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Introduction

The growing global awareness of the environmental and health risks associated with synthetic chemicals has
renewed interest in natural resources for pharmaceuticals, industry, and sustainable dye production. Indigo
(Indigofera tinctoria L.), a member of the Fabaceae family, has re-emerged as a crop of interest due to its dual
medicinal and industrial value. Traditionally cultivated in Iran, indigo leaves yield a stable natural blue pigment
widely used in textiles and cultural heritage preservation. Although synthetic dyes largely displaced indigo in the
nineteenth century, contemporary ecological and economic challenges have revived its importance as an eco-
friendly alternative. Indigo thrives in warm, frost-free environments but is highly sensitive to both cold and heat
stress, particularly during reproductive development. In semi-arid regions such as Shushtar County, Khuzestan
Province (Iran), high summer temperatures, soil salinity, and water scarcity impose major constraints on
cultivation. Sowing date and plant density are key agronomic factors that determine how crops adapt to these
stresses by influencing phenological development, reproductive success, and resource use efficiency. This study
aimed to assess the effects of sowing date and plant density on reproductive traits and seed yield of indigo under
semi-arid conditions to identify optimal management strategies for sustainable production.

Materials and Methods

Two field experiments were conducted over two consecutive seasons (2022-2023) at distinct sites: Shahid
Bahonar Agricultural School (Year 1) and Shahid Sharafat Greenhouse Complex (Year Il). Both experiments
employed a split-plot design within a randomized complete block design (RCBD) with three replications.
Sowing date was assigned to main plots, and plant density to subplots. In 2022, six sowing dates (April 29, May
19, June 8, June 28, July 18, and August 7) were evaluated in combination with four plant densities (30, 40, 50,
and 60 plants m-2). Late sowings (July—August) performed poorly and were excluded in 2023, when only the first
four dates were tested with the same densities. Seeds of the local Jiroft ecotype, known for resilience in arid
environments, were sown directly in sandy loam soils. Initial soil analysis in 2022 indicated alkaline conditions
(pH 7.56, EC 2.04 dS m-1), which improved in 2023 (pH 7.18, EC 1.59 dS m-1). After thinning at the 3—4 leaf
stage, stands were adjusted to target densities, and manual weeding was conducted throughout the season.
Standard agronomic practices were followed, including furrow irrigation and basal fertilization with urea,
diammonium phosphate (DAP), and potassium sulfate. Measured traits included pods per plant, seeds per pod,
thousand-seed weight (TSW), and seed yield (g m-2). Grain yield was harvested from the central subplot area to
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avoid border effects. Data were analyzed using ANOVA, least significant difference (LSD) test at 5%
probability, correlation analysis, and interaction analyses with SAS v9.4 and SPSS v26.

Results and Discussion

Sowing date imposed a much stronger effect than plant density on reproductive performance and yield (p<
0.01). The earliest sowing date (April 29) consistently produced the highest yields: 105.3 g m~2 in 2022 and
114.2 g m~2in 2023. In contrast, the latest sowing (August 7) yielded only 47.5 g/m?, representing more than a
50% reduction. Delayed sowing after mid-July exposed plants to severe heat stress during flowering and pod
filling, shortening the growing period and sharply reducing reproductive output. Plant density significantly
interacted with sowing date (p< 0.05). Medium density (40 plants m-2) maximized yield by balancing efficient
resource use with minimal competition. Higher densities (>60 plants m2) intensified intra-specific competition,
reducing yield by 10-12%, particularly under late sowing. Conversely, very low densities (<30 plants m-2)
underutilized available resources. Among yield components, pods per plant showed the greatest sensitivity.
Under optimal conditions (early sowing, 40 plants m-2), plants produced up to 126 pods, but this decreased by
45% with late sowing due to heat-induced pod abortion. Seeds per pod also declined sharply (from 9.8 under
early sowing to 5.9 under late sowing), reflecting high-temperature stress during pollination and seed set. In
contrast, TSW remained stable (4.42-4.59 g) across treatments, indicating strong genetic control and limited
responsiveness to environmental or management factors. Correlation analysis confirmed that seed yield was
strongly associated with pods per plant (r= 0.94) and seeds per pod (r = 0.87), whereas TSW had only a weak
relationship (r = 0.32). Thus, reproductive structure abundance was the primary driver of yield variability. Year-
to-year comparisons demonstrated notable improvements in 2023. Reduced soil salinity (EC decline from 2.04 to
1.59 dS m™) and lower pH enhanced nutrient uptake and physiological efficiency, supporting greater pod and
seed set. Additionally, exclusion of late sowing dates in 2023 minimized exposure to extreme heat stress, further
improving performance relative to 2022.

