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Abstract

Background and Objective: Soil salinity is one of the most important abiotic stresses that
restricts plant growth and yield by disturbing ionic balance, reducing water absorption, and
increasing the production of reactive oxygen species (ROS). Rosemary (Rosmarinus officinalis
L.), as a medicinal and aromatic plant, has a high capacity for producing secondary metabolites
such as phenols, flavonoids, and essential oils, which play an essential role in plant defense
against stresses. Recent studies have shown that the application of growth-regulating
compounds such as putrescine (a natural polyamine) and salicylic acid (a key phytohormone)
can enhance plant resistance to unfavorable conditions by stimulating defense pathways and
increasing the production of antioxidant compounds. Therefore, the aim of this research was to
evaluate the effect of biological treatments with putrescine and salicylic acid on rosemary
tolerance to salinity through the induction of secondary metabolites and the improvement of
defense mechanisms.

Methodology: In this study, the effects of putrescine (at concentrations of 0, 0.5, 1, and 2 mM)
and salicylic acid (at concentrations of 0, 0.5, 0.7, and 1 mM) under salinity stress (0, 75, 125,
and 150 mM NaCl) were evaluated on the physiological traits, biochemical parameters, and
metabolite variations of rosemary. The experiment was conducted as a factorial in a completely
randomized design with three replications.

Results: The results showed that with increasing salinity concentration, proline content in the
plant increased significantly. Under salinity stresses of 75, 125, and 150 mM, treatments with
putrescine at 2 mM and salicylic acid at 1 mM increased proline content by 0.138, 0.166, and
0.218 mg g™ fresh weight, respectively, corresponding to increases of 78.98%, 82.53%, and
59.91% compared to the control. In addition, salinity increment caused a significant increase in
carbohydrate content, and putrescine treatment at 0.5 mM under non-stress conditions enhanced
carbohydrate accumulation. Under 75 and 125 mM salinity, the highest carbohydrate content
was observed in the salicylic acid treatment at 1 mM, reaching 3.13 and 3.38 mg g™ fresh
weight, which corresponded to increases of 138.93% and 77.89% compared to the control.
Under 150 mM salinity, the combined treatment of putrescine (0.5 mM) and salicylic acid (0.7
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mM) resulted in the highest proline content (3.3 mg g™). Under non-stress conditions,
putrescine at 0.5 mM increased peroxidase activity by 86.53%. At 75 mM salinity, putrescine at
1 mM enhanced peroxidase activity by 23.47%, whereas at 150 mM salinity, the combined
treatment of putrescine (0.5 mM) and salicylic acid (0.7 mM) increased peroxidase activity by
116.1%. Furthermore, the analysis of defense-related compounds showed that the combined
treatment of putrescine (2 mM) and salicylic acid (1 mM) resulted in the highest rosmarinic acid
content under 150 mM salinity. This treatment also significantly increased terpenoid compounds
such as a-pinene, 1,8-cineole, borneol, and camphor. The increase in 1,8-cineole under this
treatment indicates its positive effect on the synthesis of volatile compounds with antioxidant
and antimicrobial properties.

Conclusion: The findings of this study demonstrated that biological treatments with putrescine
and salicylic acid play a significant role in enhancing the salinity tolerance of rosemary plants.
These compounds improved the plant’s physiological balance under salt stress by increasing the
production of secondary metabolites such as phenols and flavonoids, reducing oxidative
damage, and activating antioxidant-related defense pathways. Therefore, the application of these
treatments can be recommended as an eco-friendly, low-cost, and effective strategy to improve
the tolerance of medicinal and aromatic plants to environmental stresses, especially salinity,
within sustainable agriculture programs and the production of high-value medicinal crops.
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Figure 1. Interaction effects of putrescine treatment at concentrations of (0, 0.5, 1, and 2 mM), salicylic acid at
concentrations of (0, 0.5, 0.7, and 1 mM) and salinity at concentrations of (0, 75, 125, and 150 mM) on proline
content of rosemary. Means with the same letters are not significantly different at the 5% probability level.

Error bars: Standard errors. Pu: Putrescine and SA: Salicylic acid.
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Table 1. Effect of putrescine and salicylic acid treatments on biochemical changes in rosemary (Rosmarinus
officinalis L.) under salt stress

Sources of changes d.f Mean squares

Proline Anthocyanin Carbohydrates Catalase Peroxidase

Putrescine (a) 3 0.00274™ 0.00000653ns 0.548"* 691.63" 0.00589™
Salicylic acid (b) 3 0.00646ns 0.00379™ 0.0483ns 486.40™ 0.00442™
Salinity (c) 3 0.0161" 0.0172* 1.77* 1909.58"* 0.00858™

axb 9 0.0055ns 0.00127ns 0.220ns 521.92" 0.0043*

axc 9 0.00223" 0.00121™ 0.0465* 0.224** 0.00310™

bxc 9 0.00948" 0.00241" 0.310™ 1211.12* 0.00408™

axbxc 63 0.00879"" 0.0047"* 1.32" 821.97" 0.0181"
Erorr. 128 0.000394 0.0000105 0.0717 091 0.0000099

