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ARTICLE INFO ABSTRACT

Keywords: Seed germination and root development are vital phases of the plant growth process; however, these steps are
Heavy metals strongly influenced by the seed characteristics and environmental conditions. Seed priming provides a condition
Hydropriming for uniform and rapid germination and plant establishment. Limited studies are available on the effect of seed

Oxidative stress
Plant growth regulators
Proline

priming to ameliorate cadmium (Cd) stress in thyme plants. Hence, the effect of seed hormopriming (salicylic
acid and jasmonic acid, 100mg.1"!) was evaluated. Hydropriming was done using double distilled water. Seed
priming significantly increased the seed germination percentage (GP) and germination rate (GR) at all stress lev-
els of Cd contamination. SA-primed seed showed the greatest increase in GP and GR at 30mg.1"! Cd by 26 and
37 %, respectively, compared with the control. Salicylic acid (SA) increased plumule and radicle length 29 and
43 %, respectively, at 30mg.I"! of Cd concentration compared with the control seeds. SA pretreatment increased
plumule dry weight more than radicle dry weight. The leaf antioxidant enzyme activity was increased with in-
creasing Cd concentration. Seed priming with SA increased superoxide dismutase (SOD) and peroxidase (POX)
activity by 14 and 15 %, respectively. Leaf malondialdehyde (MDA) content was increased 15 % at 30mg.1~! Cd
concentration compared with the control plants, but SA priming reduced leaf MDA content 18 % compared with
the control seeds. The greatest leaf proline content was observed at 30mg.1"! Cd concentration and SA priming.
Regardless of the priming treatment, the greatest leaf protein content was observed at 10mg.1~! Cd concentration
compared with the control. Seed priming with SA diminished the adverse effects of Cd on germination process
via enhancing the antioxidant activities and accumulation of osmolytes. Therefore, hormopriming of thyme seeds
by SA can enhance the resistance of this valuable medicinal herb to cadmium stress.

1. Introduction and dried herbs, oleoresins, landscape design, and biological control.

Thyme extracts are used as antibacterial, antiseptic, and spasmolytic

The role of medicinal plants in medical remediation has been proved
worldwide. In addition to their use as traditional medicine, medici-
nal plants are also consumed as spices and flavors in food process-
ing. Thyme (Thymus vulgaris L.) belongs to the mint family (Lami-
aceae) and consists of more than 250 species and subspecies (Yadegari,
2018a). It is an aromatic perennial evergreen herb, which has sev-
eral biologically active compounds including essential oils, chemical
compounds, and secondary metabolites. Thyme is one of the most
consumed and valuable medicinal plants in the world. It has a wide
range of industrial, agricultural, and commercial consumption as fresh

agent (Elhabazi et al., 2008; Yadegari, 2018a; Yadegari and Shakerian,
2014).

In an environment, plants may expose to different abiotic and biotic
stresses, e.g. drought, salinity, heat, chilling, pathogens, pests, heavy
metals, and environmental pollutants. These environmental constraints
reduce crop yield and affect economic stability (Miller et al., 2008; Seki
et al., 2007). The presence of different types of organic and mineral pol-
lutants in the soil is one of the challenges that humans face. Among
these pollutants; heavy metals, which in addition to creating inappro-

Abbreviations: CAT, catalase; Cd, cadmium; EL, electrolyte leakage; GP, germination percentage; GR, germination rate; GRI, germination rate index; HP, hydropriming; JA, jasmonic
acid; MDA, malondialdehyde; NP, non-primed (control); POX, peroxidase; PDW, plumule dry weight; RDW, root dry weight; RL, root length; R/S, root to shoot ratio; SA, salicylic acid;
SL, shoot length; SOD, superoxide dismutase; ROS, reactive oxygen species; SVI, seed vigor index.
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priate soil conditions and making it inefficient for agricultural activities,
kill microorganisms living in the soil (Clemente et al., 2005).

According to their hazard degree, cadmium (Cd) ranked as the
fourth highly hazardous heavy metal elements after selenium (Se), ti-
tanium (Ti), and Antimony (Sb) in soils (Vodyanitskii, 2016; Yadegari,
2018b). High levels of cadmium (Cd) have been observed in many agri-
cultural lands due to the long-term use of phosphate fertilizers, indus-
trial and urban activities, and municipal wastewater. Cd is not essen-
tial for plant growth, although it is available in the environment. Plants
have evolved many mechanisms; including mechanisms of cadmium
homeostasis, uptake, transport, and accumulation, to cope with unfa-
vorable conditions that make them capable to maintain their survival
and productivity (Falourd et al., 2014; Yadegari, 2018b). Plants possess
homeostatic cellular mechanisms to regulate the concentration of metal
ions inside the cell to minimize the potential damage that could result
from the exposure to nonessential metal ions (Benavides et al., 2005).
Sensitive plants usually show greater metabolic changes than tolerant
plants. The tolerant plants show stimulation in the antioxidative defense
systems and accumulation of osmolytes, which help to maintain cell wa-
ter status and to protect against the ROS during stress (Miller et al.,
2008).

Cadmium alters the physiological, morphological, and biochemical
processes in plants, such processes as the inhibition of seedling growth
and the production of abnormal seedlings. A long-term exposure to Cd
leads the plant roots to become brownish, mucilaginous, and decom-
posed, and eventually, a reduction in plant growth and plant death
(Kalai et al., 2014). Cadmium binds to the cell membrane and enzymes
and negatively affects the stability of their functions. Heavy metal stress
decreases germination and length of seedlings. Proper germination is a
key to the success of plants in agroecosystems (Yadegari, 2018a). The
decrease in seed germination under Cd stress is not only due to a de-
crease in water uptake, but also a result of a decrease in the transfer
of endospermic materials to the embryo (Kalai et al., 2014; Liu et al.,
2011).

The ROSs are usually produced during the seed germination process,
from imbibition to radicle protrusion, where for complete germination,
there should be a scavenging antioxidative system to remove those ROS.
ROSs damage plants through protein and lipid peroxidation (Eisvand et
al., 2016). Cd damages DNA and this damage cause destruction of the
cell membrane, nucleic acids, lipids and proteins, and photosynthetic re-
action centers that eventually negatively affect plant growth and devel-
opment (Kranner and Colville, 2011). Therefore, damage to the antioxi-
dant defense system can prevent detoxification mechanisms and trigger
a cascade of uncontrolled oxidation. Cadmium contamination stimulates
the ROSs production in plants that interferes with the system of antiox-
idative defense (Benavides et al., 2005). A range of antioxidant enzymes
is generated in plants to resist against and subsequent recovery from Cd
toxicity (Mohamed et al., 2012).

