.38+0.36 4.46+0.86 21.17+4.2 2.32+0.62

25% AW 19.98+0.59 2+0.58 4.22+0.4 30.17+0.44 32+0.58 10+1.15 3.7+0.17 20.61+0.8 3.05+0.03

UTLAG6

100% AW 18.45+1.12 5.83+0.44 1.39£0.46  32.78+0.62 25+0.58 28.19+0.73  10.41+0.43 56.9+5.12 6.33+0.88
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75% AW 21.97+0.38 4.67+0.88 1.22+0.22  34.56+0.68  27.05+1.18 39.95+1.7 14.05+1.18 48.35+5.98 8.1+0.64

50% AW 24.33+0.45 4+0.58 3+0.58 31+0.76 23.55+0.89 26.6+0.58 9.62+0.07 48.06+6.35 8.37+0.21

25% AW 21.07+0.52 3.67+0.88 5.28+0.31  33.45+0.48  26.57+1.26 18.7+0.81 7.78+0.05 38+4.09 5.93+0.16

UTLA?

100% AW 21.19+0.74 6.33+0.67 1.11+04  36.87+1.04  30.05+£1.18 56.8+1.27 19.44+1 62.47+1091  10.56+1.17

75% AW 23.78+1.01 6.5£0.5 1.7840.22  34.11+0.67 29+2 32.33£1.59  13.63+0.89  87.05+26.03 9.36+2.6

50% AW 22.08+1.29 4.67+0.67 3.56+0.29  33.17+1.09  24.88+1.07 32.8+2.19 10.45+0.2 56.66+0.81 7.91+1.12

25% AW 21.36+0.5 3.83+0.73 4.67+0.38  32.72+1.07  35.15+0.61 23.2+1.33 7.85+0.78 28.8+0.8 5.4+0.29
UTLA9
100% AW 22.32+0.22 4.5+0.29 1.11+0.11 41+0.76 33.5+1.44 42.03£1.6 15.47+1.63 65.69+5.31 9.03+0.56

75% AW 20.9+£0.57 7.67+0.33 1.89+0.11  36.0841.23  28.05+0.66  44.15+0.66  15.91+0.17 68.84+5.45 11.26+0.86

50% AW 20.67£1.15 4.67+0.33 2.66+0.33  38.07+0.95  26.55+1.82  19.15+2.17 6.51+1.03 27.2310.77 3.46+0.31

25% AW 20.57+1.16 4.67+0.33 3.78+0.4 32.61+0.81  30.88+1.77 19.6+2.66 6.45+0.72 27.57+7.34 3.79+0.79

UTLA10

100% AW 22.37+0.9 3.67+0.67 1.22+0.4 32.72+0.64 32.5+0.87 43.76+1.25  15.02#1.58  91.24+19.24  11.02+1.63
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75% AW 23.48+0.67 6.33+0.67 1.39£0.06  30.43+0.74 31+1.15 37.2840.85  10.86+0.42 56.65+0.4 8.02+0.09

50% AW 20+0.75 5+0.58 2.67+0.44  35.28+0.55  27.25+0.43  14.55+0.32 4.24+0.14 28.45+1.47 3.78+0.15

25% AW 24.77+1.13 5.67+0.67 4.17+0.25 34.83+0.88  25.75+1.24  28.62+2.08 9.9+0.44 58.89+6.21 8.92+0.72

UTLA12

100% AW 20.98+0.28 4.67+0.67 3.11+0.49  34.5+1.04 27.1+0.52 25.78+0.85 9.9+0.76 38.02+2.21 4.15+0.24

75% AW 21.68+0.41 4.33+0.67 3.22+0.28  33.39+0.56 26+0.58 13.2+0.64 4.66+0.32 35.93+3.89 4.53+0.48

50% AW 21.83+0.93 1.67+0.33 2.78+0.29  31.5+0.76 31.2+0.69 13.65+0.95 5.13+0.38 37.85+3.38 4.25+0.37

25% AW 22.97+0.88 2.67+0.33 4+0.51 33.55+0.78  28.55+0.32  30.72+1.36  11.31+0.25 51.37+1.11 6.62+0.73

LSD (1%) 3.12 2.12 1.29 3.07 4.08 4.51 2.81 30.58 3.18

Values are given as mean + SE


https://doi.org/10.20944/preprints202010.0110.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 October 2020 doi:10.20944/preprints202010.0110.v1

