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Abstract

Phosphorus (P) deficiency is amajor constraint limiting productivity of Indian mustard (Brassica juncea L. Czern &
Coss.). The present study was conducted to assess phenotypic variability and phosphorus use efficiency (PUE) in a
Diversity Fixed Foundation Set (BjDFFS) comprising 280 genotypes under three phosphorusregimes, viz., control (0 kg
P,O,ha?), low phosphorus (15 kg P,0_ ha) and normal phosphorus (30 kg P,O,ha?) at PAU, Ludhianain an alphalattice
design with two replications. Analysisof variance revealed highly significant differences among genotypes, phosphorus
levelsand their interactionsfor most yield and yield-rel ated traits. Mean seed yield per plant increased from 7.30g under
control to 8.61g under normal phosphorus, while number of siliquae on main shoot increased from 28.84 to 39.47,
indicating strong responsiveness to phosphorus supply. High variability was observed for seed yield and branching
traits, suggesting scopefor selection. Genotypes such asRGN-48, RB-50, CN-101846 and DINGAHINI exhibited superior
performance under low phosphorus conditions. The study highlights substantial genetic variability and identifies
promising genotypes for improving phosphorus use efficiency and devel oping nutrient-efficient mustard cultivars.
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I ntroduction

Indian mustard (Brassica juncea L. Czern & Coss.) isa
pivotal oilseed cropscultivated in South Asiaand several
other regions of the world. It plays a crucia role in the
edible oil economy and contributes significantly to global
vegetable oil and protein meal production. In India,
Rapeseed-mustard crops occupy nearly 9 million hectares
with an annual production exceeding 13 million tonnes,
making the country the third-largest producer globally
(DRMR 2023). Among the cultivated Brassicaspecies, B.
juncea (2n = 4x = 36; genomeAABB) isthe predominant
species grown in India because of its wide adaptability
to diverse agro-climatic conditions, particularly semi-arid
and subtropical environments. However, despite its
economic importance and expanding cultivation area, the
productivity of Indian mustard remains considerably lower
than itsgenetic potential dueto multiple biotic and abiotic
constraints, including nutrient deficiencies and poor soil
fertility. Among essential plant nutrients, phosphorus (P)
isoneof themost critical macronutrients regulating plant
growth and productivity. Phosphorus playsafundamental
role in several physiological and biochemical processes

such as energy transfer through ATP, nucleic acid
synthesis, membrane integrity, photosynthesis, signal
transduction, and root development (Marschner 2012).
Adeguate phosphorus nutrition istherefore essential for
optimal vegetative growth, reproductive development,
and seed formation. However, phosphorus availability in
agricultural soilsisoften limited duetoitsstrong fixation
with calciumin alkaline soilsand with iron and aluminum
oxides in acidic soils, which significantly reduces its
bioavailahility to plants (Vance et al., 2003). Asaresult,
phosphorus deficiency has emerged as one of the major
constraints affecting crop productivity worldwide.

Plants have evolved a range of morphological,
physiological and molecular adaptations to cope with
phosphorus deficiency. These adaptive responsesinclude
modifications in root system architecture, enhanced
secretion of organic acids and phosphatases, increased
expression of phosphate transporter genes, and efficient
internal recycling of phosphorus within plant tissues
(Hammond et al., 2009; Lopez-Arredondo et al., 2014).
Collectively, these mechanisms contributeto phosphorus
useefficiency (PUE), which refersto the ability of plants



148 Journal of Qilseed Brassica, 17 (2) July, 2026

to produce greater biomass or grain yield per unit of
phosphorus absorbed or available in the soil. Improving
PUE has become an important objective in crop
improvement programs because phosphatefertilizersare
derived from finite phosphate rock reserves and their
excessive use can lead to environmental degradation
(Cordell et al., 2009). Genetic improvement of cropsfor
enhanced phosphorus use efficiency largely depends on
theavailability of genetic variability withinthe germplasm.
Diverse germplasm collections provide valuable genetic
resources for identifying traits associated with nutrient
uptake efficiency and utilization. Estimation of genetic
parameters such as phenotypic and genotypic
coefficientsof variation, heritability, and genetic advance
provides important insights into the inheritance pattern
of agronomic traits and their potential response to
selection. Traitsexhibiting high heritability coupled with
substantial genetic advance are generally governed by
additive gene action and can be effectively improved
through phenotypic selection (Falconer and Mackay,
1996). In Brassica crops, considerable genetic variation
has been reported for yield and its associated traits,
suggesting significant opportunities for improving
productivity through targeted breeding strategies.
Nevertheless, information regarding phenotypic
variability and genotype x phosphorus interactions in
diversendian mustard germplasm remainslimited.