Seed germination and seedlings root development besides being vital
plant growth stages, they are among the most sensitive to environmen-
tal changes (Liu et al., 2011). Indeed, efficient germination is impor-
tant for a successful establishment of seedling, which in turn requires a
uniform and rapid radicle emergence and growth. Generally, seed prim-
ing increases the seed vigor that improves the performance of the seeds
in many environments (Miller et al., 2008; Mirmahmood et al., 2015).
During priming, the seeds progress to the second stage of germination
but do not enter the third stage, i.e. root emergence. The physiological
conditions of plants and vitality of the seeds are affected by priming.
Several economic and agronomic advantages have been reported using
priming strategies, from improved rate and uniformity of germination to
seedling growth and stress resistance (Ghassemi-Golezani et al., 2010;
Yuan-Yuan et al., 2010).

To invigorate seeds to resist against the environmental stresses,
several priming methods have been developed. Plant growth regula-
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tors have been widely used to improve the plant physiological and
biochemical status and seedling establishment (Ahmadi-Lahijani et al.,
2018a, 2018b; Espanany et al., 2016). Hormopriming is one of the prim-
ing techniques that seed imbibition occurs in the presence of plant hor-
mones. It can directly affect seed metabolisms. Among the plant growth
regulators, salicylic acid (SA) and jasmonates (JA) has commonly been
used for hormopriming (Lutts et al., 2016; Qiu et al., 2014). Jasmonates
are endogenous growth regulators that are present in plants and af-
fect plant growth. Jasmonic acid protected wheat seedlings against salt
stress by stimulating the antioxidant enzyme activity to remove ROSs
(Qiu et al., 2014). Salicylic acid is a phenolic hormone and signaling
molecule that plays a vital role in regulating growth and defense mech-
anisms against a wide range of stresses. Salicylic acid can limit the ef-
fects of environmental stresses by enhancing membrane stability and
preventing ion absorption under the heavy metals contamination such
as Cd (Popova et al., 2009; Shekari et al., 2010).

Given the economic and phytotherapeutic importance of thyme, in-
creasing its production and cultivation is important. Besides, regarding
fast-increasing demand for thyme products, further study is essential
to reveal the mechanisms upon which the plant behaves in and adapts
to different adverse environmental conditions (Stahl-Biskup and Séez,
2003). On the other hand, heavy metal contaminated soil and water,
especially Cd, is gradually increasing due to urban sludge and overus-
ing fertilizers, which have subtractive effects on the germination and
seedling establishment of plants. Therefore, investigating the effects of
heavy metals; in this case Cd, could be very informative for the plant
breeders and farmers.

Studies have documented the effects of seed priming on germina-
tion characteristics and physiochemical status of various plants under
environmental stresses (Espanany et al., 2015, 2016; Fallah et al., 2018;
Karalija and Selovi¢, 2018; Rezai et al., 2017), however, to our knowl-
edge, limited information has been released considering the effects of
thyme seed priming exposed to Cd stress. Due to the positive effects
of JA and SA on plants, we examined if seed hormopriming could
improve seed germination process, physiochemical characteristics, and
early seedlings growth of thyme under Cd contamination.

2. Material and methods
2.1. Experimental materials and seed priming

The experiment was carried out in the Department of Agronomy,
Lorestan University, Khorramabad, in 2016. The seeds of thyme (Thy-
mus vulgaris L.) were purchased from Pakan Seed Company, Isfahan,
Iran. Seeds were surface sterilized using 1% sodium hypochlorite (v:v)
for 15min and were then immersed in 70 % alcohol for 30s. After that,
they were rinsed thoroughly using distilled water and were primed. For
hormopriming, SA (100mg.1"!) and JA (100 mg.1-!) were applied. Seeds
were placed in SA and JA solutions for 24 h in a controlled environment
under dark conditions at 15 °C, were then rinsed twice by deionized dis-
tilled water to wash off the hormones from the seed surface. Hydroprim-
ing (HP) was done as described above using double distilled water (dd
H,0). Seeds were then air-dried for 24h at room temperature and im-
mediately were used for the test. Control seeds were surface-sterilized
as the primed seeds and considered as control (Espanany et al., 2016).

2.2. Cadmium contamination and germination process

Petri dishes were sterilized for 24 min at 120 °C. 150 primed and
control seeds in three replications for each treatment (50 seeds per
replication) were placed in Petri dishes (10cm diameter) on filter pa-
per soaked by CdCl, solution at concentrations of 0, 10, 20,
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and 30mg.l"!, and were then incubated inside a growth chamber at
25 + 2 °C and relative humidity of 70 = 5% (Espanany et al., 2016;
Thanos et al., 1995). The Petri dishes were sealed using parafilm to re-
duce evaporation. Protruding a 2mm long radicle through the seed coat
was considered as a germinated seed (ISTA, 2013).

2.3. Germination characteristics

The seed germination parameters (germination percentage, germina-
tion rate, and seed vigor index( were measured daily for 21 consecu-
tive days (Espanany et al., 2016; Thanos et al., 1995). Then, the normal
radicles and plumules in each petri dish were separated and were indi-
vidually oven-dried at 75 °C for 24 h to obtain the average seedling dry
weight in each treatment (ISTA, 2013). Seeds and seedling samples of
all treatments were stored at -75 °C for biochemical analysis. Germina-
tion rate (GR), germination percentage (GP), and the vigor index (VI)
were measured using the following equations (Iki¢ et al., 2012):

GP = Total seeds germinated after 2 weeks

@

Total number of seeds
The GR was calculated by Maguire’s equation (Maguire, 1962):
GR = Z nifti )

Where, ni is the number of germinated seeds on a given day, and ti is the
time in days from the sowing day (0) (Abdul-Baki and Anderson, 1973).

SVI = GP (%) x SL (mm) 3)

Where SVI is vigor index, GP is standard germination, and SL is the
seedling length.

2.4. Lipid peroxidation

The method of De Vos et al. (1991) was used to assay the level of
lipid peroxidation. 0.25g fresh samples were heated in a solution con-
tained 0.25 % thiobarbituric acid (TBA) in 10 % trichloroacetic acid
(TCA), as described by De Vos et al. (1991). The absorbance of the su-
pernatant was read at 535nm and corrected for the specific A600 nm.

2.5. Malondialdehyde content

The extinction coefficient of 155mM'.cm™ was applied to measure
the MDA concentration and indicated as nmol of MDA g fresh weight
(Eisvand et al., 2016).

2.6. Antioxidant enzyme assay

Samples were ground with liquid nitrogen to a fine powder. 0.5g
of samples were blended with 5mL of potassium phosphate (100 mM)
buffer (pH 7.0) and were then centrifuged at 12,000 x g for 20 min at
4 °C. The supernatant was kept at -20 °C to assay enzymes activity.

2.6.1. Peroxidase activity (POD) (EC 1.11.1.7)

The formation rate of 0.15M Na-phosphate-citrate buffer in the ox-
idized DAB (3,3'-Diaminobenzidine) was considered as the increase in
A465nm for 3min. The supernatant contained 0.6 % H,0, and DAB
solution. One enzyme unit was considered as mmol. ml~! of destroyed
H,0, per min (Herzog and Fahimi, 1973).