By reducing irrigation level, the number of seeds per capsule decreased (in UTLA1 and UTLA7
accessions), increased (UTLA10) or was observed without significant change (UTLA6, UTLAY, and
UTLA12). Seed yield per plant in UTLA1, UTLA7 and UTLA12 accessions under water deficit stress
were significantly decreased. Seed width was not affected by water stress (Table S1). The maximum
and minimum seed width was observed in UTLA7 and UTLA1 accessions. The weight of 1000 seeds
and the number of flowers in the inflorescence showed a significant decrease only in UTLA9
accession. Water deficit led to significantly decrease of the mature capsules number in accessions of
UTLA9 and UTLA12. The inflorescence length decreased in all accessions except UTLA1 with
increasing stress level, in UTLA1 a significant increase was observed. The length of the main branch
in accessions UTLA7 and UTLA9 and the height of the plant in UTLA6, UTLA7 and UTLA9 showed
a significant decrease by decreasing irrigation level. While other accessions were not particularly
affected by water deficit stress, leaf length in UTLA1 showed a significant increase. By increasing
water deficit stress level, the number of inflorescences per plant in accessions of UTLA1, UTLAS,
UTLA?, and UTLA12 showed a significant decrease. The number of chlorosis leaves in all accessions
increased significantly with increasing stress levels. The highest flower diameter was observed in
accession of UTLAY, although a significant decrease in flower diameter occurred with decreasing
irrigation. As the stress level increased, the root length decreased in accession UTLA10 and increased
significantly in UTLA1. By reducing irrigation level, shoot fresh weight in all accessions except
UTLA12 decreased. Also, the shoot dry weight showed a significant decrease in UTLA6, UTLA7,
UTLAY, and UTLA10. Root fresh and dry weight in UTLA7 and UTLA9 showed a significant decrease
by increasing stress levels (Table 3).

Capsule diameter and length of the seeds and the leaves under water deficit stress did not show
significant changes (Table S1). However, there is a significant difference between accessions. The
largest capsule diameter was observed in UTLA12 (5.86 mm) and the lowest in UTLA1 (5.41) (Figure
1). Minimum and maximum seed and leaf lengths were observed in UTLA1 and UTLA10 accessions,

respectively (Figure 1).
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Figure 1. Mean of morphological traits in L. album Accessions. Values are given as mean + SE

The capsule to flower ratio was affected by water deficit stress, while the response of the
accessions did not show a significant difference (Table S1). The lowest percentage of flower to capsule
conversion with a significant difference compared with other levels was observed at 25%AW
treatment (Figure 2).
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Figure 2. Effect of water deficit stresses on capsule to flower ratio of L. album. Values are given as mean +
SE

2.2. Phenological stages

The occurrence of different phenological stages in L. album accessions showed a significant
difference (Table S2). The growth of UTLA10 plants was started earlier than other accessions, but the
maturation occurred later. Plants of UTLA6 accession entered the bud and flowering stages earlier
than other accessions (Figures 3 and 4). Among the recorded phenological stages, only maturity was
affected by water deficit stress (Table S2). Plants under 25% AW treatment matured significantly
sooner than other irrigation levels (Figure 5).
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Figure 4. Phenological stages of L. album accessions. Values are given as mean + SE
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Figure 5. Effect of water deficit stresses on maturity of L. album. Values are given as mean + SE

2.3. RWC, Chlorophyll and carotenoid contents

Different accessions showed different physiological responses to irrigation levels (Table S3). By
increasing stress level, the RWC decreased in accessions of UTLA6, UTLA7 and UTLA10, increased
in UTLA1 and UTLA12 and was observed in UTLA9 without significant change compared with
control (Table 4). Chlorophyll a and b and carotenoids showed a significant decrease with increasing
stress level in all accessions except accessions UTLA6 and UTLA12. Accession UTLA1 showed the
lowest amount of pigments and accession UTLA7 showed the highest amount (Table 4).
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Table 4. Effect of water deficit stresses on physiological traits of L. album accessions.

Accession/ Chlorophyll Chlorophyll Carotenoids Proline Glyc'ine Electrolyte MDA (umol/g ABA
mrigation  ~0CC0 augml) b (ugiml)  (ug/ml) (mol/g betaine ) kage (%) FW) (pmol/g
FW) (umol/g DW) DW)
UTLA1
100% AW 77.05+1.98 19.3+0.6 7.22+0.25 5.45+0.15 2.64+0.04 228.75+7.27 55.55+3.71 0.102+0.023  150.89+3.45
75% AW 80.74+0.91  16.47+1.48 5.51+0.53 4.99+0.35 5.62+0.3 166.48+5.82 65.7+1.08 0.113+0.0143  177.75+11.72
50% AW  80.67+2.14  17.5+0.19 5.55+0.46 5.19+0.12 3.67+0.23  189.09+10.66  78.21+2.56 0.136+0.0053  134.8+13.83
25% AW 85.11£1.11 13.2+1.82 4.72+0.51 3.87+0.41 5.78+0.15 130.19+5.25 65.59+2.56 0.149+0.005  340.01+26.85
UTLAG6
100% AW 84.61+0.54  20.38+0.27 7.43+0.1 5.47+0.09 4.99+0.22 169.59+4.04 62.54+0.83 0.175+0.0021 101.59+5.86
75% AW 84.07+0.73 19.3+0.19 7.01£0.11 5.37+0.05 5.07+0.21 122.69+6.7 75.82+0.64 0.151+0.0088 89.62+5.55
50% AW  80.43+0.62  19.18+0.33 6.93+0.15 5.37+0.08 4.06+0.32 141.62+1.76 67.9£1.06 0.155+0.0109  135.71+13.3
25% AW 7437116  20.4410.63 7.59+0.11 5.72+0.19 4.19+0.05 168.04+0.14 72.66x1.16 0.154+0.0108  112.73+1.54
UTLA7?
100% AW 84.95+0.92  22.68+0.74 9.11+0.05 5.97+0.19 5.28+0.2 199.09+6.55 64.52+1.89 0.184+0.0085  136.87+15.44
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75% AW
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25% AW