Conclusion

The results highlight the decisive role of sowing date in determining reproductive performance and yield of
Indigo under semi-arid conditions. Early sowing (April 29) combined with moderate density (40 plants m-2)
consistently improved vyield and reproductive efficiency, while delayed sowing and high densities markedly
reduced performance. The year-to-year improvement further demonstrated the positive contribution of enhanced
soil quality to reproductive success. Overall, this study emphasizes that precise agronomic management—
particularly early sowing and optimal density—ensures stable and sustainable indigo production in hot, stress-
prone environments. Given the growing global demand for natural, eco-friendly dyes and medicinal plants, these
findings provide a strong scientific basis for the revival and expansion of indigo cultivation in Iran and similar
semi-arid regions.
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Figure 1- Morphology of reproductive parts in indigo (Indigofera tinctoria L.): (a) Inflorescence, (b) Pod, (c) Seed
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Figure 7- Correlation network among reproductive traits
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Table 3- Analysis of variance for the effects of plant density and sowing date on reproductive traits of indigo (2022)
Slayo ke
Mean of squares
Olpds gie o351 dnyd  ild 3 Shos &l )5 39 SHYE 4> il Gy yd BN
S.0.vV df Seedyield Thousand seed weight  seeds per pod Pods per plant
S5k 2 185 ns 0.002 ns 0.15ns 12.5ns
Block
cusls g, % Tk Kk
Planting date (T) 5 2850 0.008 ns 2.8 210
kol o8 las
Main plot error (Ea) 10 8 0.003 0.18 148
5l 3 980** 0.005 ns 1.5%* 95%
Density (D)
TxD 15 320%* 0.002 ns 0.45* 32%*
Aoy sl
36 75 0.002 0.16 12.0
Subplot error (Eb)

(p <0.01) 2o p> S oy Yl gime 7 (P < 0.05) sy iy zebas )3 4l3 ime =
. Significant at the 5% level (p < 0.05), **: Significant at the 1% level (p < 0.01)(
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Table 4- Analysis of variance for the effects of plant density and sowing date on reproductive traits of indigo (2023)
Slaryo le
Mean of squares

Ol gt g (831 dayd aild 3,5los U S YLy Al digy ,5 AV
S.O.v df Seedyield  Thousand seed weight  Seeds per pod Pods per plant
ok 2 210 ns 0.002 ns 0.14 ns 13.2ns
Block
WK &b 3 3100** 0.007 ns 3.2%* 235**
Planting date (T)
| & s
teles s 90 0.003 0.19 15.5
Main plot error (Ea)
‘”_Sl’s 3 1150** 0.005 ns 1.8%* 110**
Density (D)
TxD 9 350** 0.002 ns 0.52* 38**
e ef sl 24 80 0.002 0.17 135
Subplot error (Eb)

(P <0.01) s> K o y3 s gize 7« (P < 0.05) o> gty oo jd Iy gino
. Significant at the 5% level (p < 0.05), **: Significant at the 1% level (p < 0.01)(
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Table 5- Mean comparison of the simple effect of sowing date (+ standard error) on reproductive traits (2022)

Cuils g 5 S ONes s 5 09 G s Wiy, Y
Planting date Seed yf Id Thousand seed weight Seeds per pod  Pods per plant
(gm?) (9)
SV o743 4.53+0.04 9.1+0.3 115+ 4
March 30
S VU g0 136 451 +0.04 8.7+023 109 +4
April 19
3,5 A 82.0 £3.4 4.49 +0.04 8.3+03 103 +4
May 8
Y 70.0+2.9 4.47 +0.04 75+0.3 95+ 3
June 28
» 58.3+ 2.4 4.45+0.04 6.7+0.2 85+3
July 17
|
b V7 475+2.0 4.42+0.04 58+0.2 79+3
August 7
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Table 6- Mean comparison of the simple effect of sowing date (+ standard error) on reproductive traits (2023)

Cuil b il a,Sles I3 132 o339 SHE ppdils g ps IS
Planting date Seed yield (g m?) Thousand seed weight (g) Seeds per pod Pods per plant
<Rt 018443 4,56 +0.04 93+03  123%5
March 30
" “:;)l 4 98.2+ 4.0 455+ 0.04 8.9+0.3 115+4
April 19
3,5 WA 924+38 4.53+0.04 8.5+0.3 109+4
May 8
»V 77.5+3.2 4.50 +0.04 7.8+0.3 99 +4

June 28
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Table 7- Mean comparison of the simple effect of plant density (+ standard error) on reproductive traits (2022)

oSl > Slas 5,152 09 BYE 3y aig 40 BIE
Density  Seed yield Thousand seed weight ’ #)
(plants per m?) (gm?) © Seeds per pod Pods per plant
30 725+ 3.0 4.51 +£0.04 8.0£0.3 102+4
40 85.3+3.5 4.53 £ 0.04 85+0.3 106 £ 4
50 78.9+3.3 4.50 £ 0.04 8.0+0.3 100+4
60 70.8+29 4.47 £0.04 7.4+£0.3 933

