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Fig. 1. Mean comparisons of the interactive effect of salinity levels (0, 50, and 100 mg L') and nano-TiO2 concentration (0, 10, 20,
40, and 80 mg L") on the height (A) and dry matter yield (B) of ajowan; Bars (+ standard error) with similar letters are not
significantly different according to Duncan’s multiple range test at P < 0.05.
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Table 1. The result of analysis of variance related to the effect of salinity and concentration of nano-TiO2 on height, dry matter yield
(DM yield), total chlorophyll content (Chl. T), malondealdehyde (MDA) content and the activities of antioxidant enzymes.

Df DM yicld

MDA content CAT

Variables s s Slos Height Sl (sl giome activity POX activity
a ez G Sk el gesl S JBs s Ul R PR g i
Salinity 2 8.58™ 166.15™ 392.01™ 248.82™ 711.74™
Nano-TiO2 4 1.73™ 118.58™ 37.38" 188.79* 270.89**
Salinity x Nano-TiO2 8 0.24" 52.57" 5.85™ 157.77"" 76.86™
Error 30 0.14 4.13 0.59 9.84 1.36

4\;_&\)1%_,...,,;.;1}“,;\,adu;;-\@la.ﬂﬁ,u_,'u;nﬁg%;@nsj-:z:-

* ** and " mean significant effect at the probability levels of 5 and 1 %, and non-significanteffect, respectively.
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Fig. 2. Mean comparisons of the interactive effect of salinity levels (0, 50, and 100 mg L") and nano-TiO2 concentration

(0, 10, 20, 40, and 80 mg L") on the total chlorophyll content in the leaves of ajowan;
Bars (+ standard error) with similar letters are not significantly different according to Duncan’s multiple range test at P < 0.05.
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Fig. 3. Mean comparisons of the interactive effect of salinity levels (0, 50, and 100 mg L") and nano-TiO2 concentration
(0, 10, 20, 40, and 80 mg L") on malon dealdehyde content
(A) and the activities of CAT (B) and POX (C) enzymes in the leaves of ajowan;

Bars (+ standard error) with similar letters are not significantly different according to Duncan’s multiple range test at P < 0.05.



o bt gl p sl ASgs SIy3 L SLd o ST

Gk 5 U e

JMJL.«IJS;JSL..;).)\.p);@b;).ﬂ&pélﬁlﬂdjﬁj(j;t_ﬁ ,\:..“5163Q\)':}JUg&b;\;lybéunb&g)bqﬁ@b Y Joo

Oy ol

Table 2. The result of analysis of variance related to the effect of salinity and concentration of nano-TiO2 on essential oil yield and
seed yield components in ajowan.

Df ) Harvest ) )
Variables Number of Weight of Seed yield index Essential oil Esset}tlal oil
Ay seeds/plant 100 seeds e percentage yield
[EgReLy ~ . . . £l }ng ol . .
B &l olS s dls slaas Lls Voo 3 . oelal Ao s ol ;ﬁl.u—
w‘:j;
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Nano-TiO> 4 3613.35™ 0.06™ 0.14™ 0.00071s 1.24" 60.49™
Salinity x Nano-TiOz 8 902.50"" 0.0007"s 0.01" 0.001ms °.31" 8.0518
Error 30 90.6 0.0008 0.008 0.0005 0.14 5.80

el Sl e e g Aoy ) 50 Jlexsd C}Ja_.u);)l:d;u;ljfjlﬁ S A NS e o
* ** and " mean significant effect at the probability levels of 5 and 1 %, and non-significanteffect, respectively.
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Fig. 4. Mean comparisons of the interactive effect of salinity levels (0, 50, and 100 mg L") and nano-TiO2 concentration
(0, 10, 20, 40, and 80 mg L'!) on number of seeds (A) weight of 100 seeds (B) seed yield (C) and harvest index (D) of ajowan;
Bars (+ standard error) with similar letters are not significantly different according to Duncan’s multiple range test at P < 0.05.
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Fig. 5. Mean comparisons of the interactive effect of salinity levels (0, 50, and 100 mg L") and nano-TiO2 concentration
(0, 10, 20, 40, and 80 mg L") on essential oil percentage (A) and essential oil yield (B) of ajowan;
Bars (+ standard error) with similar letters are not significantly different according to Duncan’s multiple range test at P < 0.05.
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Abstract