UTLA9

100% AW

75% AW
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25% AW
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100% AW

75% AW

50% AW

25% AW

UTLA12

100% AW

88.36+0.94

86.01+1.1

77.38+1.23

76.81+0.42

83.33+1.44

82.63+1.25

75.82+1.2

83.43+0.52

84.92+0.18

84.18+1.06

78.57+0.42

83.59+2.92

20.88+0.46

20.15+0.77

18.88+0.3

21.19+0.1

21.62+1

18.99+0.3

17.53+0.33

21.44+0.56

20.42+0.61

17.58+0.47

16.82+0.13

17.58+0.79

7.76x0.19

7+0.32

6.86+0.36

7.75+0.29

7.92+0.19

6.79+0.2

5.81+0.59

8.03+0.19

7.43+0.43

5.73£0.28

6.25+0.35

6.1+0.32
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6.12+0.14

6.47+0.21

5.76+0.04

6.13+0.1

5.96+0.09

5.28+0.07

5.01+0.17

5.5+0.15

5.64+0.29

5.1+0.05

5.44+0.16

5.25+0.23
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5.22+0.12

4.44+0.18

6.01+0.13

5.15+0.08

5.04+0.14

4.38+0.21

5.4+0.15

4.49+0.14

5.23+0.17

5.44+0.16

5.93+0.15

4.5+0.1
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164.51+5.83

152.06+13.22

209.33+5.82

227.11+11.27

193.48+2.17

171.31+8.41

180.33+4.68

182.79+7.82

185.98+2.01

190.73+6.47

249.64+4.68

168.78+4

74.67+1.28

63.27+1.55

60.9+2.78

57.45+1.65

75.89+3.42

71.27+¢1.53

67.71£1.27

67.52+1.11

73.89+1.4

41.19+3.54

58.36+0.9

60+1.85

0.12+0.0101

0.174+0.0102

0.128+0.0099

0.157+0.0099

0.139+0.0079

0.208+0.008

0.203+0.014

0.112+0.0006

0.085+0.0073

0.18+0.0039

0.182+0.0066

0.131+0.0079

137.79+15.53

109.44+5.3

113.19+3.21

103.23+6.11

90.38+5.29

115.82+4.89

139.39+6.16

101.87+1.88

122.38+4.71

117.18+6.21

155.81+11.55

117.36+9.29
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75% AW 85.46+0.92  17.14+0.67 6.17+0.09 4.64+0.17 3.21+0.05 215.52+7.89 67.95+1.57 0.122+0.009  150.82+11.34
50% AW 87.5+1.24 15.28+0.65 5.58+0.21 4.69+0.19 5.72+0.16 215.93+8.4 80.17+0.35 0.146+0.0067  204.98+10.91

25% AW 82.18+1.32 18.8+0.48 6.72+0.1 5.87+0.14 5.46+0.08 195.9+7.14 85.14+3.61 0.14+0.0068 174.2+7.06

LSD (1%) 4.536 2.011 1.156 0.562 0.658 25.7 7.768 0.0375 37.79

Values are given as mean + SE
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2.4. Proline and glycine betaine

A significant increase in proline levels was observed in all accessions in the 25% AW treatment
compared with the control. The highest amount of glycine betaine was observed in accession UTLA10
under treatment 25% AW, while with increasing stress level, the amount of glycine betaine in
accessions UTLA1 and UTLA9 showed a significant decrease (Table 4).

2.5. Electrolyte leakage and malondialdehyde

Water deficit stress in accessions of UTLA1, UTLA6, UTLAY, and UTLA12 caused a significant
increase in ion leakage, while in accession of UTLA10 the ion leakage decreased and accession of
UTLA? did not show any significant change. In accessions of UTLA1, UTLA9, and UTLA10,
exacerbation of dehydration caused a significant increase in MDA. Accessions of UTLA6 and
UTLA12 did not show significant changes (Table 4).

