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Introduction

Common bean (Phaseolus vulgaris L.), particularly the pinto bean variety, is a vital legume crop in Iran, prized for its
high protein content and significant role in ensuring food security and improving household nutrition. However, its
productivity is severely limited by environmental stresses and poor soil fertility, especially phosphorus (P) deficiency.
Phosphorus is an essential macronutrient critical for root development, energy transfer, photosynthesis, and flower and
seed formation. In the calcareous soils, P becomes fixed and unavailable to plants, leading to low use efficiency from
conventional fertilizers. Recent innovations in agricultural nanotechnology have introduced nano-phosphorus fertilizers
as a promising solution. These fertilizers, characterized by their ultra-small particle size, high surface area, and
controlled-release properties, enhance P availability, uptake, and utilization efficiency by plants. While the benefits of
nano-P are recognized, a significant research gap exists regarding the field evaluation of genotypic responses of pinto
bean to nano-P fertilization, particularly under the specific ecological conditions of Iran. This study was therefore
designed to bridge this gap by comprehensively assessing the impact of nano-P fertilizer on the yield, its components,
and the seed quality attributes of nine distinct pinto bean genotypes.

Materials and Methods

A field experiment was conducted during the 2020 growing season on a private farm in the Arallou region, Ardabil,
Iran. The experiment was laid out as a factorial arrangement based on a Randomized Complete Block Design (RCBD)
with three replications. The factors consisted of nine pinto bean genotypes (Koosha, Ghaffar, Saleh, Local Ardabil,
Sadri, Talash, and Lines 80, 90, and 16) and three nano-P fertilizer treatments: foliar application at a concentration of
two and one per thousand and an untreated control. The nano-P fertilizer (commercial name: Khazra, 17% P chelate)
was applied at three critical growth stages: stem elongation, pre-flowering, and podding. At physiological maturity,
yield components, including the number of pods per plant, number of seeds per pod, and hundred seed weight, were
measured. Grain yield was calculated and extrapolated to kg per hectare. Collected data were subjected to analysis of
variance (ANOVA) using SAS software, and mean comparisons were performed using Duncan's Multiple Range Test at
a 5% probability level.

Results and Discussion

The results demonstrated significant main effects of both genotype and nano-P fertilizer on all measured parameters.
Foliar application of nano-P fertilizer markedly enhanced overall crop performance. It increased grain yield by 26.4%,
from 1706.7 kg ha™ in the control to 2156.5 kg ha™'in second level of fertilizer. Additionally, the number of pods per
plant, number of seeds per pod, and 100-seed weight increased by 8%, 19%, and 8%, respectively, compared to the
control. Seed nutritional quality significantly improved, with the nitrogen, protein, phosphorus, and potassium content
of seeds in the nano-phosphorus treatment showing a significant increase compared to the control. Significant genotypic
variation was observed. The genotype Talash recorded the highest grain yield (2313.8 kg ha™), primarily driven by a
superior number of seeds per pod (4.68). In contrast, Line 16 presented a balanced and desirable profile with high yield
(2181.2 kg ha™") coupled with exceptional seed quality, achieving the highest seed phosphorus (0.588%) and potassium
(4.46%) content, along with high protein (25.55%). Nano-P application significantly boosted seed nutritional quality.
Seed nitrogen content increased from 3.45% to 3.98%, protein from 21.57% to 24.88%, phosphorus from 0.441% to
0.599%, and potassium from 3.41% to 3.88%. Correlation analysis revealed a strong, positive, and highly significant
relationship between seed nitrogen and protein content, which is biologically expected. A notable negative correlation
between the number of pods per plant and the number of seeds per pod suggests a compensatory trade-off between these
two components. The identification of high-performing and responsive genotypes like 'Talash' and 'Line 16' is crucial
for future breeding programs.
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Conclusion
In conclusion, this study unequivocally demonstrates that foliar application of nano-phosphorus fertilizer is a highly