2.6.2. Superoxide dismutase (SOD) (EC 1.15.1.1)

The method of Rosales et al. (2009) was used to assay SOD ac-
tivity. 5mL of reaction mixture containing 50 mmol.l"! Na,CO5 (pH
10), 0.25mL.1"! Triton X-100, 1.3 mmol.1"! riboflavin, 13 mmol.I"! me-
thionine, 63 mmol.1"! NBT and an appropriate aliquot of enzyme ex-
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tract were used. The SOD activity was defined by monitoring the inhi-
bition of the photochemical reduction of nitro blue tetrazolium (NBT).
A PPFD (Photosynthetically Photon Flux Density) of 380 mmol.m~2.s!
was used to illuminate the reaction mixtures for 15min. To correct the
background absorbance, not illuminated mixtures were used. One unit
activity of SOD was considered as the enzyme quantity needed to 50 %
inhibition of the NBT reduction as recorded at 560 nm.

2.6.3. Catalase (CAT) (EC 1.11.1.6)

A total volume (3mL) of the reaction mixture contained 20 mM
H,0,, 0.8 mM Na-EDTA 25mM, and Tris-acetate buffer (pH 7.0). The
consumption of H,0, at 240nm for 5min at 25°C was considered as
CAT activity (Nakano and Asada, 1981).

2.7. Proline content

L-proline was used to assay the free proline (Bates et al., 1973). Cen-
trifugation of the extracts was performed in a matched quartz (10 mm)
cell using a high-speed centrifuge. The absorbance was determined spec-
trophotometrically (Asy)-

2.8. Protein content

The Bradford method was used to assay the content of protein using
bovine serum albumin (BSA) as the standard (Bradford, 1976).

2.9. Statistical analysis

The experiment was carried out as a factorial scheme (4 priming
treatments X 4 levels of Cd concentrations) based on a completely
randomized design (CRD) with three replications. Analysis of variance
(ANOVA) was performed at 0.05 probability using SAS v. 9.1 software.
The Excel software was used to draw the figures. The mean comparison
was made by the LSD test at 0.05 probability level.

3. Results
3.1. Germination parameters

The effect of Cd stress and hormonal priming and the interaction of
Cd and hormonal priming on GP was significant (Table 1). The GP of
thyme seed was significantly decreased due to Cd contamination and,
in contrast, priming significantly increased the seed GP at all stress lev-
els of Cd contamination (Table 1). Under the control conditions, the
primed seeds with JA (100mg.1"!) showed the maximum GP, however,
SA-primed seed showed the greatest GP at 20 and 30mg.I"! Cd by 26
and 27 %, respectively, compared with the control (Table 1).

Seed GR significantly affected by Cd stress and priming treatments
(Table 1). Generally, seed GR was decreased by increasing Cd concen-
tration, while the priming treatments increased seed GR (Table 1). Ger-
mination of primed seeds started faster than that of the control seeds
at all Cd concentrations. The priming treatments significantly increased
seed GR compared with the control seeds. JA-primed seeds showed the
greatest GR under zero and 10 mg.1! Cd concentrations compared with
the control seeds, however, the greatest GR under 30mg.I-! Cd concen-
trations was observed in SA-treated seeds that was 37 % higher than the
control seeds (Fig. 4).

3.2. Seed vigor index

The effect of Cd stress and priming on thyme seed vigor index was
significant (Table 1). Seed Vigor index decreased with an increase in
Cd concentration in the primed and control seeds. According to Table
1, the greatest seed VI at zero cadmium level was observed in JA pre-
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Table 1
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ANOVA results and means comparison of cadmium and seed priming on germination characteristics and growth parameters of thyme.

Germination
Germination Rate Root length Plumule length Seedling length Vigor
Cadmium concentration (mg 1) Priming treatment (%) (day™) (cm) (cm) (cm) index
0 NP 61.9c 8.0c 19.0b 7.3¢ 26.4 ¢ 2822d
HP 76.0 b 9.5 be 23.1b 10.4a 33.5b 3341 c
JA 93.5a 12.6 a 27.7 a 8.4b 36.1 ab 4029 a
SA 88.3 ab 11.0 ab 327 a 9.1b 41.8a 3598 b
10 NP 61.7 ¢ 79c¢ 17.5¢ 6.8 ¢ 243 ¢ 2251 b
HP 74.3 be 9.2 be 22.3b 8.0b 30.4 b 2644 b
JA 86.7 a 12.4 a 26.1b 8.7b 34.8 ab 3175 ab
SA 81.1 ab 10.3b 31.3a 10.2a 41.5a 3516 a
20 NP 58.7c 7.8b 17.0c 6.8c 238¢c 1987 b
HP 74.6 b 12.2a 22.6 be 79b 30.5 be 2275 b
JA 749b 10.6 ab 26.4b 89a 353b 2394 ab
SA 799 a 9.3 ab 30.6a 9.4a 40.0 a 2559 a
30 NP 54.1c 7.5¢ 17.2b 6.6 b 238¢ 1278 b
HP 62.0 b 9.1b 20.0 b 7.6 b 27.6 be 1397 b
JA 69.0 b 10.2a 23.5b 89a 26.4 ab 1499 b
SA 74.6 a 119a 30.2a 9.3a 39.5a 1828 a
ANOVA df
Sov
Cadmium (Cd) 3 109.8* 1.09* 4.64" 0.84" 9.18" 187988*
Priming (P) 3 1818.6%* 44.8%* 394.4%* 19.3** 578.2%* 6177375%*
CdxP 9 14.0* 0.10™ 0.37™ 0.25% 0.97ns 19661
Error 32 15.7 0.32 2.61 0.31 5.22 54112
CV (%) 8.45 7.5 7.0 6.7 6.96 12.40

ns, ** and * indicate no significant effect, significant at 1 % and 5 % probability levels, respectively. SOV: source of variance, df: degree of freedom, CV: coefficient variance. Means with

the same letter in each column and each Cd concentration are not significantly different (p < 0.05) based on the LSD test (5 %).

treatment, while the lowest was observed in control seeds (Table 1). By
increasing the level of Cd contamination, SA pretreatment had a greater
effect on seed VI; compared with the control seed, VI was increased 35,
21, and 27 % at 10, 20, and 30mg.l"! Cd concentration, respectively
(Table 1 and Fig. 4). The greater seed VI and GP indicated that primed
seeds had a better germination performance compared with the control
seeds at all Cd concentrations (Table 2).

3.3. Plumule and radicle length

The effect of priming and Cd X seed priming on radicle and plumule
length was significant (Table 1). Primed-seeds had greater radicle and
plumule length than those of Cd-germinated. The maximum radicle and
plumule length were observed in SA pretreatment and the absence of
Cd. For instance, SA pretreatment increased radicle and plumule length
43 and 29 %, respectively, at 30mg.1"! of Cd concentration compared
with the control seeds (Table 1). Although root to shoot ratio did not
differ between the Cd treatments, seed priming increased root to shoot
ratio (R/S) ratio compared with the control seeds (Table 2 and Fig. 1C).
The greatest R/S ratio was observed in SA-treated seeds so that it was 24
and 20 % greater than the respective control seeds at 20 and 30 mg.1"!
Cd levels, respectively (Figs. 1C and 4).