2.6. Abscisic acid

The highest ABA content was observed in accession of UTLA1 and the lowest in UTLA2.
Abscisic acid content in accession of UTLA1 showed a significant increase in treatment 25% AW,
while accessions of UTLA2 and UTLAS3 did not show significant differences. In accessions of UTLA4,
UTLADS, and UTLAS6, the ABA content increased significantly with increasing stress levels (Table 4).

2.7. Enzymatic antioxidant activity

With decreasing irrigation level, the activity of catalase enzyme increased in accession of
UTLA1 and showed a significant decrease in accessions of UTLA6, UTLA7, and UTLA10 (Figure 6).
The activity of guaiacol peroxidase enzyme in L. album accessions showed a significant difference
(Table S3). Accession of UTLA1 showed the highest and UTLA7 showed the lowest activity of this
enzyme. The activity of this enzyme showed a significant increase with increasing stress levels in
accessions of UTLA6 and UTLA10. The response of different accessions based on the activity of the
ascorbate peroxidase enzyme showed a significant difference. Decreases were observed in accessions
of UTLA7 and UTLA10 and significant increases were observed in accessions of UTLA9 and UTLA12
(Figure 6).
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Figure 6. Effect of water deficit stresses on enzymatic antioxidant activity of L. album accessions. Values
are given as mean + SE

2.8. Correlations between traits

Significant correlations were found between the studied traits. Positive correlation coefficient of
the number of inflorescences, with seed yield (r =0.81), the number of mature capsules (r=0.96), seed
length with leaf length (r = 0.65), and weight of 1000 seeds (r = 0.72), also associations of shoot dry
weight with root dry weight (r = 0.90), chlorophyll a and chlorophyll b with the number of
inflorescences (r = 0.65 and 0.64), shoot dry weight (r = 0.79 and 0.83), and root dry weight (r = 0.72
and 0.77) were observed. Guaiacol peroxidase activity with plant height (» = -0.72) and shoot dry
weight (r = -0.70), ABA content with chlorophyll a, chlorophyll b, and carotenoids (r = -0.75, 0-.60,
and -0.69) were negatively correlated (Table S4).
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3. Discussion

In this study, the effect of water deficit stress on six accessions of L. album was examined based
on various traits. The results showed that there was a significant difference between accessions in all
studied traits. However, water deficit, as an important factor in plant growth and development, has
provoked different responses in different accessions .Based on the results of the analysis of
morphological traits, high genetic diversity of samples can be considered as the main cause of
significant differences, as in previous studies, the existence of diversity among L. album accessions
has been reported [6,33,34].

Growth is complete through cell division, enlargement, and differentiation and depends on
genetic, physiological, ecological, and morphological events and their complex interactions. The
quality and quantity of plant growth depend on these events, which are affected by water deficit. Cell
growth is one of the most drought-sensitive physiological processes due to the reduction in turgor
pressure [35]. As the results of morphological traits present, the effect of water deficit stress on
accessions was not the same and also differences were observed within each accession under different
irrigation levels. For water stress, severity, duration, and timing of stress, as well as responses of
plants after stress removal, and interaction between stress and other factors are extremely important
[36]. Plant growth is greatly affected by water deficit. At a morphological level, the shoot and root
are the most affected and both are the key components of plant adaptation to drought as in this
research, they were correlated. Plants generally limit the number and area of leaves in response to
drought stress just to cut down the water budget at the cost of yield loss [37]. Since roots are the only
source to acquire water from soil, the root growth, its density, proliferation, and size are key
responses of plants to drought stress [38].

Based on the results of this research, the capsule to flower ratio in 25% AW treatment showed a
significant decrease. Decreased grain growth in wheat due to reduced sucrose synthase activity [39]
and increased the frequency of kernel abortion due to water deficit during pollination in corn [40,41]
has been reported. Acceleration of the final stage in seed abortion for plants subjected to this stress
appears to be a survival mechanism. Nevertheless, the filling period was reduced because of earlier
physiological maturity. This shorter period reduced seed growth [42].

The significant effect of genetic diversity in L. album accessions was observed on the occurrence
of different phenological stages, while water deficit stress only affected the time of maturity. The
effects of drought range from morphological to molecular levels and are evident at all phenological
stages of plant growth at whatever stage the water deficit takes place. Plants that were subjected to
stress during flower and pod formation had a shorter organ appearance period. This seemed to be
due to an increase in the progression rates of reproductive organs under stress. Water stress applied
at pre-anthesis reduced time to anthesis, while at post-anthesis it shortened the grain-filling period
in triticale genotypes [43].