The Brassica juncea Diversity Fixed Foundation Set
(BjDFFS) represents a valuable genetic resource
comprising historical cultivars, exotic accessions,
resynthesized lines, and introgression materials with a
broad genetic base. Evaluation of such diversity panels
provides an excellent opportunity to explore genetic
variability for nutrient use efficiency and yield-related
traits. Understanding the extent of phenotypic variation
and genetic parameters under different phosphorus
regimesisessential for identifying phosphorus-efficient
genotypes and designing effective breeding strategies.
Therefore, the present investigation was undertaken to
evaluate phenotypic variability and genetic responses
associated with phosphorus use efficiency in adiversity
fixed foundation set (BjDFFS) of Indian mustard. The
findingsof thisstudy will provideinsightsinto thegenetic
architecture of phosphorus efficiency and facilitate the
identification of promising genotypes for developing
nutrient-efficient and climate-resilient mustard cultivars.

Materialsand Methods
Experimental site

The field experiment was conducted during the Rabi
season at the research farm of the Department of Plant

Breeding and Genetics, Punjab Agricultural University
(PAU), Ludhiana, Punjab, India(30°542 N latitude, 75°482
E longitude; 247 m above mean sea level). The region
fallsin the Trans-Gangetic agro-climatic zone of north-
western India and is characterized by a semi-arid
subtropical climate with hot summers and cool winters.
The soil of the experimental field was aluvial in origin
with loam to sandy loam texture, well drained and
moderately fertilewith neutral to dightly alkaline reaction.

Experimental material and growth conditions

The experimental material used in the present study
comprised an association panel representing aDiversity
Fixed Foundation Set of Brassica juncea (BjDFFS) witha
broad genetic base of approximately 280 genotypes
(Supplementary Table 1). The panel represents extensive
genetic diversity and includes historical varieties, exotic
B. juncea accessions, resynthesized B. juncea lines,
aloplasmic lines, and alien introgression lines. These
diverse genetic resources were assembled to capture
substantial phenotypic variability for agronomic and
yield-related traits and to facilitate the evaluation of
genotype performance under varying phosphorus
environments. The genotypeswere eval uated under three
phosphorus regimes, namely control phosphorus (CP; 0
kg P,O,ha?), low phosphorus (LP; 15 kg P,O,ha?), and
normal phosphorus (NP; 30 kg P,O.ha?). The selected
phosphorus|evelsrepresent deficient and recommended
fertilizer doses commonly used in mustard cultivation.
Phosphorus was applied through single superphosphate
(SSP) according to the respective treatment levels. The
experiment was laid out in an apha lattice design with
two replications, and each genotypewasgrown in paired
rows of two meters length following the recommended
agronomic package of practicesfor mustard cultivation.

Observationsrecor ded

Observations were recorded on five randomly selected
plantsfrom each genotypein each replication at maturity.
Datawererecorded for plant height, main shoot length,
number of primary and secondary branches per plant,
and number of siliquae on the main shoot. Siliqualength
and number of seeds per siliquawere determined from
representative siliquae samples. Seed yield per plant
and thousand seed weight were recorded after harvest,
and oil content (%) was estimated using Nuclear
Magnetic Resonance (NMR) spectroscopy (Oxford
Instruments, MQC).

Satistical analysis

Descriptive statistical parametersincluding mean, range,
variance, and coefficient of variation were computed to
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assess the extent of phenotypic variability among x I ges g 5o S
genotypes under different phosphorusregimes. Analysis E g‘ g §8 P ﬁ § < § §- N
of variance (ANOVA) was performed to determine the JOCATCPaee @
significance of genotype, phosphorus levels, and -
genotype x phosphorusinteraction effects on the studied x N
traits. ANOVA was performed using Minitab statistical a ;,, X & X 9 K
software (Version 19.0) to determine the significance of g 'é E\: % § § @ e % §
genotypic differences and phosphorustreatmentsfor the o @
studied traits (Upadhyay et al., 2022; 2025). The best
linear unbiased estimates (BLUES) and best linear * £ o5 o o
unbiased predictions (BLUPs) were estimated using o é g‘ 55 % § § @ ‘g '§1
META-R (Multi Environment Trial Analysiswith R for N©C S ©Ccoc j3Pco
Windows), Version 6.0 developed by CIMMY T (Alvarado
et al., 2015). The BLUP values were further utilized for
calculating descriptive statistics of the evaluated traits. g x g i s % @ §