Table 2
ANOVA results of cadmium and priming on growth parameters of thyme seedlings.

sov df Radicle dry weight Plumule dry weight Root/Shoot
Cadmium (Cd) 3 0.000006* 0.00000078" 0.01"
Priming (P) 3 0.00002%* 0.000026** 0.80%*

Cd x P 9 0.0000005" 0.00000035™ 0.02"
Error 32 0.000001 0.000001 0.03

CV (%) 13.4 135 6.5

ns, **, and * indicate no significant effect, significant at 1 % and 5 % probability levels,
respectively. SOV: source of variance, df: degree of freedom, CV: coefficient variance.

3.4. Plumule and radicle dry weight

Plumule dry weight was affected by the priming treatments, while
radicle dry weight was either affected by Cd or priming treatment
(Table 2). Radicle dry weight of thyme seedling was decreased by in-
creasing Cd stress both in the primed and control seeds, however, the
primed seeds showed greater plumule and radicle dry weight (Fig. 1). At
all cadmium concentrations, the highest and lowest radicle dry weight
was observed in SA-primed and the control seeds, respectively. No pos-
itive effect of hydropriming was observed on the plumule and radicle
dry weight of thymus seeds, however, SA and JA priming increased
plumule and radicle dry weight compared with the control. Radicle dry
weight was decreased 17 % exposed to 30mg.1"! Cd concentration com-
pared with the control, while seed priming with SA improved radicle
dry weight to 30 % compared with the control seeds at 30mg.l"! Cd
level (Fig. 1A). The same trend was observed in plumule dry weight,
where SA pretreatment increased plumule dry weight 58 and 90 % com-
pared with the respective values of control seeds at the control and
30mg.1"! Cd concentration, respectively (Figs. 1B and 4).

3.5. Antioxidant enzymes activity

The results showed that the effects of treatments on the antioxidant
enzyme activity were different; CAT and SOD were affected by prim-
ing treatments, and POX was affected by priming and priming x Cd in-
teraction (Table 3). Generally, the activity of the antioxidant enzymes
was stimulated by increasing the concentration of Cd to some extent
(Fig. 2). The greatest activity of POX was observed at 10mg.l"! of
cadmium concentration 16 and 14 % over the uncontaminated treat-
ment when JA and SA applied, respectively, although the activity of
POX decreased at the higher Cd concentration (Fig. 2A). The highest
CAT activity was observed in HP treatment at 30mg.1"! of Cd that was
23 % over the control, however, SA suppressed CAT activity 15 % com-
pared with HP at 30mg.l"! of Cd concentration (Fig. 2B). SA-primed
seeds showed the highest SOD activity compared with the control seeds
(Fig. 2C). SA pretreatment, however, stimulated SOD activity 15 % com-
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Fig. 1. Radicle dry weight (A), plumule dry weight (B), and root/shoot ratio (C) of control and primed seedling of thyme under different cadmium (Cd) concentrations (mg.1"1). NP:
non-primed (control), HP: hydropriming, JA: jasmonic acid, SA: salicylic acid. Seeds were primed with SA (100 mg.1-"), JA (100mg.1-1), and water for 24 h. Data presented are means of
four replicates with standard errors. Means with the same letter in each priming treatment are not significantly different (p < 0.05) based on the LSD test.

Table 3
ANOVA results of cadmium and priming on biochemical traits of thyme seedlings.

sov df CAT POX SOD MDA Proline Protein
Cadmium (Cd) 3 2.82ns 0.29ns 1.07ns 0.14* 0.44ns 0.11%*
Priming (P) 3 114.5%* 39.03%* 195.6%* 9.37%* 3422.5%* 0.03*
Cd x P 9 1.85ns 0.19* 0.73ns 0.02ns 3.04ns 0.01ns
Error 32 2.38 0.40 1.38 0.11 805.7 0.009
CV (%) 10.4 12.4 5.7 10.8 3.7 12.2

ns, **, and * indicate no significant effect, significant effect at 1 % and 5 % probability levels, respectively. SOV: source of variance, df: degree of freedom, CV: coefficient variance, CAT:

catalase, POX: peroxidase, SOD: superoxide dismutase, MDA: malondialdehyde.

pared with the control, under 30mg.1"! of Cd concentration (Figs. 2C
and 4).

3.6. Malondialdehyde content

The effect of Cd and priming was significant on MDA content (Table
3). Malondialdehyde (MDA) accumulation was significantly lower in
both control and primed seeds than those germinated under Cd stresses
(Fig. 2D). The highest level of MDA was observed at 30mg.1"! Cd in
the absence of priming treatments. MDA content was increased 15 %
exposed to 30mg.I"! compared with the control. Exposure to 30mg.1"!
Cd, MDA content of the seeds treated with HP and JA was decreased
compared with non-primed seeds. Seed priming resulted in a decrease
in the lipid peroxidation of cell membranes. The lowest value of MDA
was obtained under the conditions of priming

with 100mg.1-! SA under uncontaminated conditions (Fig. 2D). How-
ever, MDA increased by increasing Cd concentration. SA priming re-
duced MDA content 18 % compared with the control at 30mg.I"! Cd
(Figs. 2D and 4).

3.7. Proline content

The proline content was affected by priming treatments (Table 3).
The proline content of seedling showed an increasing trend with in-
creasing Cd concentration (Fig. 3A). The proline content of primed seed
was also significantly greater compared with the control seeds (Fig.
3A). Overall, the greatest proline content was observed at 30 mg.1~!
Cd concentration and SA priming. SA priming increased the proline
content 40 % at 30mg.l-! Cd concentration compared with the con-
trol, however, the magnitude of increase was different in con-
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Fig. 2. Peroxidase (A), catalase (B), superoxide dismutase (C) activity, and malondialdehyde content of control and primed seedling of thyme under different cadmium (Cd) concentrations
(mg.1"1). NP: non-primed (control), HP: hydropriming, JA: jasmonic acid, SA: salicylic acid. Seeds were primed with SA (100mg.1"1), JA (100mg.1"!), and water for 24 h. Data presented
are means of four replicates with standard errors. Means with the same letter in each priming treatment are not significantly different (p < 0.05) based on the LSD test.
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Fig. 3. Proline (A) and protein (B) content of control and primed seedling of thyme under different cadmium (Cd) concentrations (mg.1"!). NP: non-primed (control), HP: hydropriming,
JA: jasmonic acid, SA: salicylic acid. Seeds were primed with SA (100mg.1"1), JA (100mg.1"1), and water for 24 h. Data presented are means of four replicates with standard errors. Means
with the same letter in each priming treatment are not significantly different (p < 0.05) based on the LSD test.

trol and primed seeds. For instance, the proline accumulation was in-
crease 13, 14, and 22 % in HP, JA, and SA treatments under 30 mg.1"!
Cd contamination compared with control seeds, while in primed seeds it
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was increased with 4, 7 and 11 % in HP, JA, and SA, respectively, after
10 days (Figs. 3A and 4).

