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Introduction

To investigate the effect of water deficit stress and seed priming treatments with zearalenone (ZEN) and
nanozeolite (NZ) injection on germination components, initial growth, and physiological and morphological
indices of arugula or rocola (Eruca sativa L.), a factorial experiment was conducted in a split-plot design with
three replications in the research greenhouse of Shahid Bahonar University of Kerman. The main treatment
consisted of two irrigation levels (full irrigation equivalent to 100% field capacity and water deficit stress
equivalent to 70% field capacity). The sub-treatments included seed priming with two concentrations of
zearalenone (60 and 120 microliters per liter), injection of two levels of ZEN (1.5 and 3 milligrams per
kilogram of soil), and a control treatment (no treatment). Arugula is a Mediterranean leafy vegetable with
high nutritional value, rich in antioxidants, vitamins A, C, K, and calcium. Under water deficit stress, it
experiences reduced germination, leaf area, biomass, and yield. Drought stress disrupts physiological
processes, increases reactive oxygen species (ROS), and reduces photosynthesis, thereby threatening food
security. Zearalenone, a mycotoxin with plant growth-regulating properties (gibberellin- and auxin-like), and
nanozeolite, due to its porous structure and high cation exchange capacity, have the potential to improve plant
tolerance to abiotic stresses. This study aimed to evaluate the effects of these novel compounds on the
germination and initial growth parameters of arugula.

Methods

The research was conducted in 2023-2024 (1402) in a greenhouse with day/night temperatures of 27/15°C,
using a growing medium composed of cocopeat, perlite, peat moss, and bentonite. F1 arugula seeds were sown,
and stress was applied from the day after sowing. Treatments included seed priming with ZEN and nanozeolite
injection into the soil. Measured parameters included germination percentage (on days 3 and 6), mean
germination time (MTG), seedling vigor index, initial and final leaf area, stem length, shoot dry weight, fresh
and dry root weight, leaf proline content, and vegetative yield. Statistical analysis was performed using the split-
plot design and LSD test.

Results and Discussion
The results of this study showed that the zearalenone treatment at 120 microliters per liter produced the
shortest time to reach maximum germination percentage under both irrigation conditions (100% and 70% field
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capacity) (2.4 days). This treatment also recorded the highest germination percentage on the third and sixth days
after sowing under full irrigation (100% field capacity). Regarding seedling growth indices, the 120 pl/L
zearalenone treatment recorded the highest seedling vigor index (4.67) and the greatest initial leaf area (34.7
cm?). The final leaf area was affected by the interaction of irrigation and treatments, with the highest value (86.7
cm?) observed under full irrigation combined with 120 pl/L zearalenone. Under water deficit stress (70% field
capacity), the 1.5 mg/kg nanozeolite treatment performed best and produced the highest final leaf area (86.5
cm?). Stem length was significantly affected by the treatments, with the greatest stem length (13.03 cm) obtained
under normal irrigation and 120 pl/L zearalenone. The interaction effect of irrigation and treatments on shoot dry
weight was also significant. The highest shoot dry weight was recorded under 100% field capacity irrigation with
120 pl/L zearalenone (470 mg), followed by the 3 mg/kg nanozeolite treatment (461 mg). The results are
consistent with previous studies showing that ZEN improves PSII photochemical activity, membrane integrity,
and antioxidant metabolism, while NZ reduces the effects of drought stress by increasing soil water and nutrient
retention. The positive interaction of these treatments with irrigation levels confirms their potential for use in
sustainable agriculture. The increase in proline highlights its protective role in osmotic regulation and reduction
of oxidative damage.

Conclusions

Seed priming with zearalenone, especially at 120 microliters per liter, along with nanozeolite application,
accelerates the germination process, improves seedling vigor and vegetative growth indices, and mitigates the
negative effects of water deficit stress in arugula. These compounds, as novel biological strategies, are
suitable options for managing drought stress in leafy vegetables in arid and semi-arid regions. Future field
studies are recommended to confirm these results.

Keywords: Zearalenone, seedling vigor index, Rocola dayton, proline, Nano zeolite.
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Table 1. ANOVA results for the effects of treatments on measured traits in arugula

MS

S.0v df ~Maximum — Emergence  Emergence Seedling  Primary Leaf  Final Leaf

Germination ~ Percentage  Percentage Vigor Index Area Area

Time at day 3 at day 6
Irrigation Error 1 0.533™ 10.800 ™ 40.833 ™ 0.833 * 13.333 "™ 83.333™

Chemical Treatment 4 0.033 0.100 5.833 0.033 163.333 23.333
Irrigation x Treatment 4 21.250 ** 34.467 ** 75.000 * 6.700 ** 580.000 * 447.083 **
Treatment Error 4 0.117 "™ 0.967 ™ 78.333 ™ 1.000 ™ 113.333™ 243.750 **

Total 16 0.608 0.692 57.917 0.450 96.667 24.167

29
Cc.v 6.71 12 7.94 8.46 11.43 6.30

Hlo o WS pue s g 7.0 gdaw j0 Hlo Smott L) gdaw jo 410 Semositsi
** = Significant at p < 0.01; * = Significant at p < 0.05; ns = Non-significan
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Table 2. Comparison of the average independent effects of nanozeolite and zearalenone treatments on arugula traits