E d
Results and Discussion Bl S = § R E IR Y
Effect of phosphorusregimeson growth and
yield traits .y ,
Phosphorus application significantly influenced growth Rl 5 B8LsrRE82
and yield-related traits in the BjDFFS population 5 e S e e g °ccceo
(Table1). Analysisof variancerevealed highly significant
(P < 0.001) effects of phosphorus levels for most traits, % .
including plant height (PH), main shoot length (MSL), = Y or ok [
number of siliquae on main shoot (NSMS), number of 2 g; u&) gj Q 938 @ 2 ?’f § %
seedsper siliqua(NSPS), primary branches (PB), siliqua 218l%|gvs T d ©
length (SL), seed yield per plant (Y1ELD) and thousand 8=
seed weight (TSW). The high mean squares observed [ x
for PH (11555.8), MSL (11340.7) and NSM S (16123.2) @ Pl & o E 0 g o O @ =
indicate strong responsiveness of both vegetative and = 3 §¢3° < 508 < ? T
reproductive traits to phosphorus supply. Similar é g ~ *§
responses have been reported in Indian mustard under 8 @-
varying phosphorus regimes (Chouksey et al., 2016; .% X x . =
Nandan et al., 2022). A consistent increase in growth = o) ’~ q& § <8f. g § N 55 N g
traits was observed with increasing phosphorus levels g = ‘% ZRNES A
(Table 2). Mean plant height increased from 131.89 cm T i\ =
(CP) t0140.23 cm (NP), whilemain shoot length increased ° . ﬁ
from48.62 cmto 57.61 cm, indicating enhanced vegetative 1; b < E o & E O~ © N g
growth under adequate phosphorus supply. This is '% £ ﬁ R I '§ OIS 8 S
consistent with the established role of phosphorus in o @. © N N 5!
regulating energy transfer, cell division and plant g - o
development (Marschner, 2012; Vance et al., 2003). 5 §
Reproductive traits exhibited a stronger response to D 5
phosphorus availability. The number of siliquae on the = SnaAR-QB~aRE § s
main shoot increased from 28.84 under CPto 39.47 under B §
NP, representing an increase of approximately 37%. Seed .g o =
yield per plant also increased from 7.30 g to 8.61 g, 0 " g " 5
refl ecting an approximate 18% improvement under normal 2 é g g_ " R f’
phosphorus conditions. Thousand seed weight showed e g RO o 9: x
adight increase, indicating improved seed filling. These < 85151 g;o: g 2
SliG . caliling d1 glfexBfddus 5
flndlngs corroborate earlle_r reports _hlghllghtmg Fhe o %’ S —*é g §.8 S 9 —é g 5/ x
importance of phosphorus in enhancing reproductive ﬁ Blasdfecrcaxsdd el-
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Table 2: Descriptive statistics for yield and yield related traits across three Pi levels

Variance

CV (%)

Range

Mean + SE

NP

LP

23889

NP

LP

NP

LP

NP

LP
131.89+0.89 139.11+092 140.23+0.85 9081779 97.2-1746 101.2-1781

4862+040 52.89+043 57.61+043 20.2-66.2
404+003 466£004 4.21+003

562+0.13

Traits

PH

5192
0.305
4346
38407
0132
6.08
7.786
0825
2229

20384

0.367
39%
28873

51077

43655
0336
4531
23262
0102

4333
10153
0664

2174
1874

1018
1251

nn
1351 :
13 131

11.29
1359

1433

286
17112

3H1-73 3581
235553

2766
21-111
216513

2359

MSL
B
B

5771013 14104

57+0.12

36.16

3493

37.83
16.72
834

14.29

157

1517

NSMS  2884+029 3542+0.32 3947+037 179468

S

0.108
6.658
7.027
0676

2182

901

1619
324

769
1752

3254
A2

34-53
9.6-21.6
22-168

2948

383002 427+002 4.03+0.02

94-19 88214
26-18

1457012 14.73+t015 15.23+0.15

NSPS

4367

775016 861+017 08177
21-64

4.2+005

7.3+0.19

391+0.05

YIELD
TSW
(06

215

1957

387

267 20.83

349417

1866

4.22+0.05

363 389

34412

37.67+008 3815+0.09 3837+009 34418

PH: Plant height (cm); MSL: Main shoot length (cm); PB: Number of primary branches per plant; SB: Number of secondary branches per plant; NSM S: Number of
siliquae on main shoot; SL: Siliqualength (cm); NSPS: Number of seeds per siliqua; YIELD: Yield per plant (g); TSW: Weight of 1000 seeds(g); OC: Oil content

(%).

efficiency andyieldin Brassicacrops(Shenet al., 2011,
Veneklaaset al., 2012).

Phenotypicvariability and digribution of traits

Substantial phenotypic variability was observed for all
traits across phosphorus regimes (Table 2). High
coefficients of variation were recorded for seed yield
(43.67% under CP) and secondary branches(37.88% under
CP), indicating greater environmental influence and
selection potential. In contrast, oil content exhibited low
variability (3.63-3.89%), suggesting relative stability
across phosphorus conditions. The frequency
distribution curves further illustrated the extent of
variability among genotypes (Fig 1 & 2). Most traits
exhibited near-normal distribution, indicating quantitative
inheritance and polygenic control. Traits such as seed
yield, secondary branches and NSMS showed wider
spread and slight skewness, particularly under low
phosphorus conditions, suggesting differential genotypic
responses to phosphorus stress. Under NP conditions,
the distribution curveswererelatively more uniform and

Fig. 1: Frequency distribution for yield and yield related
traits across three Pi levels (a) MSL: main shoot length
(cm); (b) NSMS: number of siliquae on main shoot; (C)
NSPS: number of seeds per siliqua; (d) PH: plant height
(cm); (e) PB: number of primary branches per plant; and
(f) SB: number of secondary branches per plant.