Salinity is one of the most common abiotic stresses that affects growth and secondary metabolism in
medicinal plants. In this study, the effects of two times foliar application of nano titanium dioxide on some
agronomic traits of ajowan (Carum copticum) under salinity stress was investigated in a pot experiment. This
study was conducted as a factorial experiment with completely randomized design and three replications.
The factors included three levels of salinity (0, 50, and 100 mg L') and 5 concentrations of TiO,
nanoparticles (0, 10, 20, 40, and 80 mg L). Salinity treatments were implemented by adding NaCl to
irrigation water of pots containing clay soil three times per week. The results showed that long-term
irrigation with slightly saline water significantly decreased dry matter yield, height, total chlorophyll, weight
of 100 seeds, number of seeds per plant, and seed yield and increased lipid peroxidation and the activities of
catalase (CAT) and peroxidase (POX). Impact of 50 mg L salt was not significant on essential oil
percentage and essence yield; but 100 mg L salt significantly (33.1%) decreased essential oil content. Foliar
spraying of plants with 20 and 40 mg L' nano titanium dioxide had the most positive impact on growth and
seed yield and significantly lowered lipid peroxidation via enhancing the activities of antioxidant enzymes
under salt stress. Foliar spraying with 40 mg L' nano titanium dioxide significantly improved essential oil
concentration (43.3%) and total essential oil yield (59.7%) under 100 mg L salinity condition. The effect of
foliar spraying with 80 mg L nano titanium dioxide on some of the measured attributes was less than the
impact of applying 20 and 40 mg L nano titanium dioxide. These results suggest that foliar application of
nano titanium dioxide with appropriate concentration improves salt tolerance, seed yield and essential oil
content in ajowan.

Keywords: Essential oil, Antioxidant enzymes, Salinity stress, Ajowan, Yield and its components, Nano-
TiOs.

Background and Objective: Salinity causes osmotic stress and an ionic imbalance in plants due to the
accumulation of Na" and CI ions. In addition, salinity increases the production of reactive oxidative species
(ROS) and evokes oxidative stress in plants. To mitigate salt-driven oxidative stress, plants activate antioxidant
enzymes such as catalase (CAT), superoxide dismutase (SOD), guaiacol peroxidase (POX), and ascorbate
peroxidase (APX). Furthermore, salt stress alters primary and secondary metabolisms in plants (3,4).
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Literature review suggests that application of nanoparticles may help to cope with stress condition and
preserve crops’ yield (1). Titanium dioxide (TiO) nanoparticles (NPs) render profound effects on
morphological, physiological and biochemical attributes of some plant species (1). Ajowan (Carum
copticum) is an aromatic and medicinal plant that its yield and essential oil is influenced by salinity stress
(2). Thus, in the present study, impacts of different concentrations of TiO, NPs on growth parameters and
biochemical characteristics as well as essential oil yield were investigated in ajowan plants grown under
salinity stress.

Methods: Seeds of ajowan (Carum copticum) were planted in pots containing clay soil (electrical
conductivity = 3.11 dS/m) and organic manure and irrigated with tap water. The seedlings at 2-leaves stage
were irrigated with various concentrations of NaCl (0, 50, and 100 mg L") and foliar sprayed with nano
titanium dioxide (0, 10, 20, 40, and 80 mg L") two times (onset of vegetative phase and pre-flowering stage).
Salinity treatments were implemented by adding NaCl to water and irrigation of pots was done 3 times per
week. The nanoparticles with 25 nm size were suspended in deionized water (DI-water) and sonicated (100
W, 80 kHz for 620 s) before use. After maturity, plants were harvested and several growth parameters were
measured. Essential oil content of aerial parts was measured using Clevenger apparatus. SAS software was
used for the analysis of variance and means were compared using Duncan’s multiple range test at P,< 0.05.

Results: Although the salt concentration of irrigation water was low, but numerous applications of saline
water during four months of growing period, likely increased the salt accumulation in clay soil of pots and
plants well experienced salinity stress. This was evident as the individual effect of salinity was significant on
plant dry matter yield, plant height, total chlorophyll, weight of 100 seeds, number of seeds per plant, seed
yield, malondealdehyde content, the activities of CAT and POX, essential oil percentage and essential oil
yield. In addition, interactive effect of nano-TiO; and salinity was significant on all traits with the exception
for total chlorophyll, harvest index, essential oil percentage and essential oil yield. According to the results,
applying nano-TiO at 20 and 40 mg L' positively and significantly increased the seed yield and essential oil
content of ajowan in comparison with the other examined concentrations and the control treatment. These
concentrations of this nanoparticle may be suggested for gaining the highest seed and essential oil yield of
ajowan.

Conclusions: Our results suggested that the application of appropriate concentrations of titanium dioxide
nanoparticles under salinity stress can increase yield and essential oil content of ajowan. However, further
research is needed to confirm these effects at field level.
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