CV (%) - 9.62 3.93 10.41 1.73 1.62

ns, * and ** indicate non-significance and significance at the 5 and 1 percent levels, respectively.
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Figure 2. Interaction effects of putrescine treatment with concentrations of (0, 0.5, 1 and 2 mM), salicylic acid
with concentrations of (0, 0.5, 0.7 and 1 mM) and salinity with concentrations of (0, 75, 125 and 150 mM) on a)
flavonoid content b) anthocyanin of rosemary plant. Means with the same letters are not significantly different at
the 5% probability level. Error bars: Standard errors. Pu: Putrescine and SA: Salicylic acid
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Figure 3. Interaction effects of putrescine treatment at concentrations of (0, 0.5, 1, and 2 mM), salicylic acid at
concentrations of (0, 0.5, 0.7, and 1 mM) and salinity at concentrations of (0, 75, 125, and 150 mM) on the soluble
carbohydrate content of rosemary. Means with the same letters are not significantly different at the 5%

probability level. Error bars: Standard errors. Pu: Putrescine and SA: Salicylic acid.
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Figure 4. Interaction effects of putrescine treatment with concentrations of (0, 0.5, 1 and 2 mM), salicylic acid
with concentrations of (0, 0.5, 0.7 and 1 mM) and salinity with concentrations of (0, 75, 125 and 150 mM) on the
enzyme activity of a) catalase b) peroxidase of rosemary plant. Means with the same letters are not significantly

different at the 5% probability level. Error bars: Standard errors. Pu: Putrescine and SA: Salicylic acid
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Table 2. The interaction effect of putrescine and salicylic acid on metabolic changes in rosemary (Rosmarinus
officinalis L.) under salinity stress levels of 0 and 150 mM

e sle Ol 5 dl Sdaecd s 5 e 5 50 Il 31 =Y S0

Sources of changes d.f Mean
squares
Rosmarinic Caffeic o-pinene 1,8- Cineole Borneol Camphor
acid acid
Putrescine (a) 3 0.00022* 0.010™ 0.0567"" 1.034* 0.045™ 0.0348"
Salicylic acid (b) 2 0.00011* 0.0321™ 1.87" 1.234* 0.11" L
Salinity (c) 1 0.0271" 0.061"* 1.34™ 0.0059"* 0.023* 1.34™
axb 6 0.00321* 0.034" 0.58" 0.00678™" 0.023* 0.0897"*
axc 3 0.0151" 0.127* 0.0456™ 0.00345™ 0.012** 0.0034"
bxc 2 0.0003"* 0.278" 0.0011* 0.00567** 0.038" 0.045™
axbxc 6 0.0421"" 0.451" 0.067" 1.87" 0.046" 0.067"
Erorr. 24 0.000345 0.00012 0.0567 0.00341 0.054"" 0.0124
CV (%) - 1.22 1.87 0.856 0.734 1.11 1.67

ns, * and ** indicate non-significance and significance at the 5 and 1 percent levels, respectively.
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Table 3. Interaction of putrescine and salicylic acid on metabolic changes in rosemary (Rosmarinus officinalis L.)
under salinity stress levels of 0 and 150 mM

Treatment Camphor Borneol Cineole 1,8- o-pinene Caffeic acid Rosmarinic acid
combinations
PuoSaoNo 0.229f 1.10¢ 1.409 0.342 0.167" 3.09
PuoSao.sNo 0.2129 1.21° 2.12¢ 0.881° 0.365% 3.09
PuoSaiNo 0.210¢ 1.26° 2.22¢ 0.8800¢ 0.300° 3.3
Puo.sSaoNo 0.321b¢ 1.26° 2.24¢ 0.845° 0.286° 3.8f
Puo.sSaosNo 0.300° 1.28° 2.40° 0.745¢ 0.275® 3.5f
Puo.sSaiNo 0.334° 1.01¢ 1.904 0.761° 0.453¢ 5.5¢
PuiSaoNo 0.328b¢ 1.10¢ 2.23° 0.654¢ 0.345% 5.0%
PuiSaosNo 0.244¢ 1.22b 2.56° 0.632¢ 0.267¢ 4.89
PuiSaiNo 0.234¢ 1.21b 2.57° 0.600¢f 0.254¢ 4.44
Puz2SaoNo 0.232¢ 1.24° 2.78b 0.564f 0.1819 4.08
Pu2Sao.sNo 0.274¢ 0.978¢ 2.124 0.645¢ 0.490° 6.0
PuzSaiNo 0.263¢% 0.976¢ 1.90¢ 0.612¢ 0.398¢ 5.5¢
PuoSaoN1so 0.212g 0.954¢ 1.459 0.546 0.367¢ 5.2¢
PuoSao.5N1s0 0.278¢ 0.845¢ 2.32¢ 0.512f 0.256° 4.84
PuoSaiNiso 0.273¢ 0.812f 2.78b 0.4539" 0.212f 6.3°
Puo.sSaoN1s0 0.270¢ 0.821f 2.00¢ 0.504 0.543° 6.5P
Puo.5Sa05N150 0.274¢ 0.812f 1.76¢ 0.4779 0.521° 6.0
Puo.sSaiN1so 0.363° 0.674" 1.83¢ 0.432" 0.459¢ 5.6¢
PuiSaoNiso 0.340° 0.683" 1.84¢ 0.412n 0.543° 5.3¢
PuiSao.5N1s0 0.336° 0.573 1.85¢ 0.401' 0.554° 4.84
PuiSaiNiso 0.3912 0.563' 1.67¢ 0.543f 0.6912 4.2¢
Pu2SaoN1so 0.251¢% 0.7419 2.67° 0.841° 0.541° 6.0
Pu2Sao.5N1s0 0.343° 0.843¢ 2.88b 0.871° 0.538° 6.5°
Puz2SaiNiso 0.323% 1.45% 2.962 0.910% 0.476° 6.9
ns, * and ** indicate non-significance and significance at the 5 and 1 percent levels, respectively.
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