In summary, plants can escape water deficit stress by shortening their growth duration, and
avoid the stress with the maintenance of high tissue water potential either by reducing water loss
from plants or improving water uptake, or both. Some plants may reduce their surface area by leaf
shedding or production of smaller leaves [44].

Drought stress reduces the relative water content of leaves and is used as a reliable method for
measuring the osmotic stress status [45]. Also, RWC is commonly used for the measurement of plant
water status in terms of the physiological and biochemical consequences of water deficit in plant cells
[46]. It has been reported that plants with more RWC content are more resistant to water deficit stress
[47]. In this study, accessions of UTLA1 and UTLA12 had the highest RWC in the lowest level of
irrigation.

Decreased levels of chlorophyll a and b have been reported in flaxseed (Linum usitatissimum)
under dehydration stress [48], as observations of this study have shown a decrease in chlorophyll a,
chlorophyll b, and carotenoids content in L. album accessions. In most plant species, water deficit
stress decreases the level of chlorophyll a, chlorophyll b, and total chlorophyll [11,49,50,]. Drought
stress made changes in photosynthetic pigments and components [51], damaged photosynthetic
apparatus [52], and decreased activities of Calvin cycle enzymes, which are important causes of
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reduced crop yield [53]. In this study, a positive relationship between chlorophyll a, and b content
and yield-related traits (number of inflorescences, shoot dry weight, and root dry weight) was
observed. Another important effect that inhibits the growth and photosynthetic abilities of plants is
the loss of balance between the production of reactive oxygen species and the antioxidant defense
[52,54], causing accumulation of reactive oxygen species which induces oxidative stress in proteins,
membrane lipids and other cellular components [44].

The reactive oxygen species in crops are removed by a diverse of antioxidant enzymes and/or
lipid-soluble and water soluble scavenging molecules [55]. The antioxidant defense system consists
of non-enzymatic components, such as ascorbate, glutathione, proline, carotenoids, flavonols, a-
tocopherols, glycine betaine, anthocyanin, and amino acids [13]. Proline as an important compatible
solute is a general response of higher plants, algae, animals, and bacteria to low water potential
[56,57] . In plants, its synthesis in leaves at low water potential is caused by a combination of increased
biosynthesis and slow oxidation in mitochondria. Despite some controversy, many physiological
roles have been assigned to free proline including stabilization of macromolecules, a sink for excess
reductant, and a store of carbon and nitrogen for use after relief of water deficit [56]. As seen in this
experiment, many experiments reported the increase of proline levels in plants under water stress
conditions in different plants [48,58-61 ].

Glycine betaine is another important compatible solute in plants, animals, and bacteria observed
aplenty in response to water deficit stress [19,62-64]. Many studies represent that glycine betaine acts
an important role in improving plant tolerance under many of abiotic stresses including drought
stress [65]. In addition to direct protective roles of glycine betaine either through positive effects on
enzyme and membrane integrity or as a compatible solute, it can also protect cells from
environmental stresses indirectly by participating in signal transduction pathways [66]. Glycine
betaine is reported to accumulate in response to stress in many plants, including sugar beet (Beta
vulgaris), spinach (Spinacia oleracea), barley (Hordeum vulgare), and wheat (Triticum aestivum) [67-69].
In these species, tolerant genotypes accumulate more GB than sensitive genotypes in response to
stress. However, this is not general relationship and it is most likely a relationship between GB
accumulation and stress tolerance is species- or even genotype-specific. As in the L. album, the
response of accessions was different. Thus, with the increasing stress levels, the amount of GB
increased in accession of UTLA10, while decreased in accessions of UTLA1 and UTLAO9.

The determination of MDA concentration, as a lipid peroxidation product, is used for
quantifying the level of membrane peroxidation that leads to ion leakage [70]. Under stressful
conditions, unsaturated fatty acids of cell membranes are impressed by free radicals and form a chain
reaction of lipid peroxidation [71]. In this study, ion leakage and MDA content were relatively low in
plants under normal irrigation treatment but increased as water stress intensified in accessions of
UTLA1 and UTLADJ, indicating loss of cell stability and viability [72,73]. Zarrinabadi et al. [60] have
reported MDA content increased in pot marigold (Calendula officinalis) genotypes under water deficit
conditions. Stress sensitive species exhibit a sharper increase in lipid peroxidation than regular
species under water deficit stress [74,75]. Also, ion leakage decreased in accession of UTLA10 by
increasing stress level, while no significant decrease in MDA was observed in any of the accessions.
Since MDA is the final product of lipid peroxidase, various studies have reported that lower MDA
content within genotypes indicates the greater antioxidant activities alongside resistances to arid
conditions [76,77].