effective agronomic strategy for significantly enhancing the productivity and nutritional quality of pinto beans. It
effectively mitigates the challenges of phosphorus fixation in calcareous soils. The significant genotypic differences
highlight the importance of selecting appropriate varieties. Genotypes 'Talash' and 'Line 16' are highly recommended
for cultivation under similar conditions due to their outstanding yield and quality characteristics, respectively. The
trade-off between yield components underscores the need for a balanced breeding approach.
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Table 1: Meteorological information of the research site

month TMaximum (°C) TMinimum (°C) Precipitation (mm)
October 19 7 25
November 11 1 33
December 5 -6 32
January 3 -12 36
February 2 -13 32
March 10 -6 23
April 12 -4 20
May 18 3 15
June 23 7 8
July 28 11 4
August 26 14 3
September 22 7 7
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Table 2: Examination of the chemical properties of the farm soil

Soil Texture Clay  Silt Sand Fe K P N EC
%) (%) (%) (ppm) (%) (dS.m")
Sandy loam 32 29 39 4.1 311 12 0.13 1.0
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Table 3: Analysis of variance of the effects of genotype and nano-phosphorus fertilizer on yield, yield components, and
qualitative traits of pinto bean

Mean squares

§.0.v d.f Seed Seed Seed Seed Grain Hundred Number ~ Number
otassium  phosphorus Protein nitrogen yield seed of seeds  of pods
P weight  perpod per plant
replication 2 3227 0.018 20656 5288 2567787  2.898  2.534 2.521
Genotype (A) 8 2.744* 0.016"  88.62" 227"  239973"  16.96™ 1598  7.166™
phosphorus 2 1.138* 0.339"  57.66™  1.46™  2734110" 1248 5479 33202
fertilizer (B)
BxA 16 0.107™ 0.0009™  2.55"  0.06™  39388.3™  3.504™  0.098"  0.962"™
EXerrlrIgfmal 52 0.093 0.0011 3716 0.095  32209.1 5907 0313 1.478
CV (%) - 8.21 7.12 8.11 8.17 93 59 125 6.03

ns, * and **: non-significant, significant at the probability level of p<0.05 and p<0.01, respectively
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Table 4: Comparison of the main effect means of genotype and nano-phosphate fertilizer on yield, yield components,
and qualitative traits of pinto bean

. Seed Seed Seed . Grain Hundred Number Number
Experimental . . Seednitrogen .
treatments potassium phosphorus Protein content (%) yield §eed of seeds of pods
content (%)  content (%) (%) (Kg.ha')  weight (g)  per pod per plant
Koosha 3.01c¢ 0477 ¢ 20.31b 325b 1805.5d 392¢ 3.47 be 20.6 ab
Ghaffar 2.92¢ 0.455¢ 20.5b 328b 1769.7 d 424 a 321cd 20.41 ab
Saleh 4.32 ab 0.554b 2575a 4.12a 1726 d 429a 3.16 cd 19.44 be
Local of ardabil 2.86 ¢ 0473 ¢ 20.62b 33b 1949.1 ¢ 40.4b 4.23 ab 18.4 ¢
Talash 4.05b 0.57 ab 26.12 a 4.18 a 23138 a 38.5¢ 4.68 a 2l a
Line 80 4.27 ab 0.558b 2488 a 398 a 1798.3 d 433 a 2.98d 21.51a
Line 90 4.29 ab 0.582 ab 25.07 a 401 a 17709d 40.65b 3.57 be 18.6 ¢
Line 16 4.46a 0.588 a 2555a 4.07 a 2181.2b 424 a 3.68 bc 20.55 ab
Sadri 2.96 ¢ 0.464 ¢ 20.68 b 331b 19834 ¢ 40.8b 3.62 bc 20.63
Control 341 ¢ 04410 2157 ¢ 345¢ 1706.7 b 39.7b 34b 19.4b
I per 3.6b 0.508 ab 22.87b 3.66b 1796 b 405 3.56b 19.8b
thousand
2 per 3.88a 0.599 a 2488 a 3.98a 2156.5a  427a 4.04a 209a
thousand

* Means in each column followed by similar letter(s) are not significantly different at 5% probability level using
Duncan