3.8. Protein content

Cadmium contamination and seed priming affected protein content;
however, the effect of their interaction was not significant (Table 3).
Seedling protein content was promoted by Cd concentration. The pro-
tein content of control seeds was increased 23, 20, and 11 % at 10, 20,
and 30mg.17!, respectively, compared with the control (Fig. 3B). Pro-
tein content at Cd concentration of 30mg/1-! was decreased in both
primed and control seed, although that was still higher than the control.
The greatest increase in the protein content was obtained in 10mg.1-!
Cd concentration under all priming treatments over the control. For in-
stance, 30, 34, 23, and 11 % increase were observed in NP, HP, JA,
and SA priming treatments, respectively, compared with the uncontami-
nated treatment. However, the protein content tended to decrease at the
highest Cd concentration. Seed priming significantly affected the pro-
tein content of seedlings at all Cd contamination levels. At 10mg.1"}
Cd concentration, JA-primed seeds had the greatest protein content fol-
lowed by HP compared with the control. JA and SA increased protein
content of seedlings by 23 and 21 %, respectively, compared with the
control seeds, and 15 and 11 %, respectively, compared with the con-
trol, at 30mg.1"! Cd concentration (Figs. 3B and 4).

4. Discussion

The results of our study indicated that cadmium adversely affected
growth in a concentration-dependent way that was shown by a de-
crease in GR and GP, and radicle and plumule length and dry weight.
Cd stress had a negative impact on the radicle and plumule length of
some plants (Mahmood et al., 2007). In the experiment by Ahmad et
al. (2012), wheat GP decreased with increasing cadmium concentra-
tion. A decrease in the germination rate of plants under heavy metal
stress can be due to reduced effective water uptake and disruption of
elements uptake (Islam et al., 2015). The decrease in GR is proba-
bly due to a delay in the onset of germination in mature seeds. In-
creased duration of germination in the stressed seeds has also been re-
ported in other studies, which results in a slower GR (Espanany et al.,
2016; Mirmahmood et al., 2015). The reason for the delay is proba-
bly because the seeds require repairing the damaged membrane and
other parts of the cell, also, the re-initiation of the antioxidant system
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and the prevention of oxidative stress take time, and the damage can
only be repaired after the water is absorbed by the seed.

The decrease in seed VI under Cd stress is probably because of a
decrease in its components, including GP and seedling length, both of
which decrease under seed aging conditions. Kalsa and Abebie (2012)
showed that one of the methods used to increase VI, germination, and
thus, seedling growth is seed priming by the plant hormones. It has been
reported seed germination, seedling emergence, and root growth of rice
were improved by seed priming (Yuan-Yuan et al., 2010). In a work by
Ghassemi-Golezani et al. (2010), it has been shown that seed priming
increased the seed VI of pinto beans. Improvement of germination in-
dices by priming has been reported in different plants (Farooq et al.,
2013; Parmoon et al., 2015). In general, seed priming improves GR and
germination uniformity and reduces seed susceptibility to environmen-
tal factors (Espanany et al., 2016). Priming accelerates germination and
increases protein and DNA synthesis. It also affects membrane cell phos-
pholipids. Salicylic acid appears to reduce the toxic and destructive ef-
fects of Cd stress and to increase germination by affecting the antioxi-
dant system.

In our study, the radicle and plumule length and dry weight were in-
creased by seed priming with SA. It has been reported that some of the
plant hormones, e.g cytokinin and auxin were enhanced by SA, while
ion leakage from the plant cells and accumulation of toxic ions in plants
were reduced by SA pretreatment. Due to a better activity of some en-
zymes in seed primed with the plant hormones, access to nutrients is
easier during the germination and it improves germination (Shekari et
al., 2010). Increased root and shoot length at an appropriate level of
priming were probably due to the stimulation of metabolic activities
within the embryo. For example, during priming, DNA replication, stim-
ulation of RNA activity and, consequently, protein synthesis, cell mem-
brane repair, and increase in the concentration of germination stimulat-
ing hormones were stimulated (Popova et al., 2009; Rouhollah et al.,
2013).

Cadmium stress increased membrane damage in seeds as estimated
by MDA content. It seems that Cd by over-generation of ROSs caused
membrane damage and lipid peroxidation. Seedlings exposed to differ-
ent concentrations of Cd showed an increase in MDA production that is
an indicator of lipid peroxidation. Our results are consistent with those
of others who observed MDA content in cucumber and cumin seedlings
was increased under Cd stress (Espanany et al., 2015; Goncalves et al.,
2007). Peroxidation of lipids begins with the release of oxygen free
radicals. In the presence of oxygen, the free radicals do auto-oxidiza-
tion of the lipids in the seed. The production of free radicals dam-
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Fig. 4. Percent changes of germination and growth parameters (A) and biochemical traits (B) of thyme affected by a combination of cadmium concentrations and priming treatments
compared to the control. GP: Germination percentage, GR: Germination rate, RL: Root length, SL: Shoot length, R/S: Root to shoot ratio, VI: Vigor index, RDW: Root dry weight, PDW:
Plumule dry weight, CAT: Catalase, POX: Peroxidase, SOD: Superoxide dismutase, MDA: Malondialdehyde.
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ages cellular contents, such as lipid membranes, proteins, and nucleic
acids during seed dormancy and germination (McDonald, 1999). MDA
accumulation and electrolyte leakage of SA-treated seeds were de-
creased under Cd stress, which supports the role of MDA to protect the
cells against oxidation damage (Krantev et al., 2008). Lower values of
MDA was observed in primed seeds with the plant growth regulators,
possibly due to reduced detrimental effects of free radicals and greater
protection of the membrane, thereby preventing unsaturated fatty acid
damage and reducing membrane permeability (Qi et al., 2010). The
lower MDA accumulation could be attributed to the membrane reorga-
nization of cells improving membrane repairment, and stimulation of
antioxidant enzymes during priming, which provide protection against
oxidative damage (Nawaz et al., 2012).

The state of cell membranes can be reflected by solute and ion leak-
age from plant material. High leakage from imbibing seeds, which re-
sults in low conservation of solutes, might be due to incomplete or dam-
aged membranes. The detrimental effects of an oxidative injury caused
by heavy metal can increase lipid peroxidation and change the mem-
brane structure (Agrawal and Mishra, 2009). Increased generation of
ROS in Hordeum vulgare under heavy metal stress conditions increased
cell fatality and electrolyte leakage (Tamas et al., 2006), which might
be related to Cd-induced higher EC of growth medium. Compared with
the control seeds, greater amounts of soluble sugars, potassium, and zinc
nutrients leaked from the tissues in Cd-contaminated treatments (Tamas
et al., 2006). Somashekaraiah et al. (1992) observed that peroxidative
injury to the membranes by the polyunsaturated fatty acid degradation
increased Cd-induced production of free radicals, which further led to
an increase in lipoxygenase activity.