Plants response to water deficit condition by ABA-dependent and ABA-independent pathways
[44]. Abscisic acid is a stress hormone that regulates gene expression and acts as a signal for the
initiation of processes involved in adaptation to water deficit and other environmental stresses [44].
When plants face with water deficit condition, ABA levels in most cases rise as a result of increased
synthesis [78]. Variety in response of accessions to water deficit stress based on the amount of ABA
was observed in the present study. The accessions of UTLA2 and UTLAS3 did not show a significant
change in ABA content under different irrigation levels, while in accessions of UTLA1, UTLA4,
UTLAS5, and UTLA6, ABA content increased significantly. This increase was more pronounced in
accession of UTLA1 and as a result, the root length was significantly higher in 25%AW treatment.
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Abscisic acid changes the relative growth rates of various plant parts such as increasing the root-to-
shoot dry weight ratio, inhibition of leaf area development and producing deeper roots [79]. In the
results section, it has been reported that the amount of ABA showed a negative correlation with
pigments (chlorophyll a, b, and carotenoids) content .Under water stress conditions, apoplastic pH
increases resulting more retention of ABA, functioning as a signal to stomatal closure and then follow
by reducing transpiration in leaves, which is an important water conservation response [24,80].

In the present study, the activity of antioxidant enzymes in the accessions and levels of available
water showed differences. ROS production is affected by severity and duration of stress, species,
genotype, and the developmental stage of the plant [81,82]. It is also affected by the ability of the
plant to adapt to stress conditions [83]. Major enzymes of the enzymatic antioxidant defense system
include superoxide dismutase, catalase, ascorbate peroxidase, glutathione peroxidase, guaiacol
peroxidase, monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), and
glutathione reductase (GR) [13,84,85]. When the defense system is not able to neutralize the high
levels of ROS, Oxidative stress happens. In this study, the response of accession of UTLA1 to the
increase in stress level was an increase in CAT activity, while APX activity decreased in this accession.
However, in accessions of UTLA6 and UTLA10, the activity of the CAT decreased and the activity of
the POX increased. Interestingly, accession of UTLA12 showed a decrease in CAT and an increase in
APX .Catalase is the main antioxidant enzyme that scavenges the oxidant H>O2 by decomposition to
oxygen and water [86]. In drought-tolerant genotypes, catalase activity increased under water stress
conditions, which could be an adaptive mechanism to ROS [87]. Ascorbate peroxidase is a key
antioxidant enzyme in plants [88], which catalyzes the conversion of H2O: into H20. It has been
reported that under drought stress, ascorbate peroxidase activity rises alongside other enzymes [89]
Askari and Ehsanzadeh [58] studied different drought treatments on fennel genotypes, and reported
a higher increase of antioxidant enzymes, especially catalase, in drought-tolerant genotypes. The
same effect of water deficit on the antioxidant content has been illustrated in medicinal plants like
peppermint (Mentha piperita), Oregano (Origanum vulgare) and marigold genotypes [60,90,91].

4. Materials and Methods
4.1. Plant and soil materials

This study is continuation of a project on morpho—physiological variation in different populations
of Linum album in west of Iran [6,92]. To study the effect of water deficit stress on some valuable
characteristics of this species, six superior accessions were selected and subjected to the treatments
(Table 1, seeds of UTLA12 accession was obtained from the seed gene bank at the Forest and Rangeland
Research Institute in Tehran, Iran). Seeds were treated with 1000 ppm gibberellic acid for 24 hours to
overcome seed dormancy, and germinated in a plastic germination tray containing coco-peat, in April
2018 [92]. Growing media consisted of a mixture of field soil, sand, and leaf mold in equal ratio (Table
2). Leaf mold was provided from botanic garden of University of Tehran. Sixty days after germination,
uniformly sized seedlings were randomly selected and transplanted into the pots (one seedling per pot).
After one year growth the dried shoots of plants were uniformly cut at one cm above the soil level in

January 2019.
Table 1. L. album seed source locations
Accession code Latitude (N) Longitude (E) Altitude (m) Voucher number2
UTLA1 34913'56" 48057'25" 1904 6426
UTLA6 34055'50" 48011'34" 2176 6425

UTLA7 34041'12" 48038'02" 2124 6430
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UTLA9 34046'11" 48043'17" 1955 6427
UTLA10 34022'45" 48040'02" 1721 6428

UTLA12 32°54'11" 50° 4'39" 2630 -

aDepartment of Horticultural Sciences Herbarium, University of Tehran

Table 2. Edaphic parameters of soil

Usable Usable

EC ) Cla San ) Total ]
Silt Soil FC PWP OC potassiu  phospho
pH (Ds/ y d
(%) . o class (%) (%) (%) o m rus
m) (%) (%) (%)
(mg/kg)  (mg/kg)
Sandy
81 28 21 11 68 2498 1252 3.18 0.25 397 47.6
loam

4.2. Water stress treatment

The irrigation of plants during the first year of cultivation was carried out continuously to the
extent of field capacity. Water deficit stress (different levels of irrigation consist of 100 (as control), 75,
50, and 25% of plant available water (AW)) was applied in the second year of cultivation. The weight
method was used and the pots were weighed every 48 h. Due to non-uniformity in growth of plants,
flower bud emergence was considered as the criterion for the onset of water deficit stress. The
experiment was carried out as a factorial experiment in a randomized complete block design (RCBD)
with three replications, and three observations (three pots) in each replication.