(VFY) ouiv); lauo g (3 aibins] glasd £) 051,53 3k 51 puSilae duns o —A Jou
Table 8- Mean comparison of the simple effect of plant density (+ standard error) on reproductive traits (2023)

s ,3 &l 3 Slos s 5152 &5 AU ally gy S
Density  Seed yield Thousand seed weight s .1 oo nod Pods per plant

(plants per m?)  (g/m?) (9)
30 82.7+3.4 4.53+£0.04 8.4+£0.3 110+ 4
40 96.5+4.0 4.56 £ 0.04 8.9+£0.3 114 +4
50 89.6 £3.7 453 +0.04 8.4+0.3 108 +4
60 80.5+£3.3 450 +0.04 7.8+0.3 100+ 4

(YFY) iy ©liuo (3 )it gladd) ColilS g U g o515 biliie 51 (il du o -4 Joua
Table 9- Mean comparison of the interaction effect of plant density and sowing date on reproductive traits (2022)

st &) Di,s);[y :;:;)?;; Thou:;:(;l;:e‘;)v’vei ht Sl g S

Planting date (plants per m?) (g rr);'z) ©) IM Seeds per pod Pods per plant
30 925+3.8 4.55 + 0.04 9.1+£0.3 120+5
Caigsd)) & 40 105.3+4.3 4.56 + 0.04 9.4+0.3 1185
March 30 50 97.8+4.0 4.53+0.05 8.9+0.3 114+ 4
60 87.2+3.6 4.49 £0.05 8.1+0.3 106 £ 4
30 86.4+ 3.6 4,53 £0.05 8.7+0.3 1145
Cudgud,) YA 40 96.0+4.0 4,55 +0.05 9.0+£0.3 112+4
April 19 50 89.3+3.7 4.51+0.05 85+0.3 108+ 4
60 80.7+3.3 4.47 £0.05 7.7+£0.3 100+ 4
30 80.2+3.3 4,51 +0.05 8.1+0.3 108+ 4
s> A 40 89.3+3.7 4,53 £0.05 8.4+0.3 106 +4
May 8 50 83.1+3.4 4.49 £0.05 79+0.3 102+4
60 75.0+3.1 4.45 +0.05 7.1+£0.3 94 +3
30 68.5+2.8 4.48 £0.05 7.3+£0.3 100+ 4
Y 40 76.2+3.2 4,50 £ 0.05 76+0.3 98+ 4
June 28 50 709+2.9 4.46 £ 0.05 7.0+£0.3 94 +3
60 64.0+2.7 4.42 £0.05 6.2+0.2 86+ 3
30 57.1+2.4 4.46 £ 0.05 6.4+0.2 90+3
WYY 40 63.5+2.6 4.48 £ 0.05 6.7+0.3 88+3
July 17 50 59.1+25 4.44 +£0.05 6.1+£0.2 84+3
60 53.4+22 4.40 £0.05 54+0.2 76+ 2
30 465+1.9 4.43 +£0.05 58+0.2 84+3
a0 V5 40 51.7+21 4.45 + 0.05 6.1+0.2 82+3
August 7 50 48.1+20 4.41+0.05 55+0.2 78+3

60 435+18 4.37£0.05 4.8+0.2 70+2
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Table 10- Mean comparison of the interaction effect of plant density and sowing date on reproductive traits (2023)

el g TF abaSle Wb Gy sy ot
Planting date Density  Seed yield Thousand seed WelghtSeeds er pod Pods per plant

9 plants per m?)  (gm?) (9) perp perp
30 102.7+£4.2 458 +0.04 9.5+0.3 128+5
Cadgd) A 40 1142+ 4.7 459 +0.04 9.8+0.3 126 £5
March 30 50 106.3+4.4 4.56 = 0.05 9.3+0.3 122+ 4
60 96.1+4.0 452 +0.05 8.5+0.3 114+ 4
30 96.2+4.0 4.56 = 0.05 9.1+0.3 120£5
Cudgd)l YA 40 107.0+x4.4 4.58 +0.05 9.4+0.3 118+5
April 19 50 99.6+4.1 4.54 +0.05 8.9+0.3 114+ 4
60 90.0+£ 3.7 4.50 = 0.05 8.1+0.3 106 +4
30 90.5+£3.7 4.54 +0.05 8.7+0.3 114+ 4
A5 40 100.7+£4.2 4.56 = 0.05 9.0+0.3 112+ 4
May 8 50 93.7+£3.9 452 +0.05 85+0.3 1084
60 84.7+£35 4.48 +0.05 7.7+0.3 100+ 4
30 76.0+£3.1 451 +0.05 7.9+0.3 104+ 4
Y 40 84.5+£35 453 +0.05 8.2+0.3 1024
June 28 50 78.7+£3.3 4.49 +0.05 7.6+0.3 98+4
60 71.1+£3.0 4.45 +0.05 6.8+0.3 90+3
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