Oxidative stresses inhibit growth through the disruption of cell divi-
sion. Therefore, the protection of plants against oxidative stress is cru-
cial for their germination. The final stress tolerance of the seedlings de-
pends on the persistence of the activated antioxidative system after ger-
mination (Lutts et al., 2016). The plant defense mechanisms such as an-
tioxidant enzymes can diminish Cd toxicity. The plant cell metabolism
can be dangerously affected by Cd. Cadmium binds to the sulfhydryl
groups, which are essential for structural proteins and enzymes, and
damage the structure of proteins and prevent enzymatic activity. In the
present study, the control seeds also indicated an increase in the antiox-
idant enzyme activities. This indicated that the seedlings could probably
adapt to some levels of Cd through developing an antioxidative defense
system (Alscher et al., 2002). Despite an increase in antioxidant enzyme
activity under Cd-stressed conditions, lipid peroxidation was also in-
creased, which shows that an increase in antioxidant enzyme activity
might have not been adequate to prevent Cd-induced membrane lipid
peroxidation (Antonio et al., 2002). In response to abiotic stress, toler-
ant plants typically increase their antioxidative activities to reestablish
an equilibrium between the production and scavenging of ROS, which
can decrease Cd toxicity (Alscher et al., 2002).

During the first phase of the priming process, many parts of the
ROS-mediated signaling pathway are activated. In our study, the primed
seeds treated with Cd showed an increase in POX activity. It has been
shown that POX activity can improve cell wall status and maintain
cell membrane integrity in seedlings of stressed plants (Alscher et al.,
2002; Antonio et al., 2002). Here, POX activity differed between the Cd
concentrations, and the highest activity was observed at 10mg.1-! Cd
concentration. It indicated that cellular H,0, was scavenging through
the POX enzyme (Vranova et al., 2002). The higher activity of an-
tioxidative enzymes in primed seeds has also been previously reported
by others in cumin, lettuce, and Brassica juncea under heavy met-
als and saline stresses (Espanany et al., 2015; Mohamed et al., 2012;
Nasri et al., 2011). Bailly et al. (2000) found that the activity of SOD
and CAT were stimulated and MDA content was decreased dur-
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ing priming in safflower seeds. The higher activity of POX in the primed
seeds shows that POX activity improves the cell membrane integrity and
the cell wall mechanical properties under Cd stress.

An effective response of plants to stressful conditions is an accu-
mulation of compatible osmolytes like proline, which can be a good
representative of heavy metal contamination. Furthermore, proline can
have an antioxidative activity to protect the cells from the damage of
ROSs against Cd contamination by providing a favorable environment
for Cd sequestration and phytochelatin synthesis (Siripornadulsil et al.,
2002). The seedlings proline content of SA-primed seeds was signifi-
cantly higher than that of control seedlings (Krantev et al., 2008). Sali-
cylic acid could form a complex with Cd during the earlier growth pe-
riod that might help the plants to tolerate Cd stress. In addition, the
expression of defense-related enzymes and specific proteins could also
be stimulated by SA. The greater protein production when the seeds ex-
posed to Cd contamination showing that stress protein production in-
duced by heavy metal stress. An increase in protein content was also
observed in Phaseolus aureus and cumin under arsenic and cadmium
stresses, respectively (Espanany et al., 2015; Kaur et al., 2012). It is pos-
sible that exposure to metals increases the protein content by stimulat-
ing de novo synthesis from stress proteins (Verma et al., 2003).

5. Conclusions

Increased human activity has had negative effects on the environ-
ment. Heavy metals pollution such as Cd in water resources has been in-
creased and is rapidly spreading out in the soil and water. The morpho-
logical, physiological, and biochemical processes, e.g. seed germination
and plant growth have been affected by the application of contaminated
water in the agricultural systems of the arid and semi-arid areas. Cad-
mium contamination stimulated the production of ROS, which caused
an increase in MDA content of Cd-stressed seedlings. Morpho-physiolog-
ical and biochemical traits of thyme were also adversely affected by Cd
contamination. In the present study, although all germination parame-
ters were decreased when exposed to Cd contamination, the toxicity of
Cd was alleviated by seed priming treatments. Seed priming with the
growth regulators improved the germination and growth attributes of
thyme seedlings under Cd-induced oxidative stress. SA was almost the
most effective treatment with the greatest alleviation effects in the GR,
GP, and dry weight and length of plumule and radicle, compared with
the control. The greatest proline, protein, and MDA content, and antiox-
idant enzyme activity were recorded under different Cd concentrations
compared with the control, however, SA pretreatment decreased MDA
content. The SA-treated seed showed the greatest proline and SOD at
30mg.1"! Cd. As a final result, it can be concluded that under Cd conta-
mination, SA priming is the most appropriate hormopriming treatment.
Therefore, priming of thyme seeds with the growth regulators can be
considered as a simple method to improve the physiological and bio-
chemical status of seeds and seedlings and provide a strategy to decrease
adverse effects of Cd on plants and to enhance tolerance of plants to en-
vironmental pollutions.

CRediT authorship contribution statement

Saeed Moori: Conceptualization, Methodology, Software, Project
administration, Writing - original draft. Mohammad Javad
Ahmadi-Lahijani: Software, Formal analysis, Writing - review &
editing.

Declaration of Competing Interest
The authors declare that they have no known competing for finan-

cial interests or personal relationships that could have appeared to in-
fluence the work reported in this paper.



S. Moori, M.J. Ahmadi-Lahijani

Acknowledgment

This research did not receive any specific grant from funding agen-
cies in the public, commercial, or not-for-profit sectors.

References

Abdul-Baki, A.A., Anderson, J.D., 1973. Vigor determination in soybean seed by multiple
criteria. Crop Science 13, 630-633.

Agrawal, S., Mishra, S., 2009. Effects of supplemental ultraviolet-B and cadmium on
growth, antioxidants and yield of Pisum sativum L. Ecotoxicology and Environmental
Safety 72, 610-618.

Ahmad, 1., Akhtar, M.J., Zahir, Z.A., Jamil, A., 2012. Effect of cadmium on seed germi-
nation and seedling growth of four wheat (Triticum aestivum L.) cultivars. Pakistan
Journal of Botany 44, 1569-1574.

Ahmadi-Lahijani, M., Kafi, M., Nezami, A., Nabati, J., Erwin, J., 2018. Effect of 6-Benzy-
laminopurine and Abscisic Acid on Gas Exchange, Biochemical Traits, and Minituber
Production of Two Potato Cultivars (Solanum tuberosum L.). Journal of Agricultural
Science and Technology 20, 129-139.

Ahmadi-Lahijani, M., Kafi, M., Nezami, A., Nabati, J., Erwin, J., 2018. Sprouting, plant es-
tablishment, and yield improvement of potato (Solanum tuberosum L.) minituber cul-
tivars by foliar application of benzylaminopurine and abscisic acid. Electronic Journal
of Plant Production 10, 75-90.

