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Abstract

Indigofera tinctoria L. is one of the most important natural dye-producing plants worldwide, with
extensive applications in the textile and pharmaceutical industries. Given the significant role of agronomic
practices in enhancing both the quantitative and qualitative performance of this species, the present study
was conducted in the spring and summer of 2023 in Shushtar, Iran, using a split-plot design based on a
randomized complete block design with three replications. The objective was to evaluate the effects of
different nitrogen fertilizer rates (25, 50, 75, and 100 kg ha™) and plant densities (30, 40, 50, and 60 plants
m~2) on photosynthetic traits—including chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids—
and the content of the secondary pigment indigo carmine. Analysis of variance revealed that nitrogen levels
and plant density had significant effects on all photosynthetic traits and indigo carmine content at the 1%
probability level. Furthermore, the interaction between nitrogen and plant density was significant at the
5% level. Increasing nitrogen application significantly improved all photosynthetic pigments and enhanced
the accumulation of indigo carmine. The highest values of chlorophyll a (1.85 mg g™"), chlorophyll b (0.73
mg g™'), total chlorophyll (2.58 mg g™), and indigo carmine content (0.81%) were recorded under the
combined treatment of 75 kg ha™ nitrogen and a plant density of 30 plants m™2. Moreover, the combination
of 75 kg ha™ nitrogen and 40 plants m™ yielded the highest indigo carmine production (5.75 g¢ m™2), which
was considered optimal in terms of yield. A strong and significant positive correlation was observed
between photosynthetic parameters and indigo carmine content (R = 0.91), indicating a direct role of the
photosynthetic apparatus in the biosynthesis of secondary metabolites. Overall, the integrated treatment of
75 kg ha™ nitrogen and a planting density of 30—40 plants m™ is recommended as the most favorable
strategy for balancing product quality and yield, and represents an optimal cultivation model for indigo

production in similar agro-climatic regions.
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Figure 1: Reproductive and vegetative organs of the indigo plant
a: leaf, b: pod, c: seed, d: inflorescence
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Figure 2: Chemical structure of indigo carmine
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Figure 3: Average minimum and maximum temperatures and rainfall in 2023 in Shushtar County
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Table 2. Physical and chemical properties of soil before planting (0-30 cm depth) in the second year
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Table 2: Analysis of variance of the effect of nitrogen fertilizer and density on the quality traits of indigo plants
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Table 3: Comparison of the mean simple effect of nitrogen fertilizer levels on qualitative traits
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Table 4: Mean comparison of the simple effect of planting density on qualitative traits
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Carotenoids Indigo carmine Content  Indigo carmine ~ Total Chlorophyll ~ Chlorophyllb  Chlorophyll a Density
Carotene (mg/g) (g/m?) (%) (mg/g) (mg/g) (mg/g)  lants per m’)
Chlorophyll Ratio

0.18 £ 0.01¢ 0.49 +0.02a 3.86 +0.15b 0.79 +0.02a 2.52+0.10a 0.71 +0.03a 1.81+0.07a 30
0.20£0.01b 0.46 +0.01a 548 +0.21a 0.76 + 0.02a 2.46 +0.10a 0.69 + 0.03a 1.77 £ 0.07a 40
0.22+0.01a 0.43+0.01b 451+0.17a 0.73 +0.01b 2.38 +0.09b 0.66 + 0.03b 1.72 + 0.06b 50
0.24+0.01a 0.40 +0.01c 3.56+0.14b 0.70 +0.01c 2.28 +0.08¢c 0.62 +0.02¢ 1.66 = 0.05¢ 60
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The presence of similar letters in each column indicates no significant difference at the 5% statistical level
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Table 5: Mean comparison of the interaction effect of nitrogen levels and planting density on qualitative traits
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A 258 o tenoids Indlgo ctarr{une Indigo carmine Cthotalh 1 Chlorophyllb  Chlorophyll a Density Nitrogen
Chlo(r:(?;ﬁtyirl];atio (mg/g) (gjlme;)l (%) (lonrg/%)y (mg/g) (mg/g) (plants perm?)  (Kg/ha)

0.19+0.01a 0.47 £ 0.02d 3.50 +0.14d 0.77 £ 0.02d 2.44 £ 0.09d 0.69 +0.03d 1.75 +0.07d 30

0.21 £0.01a 0.44 +0.02d 5.10+0.20¢c 0.74 +0.02d 2.38 +£0.09d 0.67 +0.03d 1.71 £ 0.07d 40 25

0.23+£0.01b 0.41 £0.01e 4.20=+0.16d 0.71 +£0.01e 2.30 £ 0.08e 0.64 = 0.03¢ 1.66 £ 0.06e 50

0.25+0.01b 0.38 £ 0.01e 3.30+0.13¢e 0.67 +0.01e 2.20+0.07e 0.60 £+ 0.02¢ 1.60 £+ 0.05¢ 60

0.18 £ 0.01a 0.48 £ 0.02¢ 3.75+0.15¢ 0.79 £0.02¢ 2.51£0.10c 0.71 £ 0.03¢c 1.80 £ 0.07¢ 30

0.20+0.01a 0.45 +0.02¢ 545+0.21b 0.76 +0.02¢ 2.45+0.10c 0.69 + 0.03¢ 1.76 £ 0.07¢ 40 50

0.22+0.01b 0.42 +0.01d 4.45+0.17¢ 0.73 +£0.01d 2.37 £ 0.09d 0.66 + 0.03d 1.71 £ 0.06d 50

0.24+0.01b 0.39+£0.01d 3.50+0.14d 0.69+0.01d 2.27+0.08d 0.62 +0.02d 1.65+0.05d 60

0.17+0.01a 0.50 £ 0.02b 3.95+0.16b 0.81 £0.02b 2.58£0.11b 0.73 £0.03b 1.85+0.08b 30

0.19+0.01a 0.47 £0.02b 5.75+0.22a 0.78 £ 0.02b 2.52+0.11b 0.71 £0.03b 1.81 £0.08b 40 75

0.21 £0.01a 0.44+0.01c 4.75 +0.18b 0.75+0.01c 2.44 +0.10c 0.68 + 0.03¢ 1.76 £ 0.07¢ 50

0.23 +£0.01b 0.41 +£0.01c 3.80+0.15¢ 0.71 +£0.01c 2.34 +0.09¢ 0.64 +0.02¢ 1.70 + 0.06¢ 60

0.18+0.01a 0.49 +0.02a 3.84 +0.15a 0.80 + 0.02a 2.54+0.11a 0.72 +0.03a 1.82 +0.08a 30

0.20+0.01a 0.46 £ 0.01a 5.62+0.21a 0.77 £ 0.02a 2.48£0.10a 0.70 = 0.03a 1.78 £ 0.07a 40 100

0.22+0.01b 0.43+£0.01b 4.62+0.18a 0.74+£0.01b 2.40 £+ 0.09b 0.67 = 0.03b 1.73 £ 0.06b 50

0.24 +0.01b 0.40+0.01b 3.62+0.14a 0.70 +£0.01b 2.30 £ 0.07b 0.63 +0.02b 1.67 +0.05b 60

el 00,0 0 )bl mhaw [ jls e BB 0525 pae dljie 4 i ;B 50 aline By > 52
The presence of similar letters in each column indicates no significant difference at the 5% statistical level
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Figure 4: Correlation (Pearson coefficient) between qualitative attributes
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