4.3. Determination of phenological stages

Phenological stages of accessions were recorded individually from the beginning of the growth of
the first plant in the second year of growth (March 2, 2019). The occurrence of phenological stages was
reported based on growing degree days (GDD). The following formula was used to calculate the GDD
[93].

GDD =} [(Tmax-Tmin)/2] - Tbase

Tbase = 2.67 [92]

4.4. Relative water content

Relative water content (RWC) was determined by the following procedure outlined by Turner [94].
From each sample in the water stress treatments, 15 fully extended leaves were removed from the plant
stem, weighed (FW) and then floated on double distilled water for 24 h at 4°C and then turgid leaves
were quickly weighed, the weight of the samples was considered as the turgidity weight (TW) and then
samples oven-dried at 70°C for 48 h and reweighed for a dried leaf weight (DW). The relative water
content was calculated by the following equation.

RWC (%) = [(FW-DW)/ (TW-DW)] x100

4.5. Chlorophyll and carotenoid contents

For all physiological experiments, samples were taken from fully mature leaves, during maturing
period. Samples from each replicate and treatment separately mixed, ground, and stored at -80 °C.

d0i:10.20944/preprints202010.0110.v1
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To measure leaf chlorophyll content, 500 mg of frozen powdered sample was mixed with 10 ml of
95% ethanol. Homogenized sample mixture was centrifuged at 8,000 rpm for 15 min. Supernatants were
read by a microplate spectrophotometer (BioTek Eon, USA) at 664 nm for chlorophyll a (Ch a), 649 for
chlorophyll b (Ch b), and 470 nm for carotenoids [95]. The amounts of chlorophyll and carotenoid were
calculated by following formulae.

Ch a (ug/ ml) =13.36a664 — 5.19 a6t

Chb (ug/ ml) =27.4346 — 8.12 aes4

Carotenoids (pg/ ml) = (1000A470 —2.13Ch a- — 97.63Ch b)/209

4.6. Determination of proline and glycine betaine

Proline content was determined using Bates et al. [96] method. For start 500 mg of leaves was
commixed in 10 ml of sulfosalicylic acid 3%, and the mixture was centrifuged at 10,000 rpm for 10 min.
Then, 2 ml of the supernatant was added to 2 ml of acid—ninhydrin solution and 2 ml of glacial acetic
acid in a tube. Tubes were incubated in a bain-marie at 100 °C for 1 h. The reaction was stopped in ice.
The reaction mixture was extracted with 4 ml of toluene and vortexed for 15-20 s. The tubes were
allowed to stand for at least 20 min in darkness at room temperature for separation of toluene from the
aqueous phase. The toluene phase was then collected into tubes, and the absorbance at 520 nm was
measured with a microplate spectrophotometer (BioTek Eon, USA). The proline concentration was
determined according to a standard curve of proline.

The amount of glycine betaine was evaluated according to Grieve and Grattan [97]. 250 mg of leaf
powder (dried leaves) was shaken with 10 ml of deionized water for 48 h at 25 °C. The extracts were
filtered using filter paper and then diluted (1:1) with H2SOs (2N) and cooled in ice water for 60 min.
After that, 0.2 ml of cold KI-I2 was added to the samples and softly mixed. Tubes were kept at 4 °C for
16 h and then centrifuged at 10000 rpm for 15 min at 0 °C. The supernatant was attentively discarded
and periodide crystals were dissolved in 9 ml of 1,2-dichloroethane. After 2 h, the value of absorbance
at 365 nm was evaluated with a spectrophotometer. The amount of glycine betaine was calculated
according to a standard curve of glycine betaine.

4.7. Measurement of electrolyte leakage and malondialdehyde contents

Malondialdehyde determination was started by homogenizing 500 mg of fresh leaves in 5 ml of
10% trichloroacetic acid (TCA). In the next step samples were centrifuged at 12,000 rpm for 10 min at 4
°C. Two ml of supernatant was added to 4 ml of 0.6% thiobarbituric acid (TBA, in 10% TCA) and
incubated at 100 °C in a bain-marie for 15 min. The samples were cooled in room temperature, and the
absorbance of the supernatant was measured at 450, 532, and 600 nm, using a microplate
spectrophotometers (BioTek Eon, USA). The MDA contents were calculated by using the following
formula [98]:

MDA (umol g FW) = 6.45 (OD532 -OD600) - 0.56 OD450

Electrolyte leakage (EL) was estimated using a conductivity meter. Fresh leaf samples were cut
into 10 equal sized pieces, each with 4.5 mm diameter. Then they were dipped in 15 ml of distilled water
and shaken at 100 rpm for 24 h at room temperature. The initial electrical conductivity (EC1) of the
solution was recorded. The tubes were then autoclaved at 120 °C for 20 min. After cooling of tubes to
room temperature, the final EC (EC2) was recorded [99]. Finally, the percentage of ion leakage was
calculated by using the following equation:

EL (%) = [EC1/ EC2] x100

4.8. Enzymatic antioxidant activity

For enzyme assays, frozen leaf samples were ground to a fine powder with liquid nitrogen and
extracted with 50 mM phosphate buffer (pH = 7.0). The extracts were centrifuged at 4 °C for 15 min at
13,000 rpm and after that supernatant was collected and used for protein content assay and enzyme
activities. Protein extraction was carried out according to Bradford [100] using Bovine Serum Albumin
as a standard. Catalase activity was determined using spectrophotometric method (BioTek Eon, USA)

d0i:10.20944/preprints202010.0110.v1
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as described by Hadwan [101]. Total guaiacol peroxidase activity was determined as described by
Plewa et al. [102]. Reaction mixture included 3,000 il of 50 mM phosphate buffer (pH =7), 10 uL of 30%
hydrogen peroxide, three pL of 200 uM guaiacol solution and 100 uL of enzymatic extract. The addition
of enzyme extract started the reaction and the increase in absorbance was recorded at 470 nm for 4 min
(Perkin Elmer, UV-VIS Spectrophotometer, LAMBDA EZ201, USA). The activity of ascorbate
peroxidase was measured as described by Ranieri et al. [103]. The reaction mixture contained 600 p of
0.1 mM EDTA, 1500 pl of 50 mM phosphate buffer (pH = 7), 400 pl of 0.5 mM ascorbic acid, 400 ul of
30% hydrogen peroxide and 100 pl enzyme extract. Enzyme activity assays were recorded at 470 nm
for four minutes (Perkin Elmer, UV-VIS Spectrophotometer, LAMBDA EZ201, USA).

4.9. Abscisic acid extraction and quantification

250 mg of dried leaf samples (sampling was performed at the end of flowering stages) were
extracted in 2 mL of aqEtOH (80%) solvent. The extracts were sonicated by an ultrasonic bath for 60
min (USC1200TH, Prolabo, Fontenay-sous-Bois, France) with a maximal heating power of 400W (i.e.,
acoustic power of 1W/cm?). The extracts supernatant was filtered through 0.45 pm nylon syringe
membranes. Abscisic acid was quantified using a Phytodetek ABA ELISA kit (Agdia) and (+) cis—trans
ABA (Sigma) as a standard.

4.10. Statistical analysis

All data were subjected to analysis of variance (ANOVA) using SAS V.9.2 software followed by an
LSD test with P< 0.01 as the significant differences between means. The results are presented as the
means + SE (standard errors). Pearson Correlation was investigated with IBM SPSS Statistics 23.0.

5. Conclusions

Evaluation of the response of plant accessions under different environmental conditions helps
to understand the growth characteristics of plants. All in all, what was seen was significant variety
of L. album accessions, which is very important in advancing breeding programs. In most
morphological traits studied, a decrease was observed due to increased water deficit stress.
Accessions of UTLA7, UTLAY9, and UTLA10 had higher vegetative yield and seed yield and are
recommended for use in breeding research. Water deficit stress accelerates the maturation of the
plant, and accession of UTLA9 completes its growth sooner, and if the duration of growth is an
important factor for production, this accession is an ideal option for seed production. If the vegetative
yield is considered during flowering stage, accession of UTLA6 can be recommended due to early
entry into the flowering stage. Genetic variation between accessions was also confirmed by
physiological responses. Examination of physiological characteristics confirms the better
performance of accessions of UTLA7 and UTLA9. Overall, among the accessions, accession of UTLA1
had different characteristics and responses, while accessions UTLA7 and UTLA9 were almost similar.
The use of leaf length traits and chlorophyll content to estimate seed and shoot yield can be an
acceptable marker. Examining this relationship in differentiated accessions can yield significant
results. Using chlorophyll content as an easy measurable trait is recommended to screen tolerate
genotypes. Finally, it can be said that what affected the yield of L. album plants was more the genotype
than the water deficit stress. It is recommended to determine the water requirements and also to
study the effect of lower irrigation level in different L. album accessions.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: Analysis of
variance of morphological traits, Table S2: Analysis of variance of phenological traits, Table S3: Analysis of
variance of physiological traits, Table S4: Correlation between traits by Pearson method
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