Alscher, R.G., Erturk, N., Heath, L.S., 2002. Role of superoxide dismutases (SODs) in con-
trolling oxidative stress in plants. Journal of Experimental Botany 53, 1331-1341.
Antonio, M.T., Lépez, N., Leret, M.L., 2002. Pb and Cd poisoning during development al-

ters cerebellar and striatal function in rats. Toxicology 176, 59-66.

Bailly, C., Benamar, A., Corbineau, F., Come, D., 2000. Antioxidant systems in sunflower
(Helianthus annuus L.) seeds as affected by priming. Seed Science Research 10, 35-42.

Bates, L.S., Waldren, R.P., Teare, 1., 1973. Rapid determination of free proline for wa-
ter-stress studies. Plant and Soil 39, 205-207.

Benavides, M.P., Gallego, S.M., Tomaro, M.L., 2005. Cadmium toxicity in plants. Brazilian
Journal of Plant Physiology 17, 21-34.

Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Analytical Bio-
chemistry 72, 248-254.

Clemente, R., Walker, D.J., Bernal, M.P., 2005. Uptake of heavy metals and As by Brassica
juncea grown in a contaminated soil in Aznalcdllar (Spain): the effect of soil amend-
ments. Environmental Pollution 138, 46-58.

De Vos, C., Schat, H., De Waal, M., Vooijs, R., Ernst, W., 1991. Increased resistance to cop-
per-induced damage of the root cell plasmalemma in copper tolerant Silene cucubalus.
Physiologia Plantarum 82, 523-528.

Eisvand, H., Moori, S., Ismaili, A., Sasani, S., 2016. Effects of late-season drought stress
on physiology of wheat seed deterioration: changes in antioxidant enzymes and com-
pounds. Seed Science and Technology 44, 327-341.

Elhabazi, K., Ouacherif, A., Laroubi, A., Aboufatima, R., Abbad, A., Benharref, A., Zyad,
A., Chait, A,, Dalal, A., 2008. Analgesic activity of three thyme species, Thymus sat-
ureioides, Thymus maroccanus and Thymus leptobotrys. African Journal of Microbi-
ology Research 2, 262-267.

Espanany, A., Fallah, S., Tadayyon, A., 2015. The Effect of Halopriming and Salicylic Acid
on the Germination of Fenugreek (Trigonella foenum-graecum) under Different Cad-
mium Concentrations. Notulae Scientia Biologicae 7, 322-329.

Espanany, A., Fallah, S., Tadayyon, A., 2016. Seed priming improves seed germination and
reduces oxidative stress in black cumin (Nigella sativa) in presence of cadmium. In-
dustrial Crops and Products 79, 195-204.

Fallah, S., Malekzadeh, S., Pessarakli, M., 2018. Seed priming improves seedling emer-
gence and reduces oxidative stress in Nigella sativa under soil moisture stress. Journal
of Plant Nutrition 41, 29-40.

Falourd, X., Natali, F., Peters, J., Foucat, L., 2014. Molecular mobility in Medicago trun-
catula seed during early stage of germination: Neutron scattering and NMR investiga-
tions. Chemical Physics 428, 181-185.

Farooq, M., Irfan, M., Aziz, T., Ahmad, I., Cheema, S., 2013. Seed priming with ascorbic
acid improves drought resistance of wheat. Journal of Agronomy and Crop Science
199, 12-22.

Ghassemi-Golezani, K., Chadordooz-Jeddi, A., Nasrullahzadeh, S., Moghaddam, M., 2010.
Influence of hydro-priming duration on field performance of pinto bean (Phaseolus
vulgaris L.) cultivars. African Journal of Agricultural Research 5, 893-897.

Goncalves, L., Rocha, J., Couto, C., Alpuim, P., Min, G., Rowe, D.M., Correia, J., 2007.
Fabrication of flexible thermoelectric microcoolers using planar thin-film technolo-
gies. Journal of Micromechanics and Microengineering 17, S168.

Herzog, V., Fahimi, H.D., 1973. A new sensitive colorimetric assay for peroxidase using 3,
3’-diaminobenzidine as hydrogen donor. Analytical Biochemistry 55, 554-562.

1ki¢, 1., Maricevié¢, M., Tomasovié, S., Gunjaca, J., Satovié, Z., Sardevi¢, H., 2012. The ef-
fect of germination temperature on seed dormancy in Croatian-grown winter wheats.
Euphytica 188, 25-34.

Islam, F., Yasmeen, T., Ali, S., Ali, B., Farooq, M.A., Gill, R.A., 2015. Priming-induced
antioxidative responses in two wheat cultivars under saline stress. Acta Physiologiae
Plantarum 37, 153.

ISTA, 2013. International Rules for Seed Testing. International Seed Testing Association,
Bassersdorf Switzerland, NW.

Kalai, T., Khamassi, K., Teixeira da Silva, J.A., Gouia, H., Bettaieb Ben-Kaab, L., 2014.
Cadmium and copper stress affect seedling growth and enzymatic activities in germi-
nating barley seeds. Archives of Agronomy and Soil Science 60, 765-783.

Journal of Applied Research on Medicinal and Aromatic Plants xxx (XXXX) XXX-XXX

Kalsa, K.K., Abebie, B., 2012. Influence of seed priming on seed germination and vigor
traits of Vicia villosa ssp. dasycarpa (Ten.). African Journal of Agricultural Research
7, 3202-3208.

Karalija, E., Selovié, A., 2018. The effect of hydro and proline seed priming on growth,
proline and sugar content, and antioxidant activity of maize under cadmium stress.
Environmental Science and Pollution Research 25, 33370-33380.

Kaur, S., Singh, H.P., Batish, D.R., Negi, A., Mahajan, P., Rana, S., Kohli, R.K., 2012. Ar-
senic (As) Inhibits radicle emergence and elongation in Phaseolus aureus by altering
starch-metabolizing enzymes vis-a-vis disruption of oxidative metabolism. Biological
Trace Element Research 146, 360-368.

Kranner, 1., Colville, L., 2011. Metals and seeds: biochemical and molecular implications
and their significance for seed germination. Environmental and Experimental Botany
72, 93-105.

Krantev, A., Yordanova, R., Janda, T., Szalai, G., Popova, L., 2008. Treatment with sal-
icylic acid decreases the effect of cadmium on photosynthesis in maize plants. The
Journal of Plant Physiology 165, 920-931.

Liu, T.T., Wu, P., Wang, L.H., Zhou, Q., 2011. Response of soybean seed germination to
cadmium and acid rain. Biological Trace Element Research 144, 1186-1196.

Lutts, S., Benincasa, P., Wojtyla, L., Kubala, S., Pace, R., Lechowska, K., Quinet, M., Gar-
nczarska, M., 2016. Seed priming: new comprehensive approaches for an old empiri-
cal technique. New challenges in seed biology-Basic and translational research driving
seed technology. InTechOpen, Rijeka, Croatia, 1-46.

Maguire, J., 1962. Speeds of germination-aid selection and evaluation for seedling emer-
gence and vigor. Crop Science 2, 176-177.