Fig. 2: Frequency distribution for yield and yield related
traitsacrossthree Pi levels SL: siliqualength (cm); TSW:
weight of 1000 seeds (g); YIELD: yield per plant (g); and
OIL: Qil content (%6).



centered, indicating stabilization of trait expression under
adequate nutrient supply. Similar distribution patterns
for yield and its components have been reported in
Brassica germplasm, indicating the quantitative nature
of thesetraits(Georgeet al., 2014; Upadhyay et al., 2022).

Genotypic variability and genotype x phos-
phorusinteraction

Highly significant genotypic differences were observed
for al studied traits (Table 1), indicating substantial
genetic variability within the BiDFFS pand . The significant
genotype x phosphorusinteraction for traits such asPH,
NSPS, PB, SB, YIELD and TSW suggeststhat genotypes
responded differentially under varying phosphorus
environments. Such interactions indicate the presence
of genotypes with superior phosphorus use efficiency,
capable of maintaining performance under nutrient stress.
Similar genotype-dependent responses have been
reported in Brassica species and are attributed to
differences in nutrient acquisition and utilization
efficiency (Hammond et al., 2009; L opez-Arredondo et
al., 2014). Theidentification of genotypes such as RGN-
48, RB-50, CN-101846, DINGAHINI and RRN-443-2 with
relatively better performance under low phosphorus
conditions highlights their potential for use in breeding
programmes targeting phosphorus-deficient
environments.

Multivariateanalysisand trait associations

Principal component analysis (PCA) revealed that the
first two principal components explained a substantial
proportion of total phenotypic variation across
phosphorus regimes (Fig 3). Under control conditions,
PC1 explained approximately 41% of variation, withmagjor
contributionsfrom plant height, main shoot length, NSM S

= - . [ = =
1 e 2 L 3 L
o : T B we |

Fig. 3: Principal component analysis (PCA) for yield and
yield related traits across three Pi levels. Scree plots of
eigenvaluesunder (1) CR, (2) LP, and (3) NPrespectively.
PCA biplots showing variable contributionsunder (4) CP
and (5) LPand (6) NPrespectively.
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and seed yield, indicating their importancein determining
overall variability. Under low phosphorus conditions,
branching traits and siliqua number were strongly
associated with yield, suggesting that plant architecture
plays a crucia role in maintaining productivity under
nutrient stress. In contrast, under normal phosphorus
conditions, seed yield showed stronger association with
siliqua length and thousand seed weight, reflecting the
importance of assimilate partitioning and seed
development under adequate nutrient availability. These
resultsarein agreement with previousfindingsthat yield
components such as siliqgua number and seed weight are
major contributors to yield variability in Brassica
(Veneklaaset al., 2012; Lynch 2019).

The combined analysisof ANOVA, descriptive statistics,
frequency distribution and PCA clearly demonstrates
substantial genetic variability and differential genotype
response under contrasting phosphorus regimes. Traits
suchasNSMS, seed yield and branching pattern showed
high responsiveness to phosphorus levels and can serve
as reliable selection criteria for improving phosphorus
use efficiency. The superior performance of selected
genotypes under low phosphorus conditions suggests
the presence of adaptive mechanisms such as efficient
nutrient uptake, improved root architecture and better
assimilate partitioning. These traits are critical for
enhancing phosphorus acquisition and utilization
efficiency (Lynch, 2019; Urlic et al., 2023). Overall, the
Bj DFFS popul ation represents a val uabl e genetic resource
for identifying phosphorus-efficient genotypes. The
findings of the present study provide important insights
for developing nutrient-efficient and climate-resilient
mustard cultivars suitable for sustainable agricultural
systems.

Conclusion

The study revealed substantial genetic variability and
significant genotype x phosphorus interaction for yield
and related traits in Indian mustard under contrasting
phosphorus regimes. Reproductive traits, particularly
number of siliquae on main shoot and seed yield, exhibited
high responsiveness to phosphorus and can serve as
key selection criteria. Genotypes such asRGN-48, RB-50,
CN-101846 and DINGAHINI exhibited superior
performance under |ow phosphorus conditions, indicating
their potential for phosphorus use efficiency. These
findings provide a strong basis for devel oping nutrient-
efficient and climate-resilient mustard cultivars for
sustainable production systems.
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