Maximum Emergence Seedling Vigor Leaf proline content
Treatments Germination Percentage Iné’ex g Primary Leaf Area ( r%ol 1EW)
Time at day 15 H 9
Control 6.67 £0.21a 4583 +3.28¢C 2.33+0.21b 2553+1.12¢c 0.35+0.03d
ZEN 60 6.33+0.62 a 48.33+1.67¢C 2.67+0.33b 29.88+191b 0.44 £0.02 cd
.ZEN 120 240+0.13¢ 89.17+3.28a 4.67+0.33a 3470+0.73a 0.48 +0.06 bc
NZ 1.5 475+0.36b 81.67+5.45b 417 +0.17a 32.52+0.86 ab 0.54 £ 0.05 ab
NZ 3 2.83+0.17¢c 82.33+3.09b 433+0.33a 33.10+0.57 ab 0.60 £0.08 a

A 1) b 50 LSD duno Lo ,_',5.0)"[ bl 1510 S wiglai glyls I il gy ly10 s Sl

.Means with common letters are not significantly different based on the LSD comparison test at the 1% level

Yo59) Olho p el ) 9 Cadgiipb Hlowd Jsmo Ol 1 puSlen dumg lio -F Jgur

Table 3. Comparison of the average independent effects of nanozeolite and zearalenone treatments on arugula traits

Leaf proline content (umol g™

Treatments Seedling Vigor Index FW)
FC 70% 3.47+0.36 b 0.39+£0.02b
FC 100% 3.80+0.22a 0.57+£0.04a

A 1) b 50 LSD duns Lo ,_',5.0)"[ bl 1510 S wiglai glyls I il gy (5ly10 s Sleo

.Means with common letters are not significantly different based on the LSD comparison test at the 1% level.
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Table 4. Results of analysis of variance of the effect of treatments on measured traits in arugula

MS
S.O.Vv. df Stem Plant dry Root fresh Rootdry — Vegetative .
length weight weight weight yield
Irrigation levels 1 8.321 ** 0.480 ™ 4332 * 0.069 ™ 378753 *  83.333 **
Irrigation error 4 0.004 5.308 0.084 0.007 171.63 23.333
Treatments 4 5.403 ** 24,317 * 0.263 * 0.06 ** 12804.61 ** 447.083 **
Irrigation levels 4 2575% 15.604 * 0.239 * 0.012* 3721450 ** 243750 "™
xTreatments
Treatment error 16 0.306 3.968 0.034 0.003 145.00 24.167
Total 29
C.V (%) 4,97 2.29 10.18 11.84 3.34 6.30

HloSmo WS pue ns g 7.0 gdaw j0 Hlo Smott L) gdaw jo 10 Srositii
** = Significant at p < 0.01; * = Significant at p < 0.05; ns = Non-significan
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Table 5. Comparison of the average effects of irrigation treatments and materials on the physiological characteristics of arugula

Treatments . Stem Eg‘_ﬁg%ﬁg&g Pl_ant dry Ro<_)t fresh Vegetativze yield Final Iea12f area
ength (cm) at day 3 Weight (mg) weight (g) (g m°) (cm?)

Control 1050+ 0.21de 51.67+449c 240.00£0.00d 150+0.00cde 377.33+4.42e 60.00+0.00d

ZEN 60 1150+ 042bc 50.00+0.00c 430.00+3.46b 1.10+0.05e 398.67+055c 81.67+139Db

15(():% *ZEN 120 13.03+0.38a 91.67+6.12a 475.67+3.83a 117+0.03de 391.33+6.23d 86.67+3.40a

NZ 1.5 11.87+048b 70.33+340b 37065+1.76c 150+0.00cde 359.67+9.85f 80.00+294b

NZ 3 1143 +0.18bcd 78.00+5.88b 461.00+1.18a 1.87+0.03abc 453.00+19.18a 80.00+2.94b

Control 850+0.00f 40.00+0.00e 210.67+0.68e 1.73+0.03bcd 251.33+3.74j 73.33+3.40c

ZEN 60 11.73+0.54bc  46.67£3.40d 250.67+2.38d 233x0.12ab 288.00x1.02i 60.00+0.00d

7';%:/0 *ZEN 120 10.20+0.00e 86.67+3.40a 388.67+1.36c 2.23+0.07ab 313.67+£3.34h 80.00+0.00b

NZ 1.5 11.77+£0.32bc 70.00+0.00b 350.67+272c 220+0.3lab 348.67+3.74g 80.67x3.40b

NZ 3 10.87 £0.09 cde 86.67+3.40a 380.67+1.89c 243+0.09a 423.00£8.67b 81.67+449b

s 7Y ek 53 LSD g lio 4037 wlw! y9 Sl smo wglds glyls & pio Bgyo (5ly10 B Sleo

Means with common letters are not significantly different based on the LSD comparison test at the 1% level.
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