Mahmood, T., Islam, K., Muhammad, S., 2007. Toxic effects of heavy metals on early
growth and tolerance of cereal crops. The Pakistan Journal of Botany 39, 451.

McDonald, M., 1999. Seed deterioration: physiology, repair and assessment. Seed Science
and Technology 27, 177-237.

Miller, G., Shulaev, V., Mittler, R., 2008. Reactive oxygen signaling and abiotic stress.
Physiologia Plantarum 133, 481-489.

Mirmahmood, S.J., Ahmadi-Lahijani, M.J., Emam, Y., 2015. Effect of cycocel seed priming
on osmotic stress tolerance in rapeseed germination (Brassica napus). Iranian Journal
of Seed Research 1.

Mohamed, A.A., Castagna, A., Ranieri, A., di Toppi, L.S., 2012. Cadmium tolerance in
Brassica juncea roots and shoots is affected by antioxidant status and phytochelatin
biosynthesis. Plant Physiology and Biochemistry 57, 15-22.

Nakano, Y., Asada, K., 1981. Hydrogen peroxide is scavenged by ascorbate-specific perox-
idase in spinach chloroplasts. Plant and Cell Physiology 22, 867-880.

Nasri, N., Kaddour, R., Mahmoudi, H., Baatour, O., Bouraoui, N., Lachail, M., 2011. The
effect of osmopriming on germination, seedling growth and phosphatase activities of
lettuce under saline condition. African Journal of Biotechnology 10, 14366-14372.

Nawaz, A., Amjad, M., Jahangir, M.M., Khan, S.M., Cui, H., Hu, J., 2012. Induction of
salt tolerance in tomato (‘Lycopersicon esculentum’ Mill.) seeds through sand prim-
ing. Australian Journal of Crop Science 6, 1199.

Parmoon, G., Ebadi, A., Jahanbakhsh, G., Davari, M., 2015. Effect of seed priming by sal-
icylic acid on the physiological and biochemical traits of aging milk thistle (Silybum
marianum) seeds. Iranian Journal of Seed Research 3, 40-51.

Popova, L.P., Maslenkova, L.T., Yordanova, R.Y., Ivanova, A.P., Krantev, A.P., Szalai, G.,
Janda, T., 2009. Exogenous treatment with salicylic acid attenuates cadmium toxicity
in pea seedlings. Plant Physiology and Biochemistry 47, 224-231.

Qi, F., Wang, H., Liu, X., 2010. Effect of MeJA on contents of endogenous hormones in
wheat seedling under cold stress. Plant Physiology Communications 46, 1155-1158.

Qiu, Z., Guo, J., Zhu, A., Zhang, L., Zhang, M., 2014. Exogenous jasmonic acid can en-
hance tolerance of wheat seedlings to salt stress. Ecotoxicology and Environmental
Safety 104, 202-208.

Rezai, A., Balouchi, H., Movahhedi Dehnavi, M., Adhami, E., 2017. Effect of seed priming
and cadmium on seedling physiological traits and produced seed germination indices
of sorghum (Sorghum bicolor L.) SOR834 genotype. Environmental Stresses in Crop
Sciences 10, 655-671.

Rosales, M.A., Cervilla, L.M., Rios, J.J., Blasco, B., Sanchez-Rodriguez, E., Romero, L.,
Ruiz, J.M., 2009. Environmental conditions affect pectin solubilization in cherry
tomato fruits grown in two experimental Mediterranean greenhouses. Environmental
and Experimental Botany 67, 320-327.

Rouhollah, K., Pelin, M., Serap, Y., Gozde, U., Ufuk, G., 2013. Doxorubicin loading,
release, and stability of polyamidoamine dendrimer-coated magnetic nanoparticles.
Journal of Pharmaceutical Sciences 102, 1825-1835.

Seki, M., Umezawa, T., Urano, K., Shinozaki, K., 2007. Regulatory metabolic networks in
drought stress responses. Current Opinion in Plant Biology 10, 296-302.

Shekari, F., Baljani, R., Saba, J., Afsahi, K., 2010. Effect of seed priming with salicylic acid
on growth characteristics of borage plants (Borago officinalis) seedlings. Journal of
New Agricultural Science 6.

Siripornadulsil, S., Traina, S., Verma, D.P.S., Sayre, R.T., 2002. Molecular mechanisms of
proline-mediated tolerance to toxic heavy metals in transgenic microalgae. The Plant
Cell 14, 2837-2847.

Somashekaraiah, B., Padmaja, K., Prasad, A., 1992. Phytotoxicity of cadmium ions on ger-
minating seedlings of mung bean (Phaseolus vulgaris): Involvement of lipid peroxides
in chlorphyll degradation. Physiologia Plantarum 85, 85-89.

Stahl-Biskup, E., Séez, F., 2003. Thyme: the genus Thymus. CRC Press.

Tamas, L., Budikova, S., Simonovicova, M., Huttova, J., Siroka, B., Mistrik, I., 2006. Rapid
and simple method for Al-toxicity analysis in emerging barley roots during germina-
tion. Biologia Plantarum 50, 87-93.

Thanos, C.A., Kadis, C.C., Skarou, F., 1995. Ecophysiology of germination in the aromatic
plants thyme, savory and oregano (Labiatae). Seed Science Research 5, 161-161.
Verma, S., Verma, U., Tomer, R., 2003. Studies on seed quality parameters in deteriorating
seeds in Brassica (Brassica campestris). Seed Science and Technology 31, 389-396.
Vodyanitskii, Y.N., 2016. Standards for the contents of heavy metals in soils of some states.

Annals of Agrarian Science 14, 257-263.



S. Moori, M.J. Ahmadi-Lahijani

Vranov4, E., Atichartpongkul, S., Villarroel, R., Van Montagu, M., Inzé, D., Van Camp, W.,
2002. Comprehensive analysis of gene expression in Nicotiana tabacum leaves accli-
mated to oxidative stress. PNAS 99, 10870-10875.

Yadegari, M., 2018. Effects of the environmental characters on germination properties of
seeds of Thymus daenensis and T. vulgaris. Journal of Agricultural Sciences (Belgrade)
63, 343-354.

Yadegari, M., 2018. Performance of purslane (Portulaca oleracea) in nickel and cadmium
contaminated soil as a heavy metals-removing crop. Plant Physiology 8, 2447-2455.

10

Journal of Applied Research on Medicinal and Aromatic Plants xxx (XXXX) XXX-XXX

Yadegari, M., Shakerian, A., 2014. Irrigation periods and Fe, Zn foliar application on
agronomic characters of Boragoofficinalis, Calendula officinalis, Thymus vulgaris and
Alyssum desertorum. Advances in Environmental Biology 1054-1063.

Yuan-Yuan, S., Yong-Jian, S., Ming-Tian, W., Xu-Yi, L., Xiang, G., Rong, H., Jun, M., 2010.
Effects of seed priming on germination and seedling growth under water stress in rice.
Acta Agronomica Sinica 36, 1931-1940.


https://www.researchgate.net/publication/343495422

	
	
	