Y/q-\> LS)M ‘(M)J Y/qv> )LLP rB)‘ BL 44‘.3 v.:wl:_i
O e LS sdalis (Ao s YY) LaS s(ds s
DL LA &Lv.? M)b i/i-\ g)‘J_..A L: \_\ g)'iy r.;) DL )lJ.&.A

ONjJL‘ st Jﬂ)EMeMw}gdbﬁéu)w 0N

4l ey (5l gioe
2 APl oS 5 Cigs ol LY s mlE Gilles
g b s deoss SOl 3 4l ol (gl s
Slie (S (8 Jsdr) ke amlie Jodr S 4



TAYIA) &l 5 Shae VG L 206 (3, (S 5bay
EA) GO s &l sl o i 5 (LS s (:ijl.:i
(0,5 YNO) oaly T 0T &3 Ao 035 ST A a5
oy onl 53 Vb5 Sas oS s e 0L Sl s
e 3 s D3s SRl B el il sl il S
Ao O35 035 ls 5525 LAy Y 5 A Y wsle B
AS Glyme 5 (o8 800 5 VY s sa) Vbl s
SraS o S (VU sl 5 Jhed 055 50 (s ) 5
o (Trade-off) Jobs adal, & 51 S aS wisls oL
Jolw aes NV oY ) el oo See 5 als cas
YWAVY) s Sl 3 5hee b oS sls 0L [ sl
oo 5 (o 5 Y/8) clia &by 035 (LS s p S5AS
£/¢1 :('f“‘b”v Ao 33 ¥0/00 15 ) YU Jly S (s
el L85 S Olgsas Ll e 5 25 ol en (Ao
e el pan 353 B S B s (alpa Sl
Jyd B OO sl 23l s b sode 5 sl il
S Slgee 5 e s Ll sl Gss b e
bl ol il g8 S 5 s Sles iomb
e 4w Lol P sl &S s e LA S
3G e Sl S5 L S Seds L See) ol

Sy Sose o Ll al 6 S ks

kS S S5 50 Mhes gl o Shas 51 01 Kea 5 lias
Als alty glpes Olpe Sl anils Slps 03 93 Jlie w
OBl s VE s dald [l 4 Cens L e L)
Aas

3ot bl 05503 (ol 5Ll Ladiies ol a8
Skt Jie ol o Gl ly; an g 4 ied Conds
Ol AT S WSeS Qe Cardy B
e €l & OF Jlaml o sBK alor 5 o 5518 Ole san
(Lietal,2022)s 4%

el s e OLES ol 3 plty 55U (glas s
Qs O 5 5 el ol s Jlanl s a.xMSr.:h.J et
LGPl e 5 oy pgee Sands &S e a5 30l
e bl 4 Wl e (Gid el alexD) s L)
Sllas (Nabati ef al, 2024)bebmiy il 5> el
b oty 5 i el 35 o o 8 Llasls OLES 55 (slas 30
Pk Ly rl_s)lj;e 'ng @ Ll e and SIS Sl
S Ll sy g (Deyetal,2021)as KaS &by jole
skt 4 ol Opde FUIS b uonly S 5l S
obe nle 4l cadS s s ,Shes L3jhd LS
o b .(Borges et al., 2022) ol ol cdalie lie

Loyl calies slasles On Solslae slaco sl o J gl

.59_..«:'”@ odal__in ‘;d._:s 9 6.},1‘\.&& Slas J.b )‘ P

Table 5- Correlation analysis among yield and qualitative traits of pinto bean

Number Number

Hundred

Studied traits of pods of seeds seed Gir:llg nifri)e(in Pf(ftee(iln hosse;?)rus
per plant  per pod weight Y & phosp
Seed potassium 0.158™  0.073™  0286° 0213  0942" 0941 0.704™
Seed phosphorus 0.291" 0.241"s 0.409™ 0.455™ 0.697" 0.698™
Seed Protein 0.157" 0.169" 0.229" 0.265™ 0.999™
Seed nitrogen 0.157"s 0.167" 0.229" 0.264"
Grain yield 0.272" 0.721*" 0.664™"
Hundred seed weight 0.386™ 0.122
Number of seeds per 0367
pod )
ns, * and **: non-significant, significant at the probability level of p<0.05 and p<0.01, respectively
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