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Improving grain nutrition without reducing yield remains a key challenge in wheat breeding. Pusa
Srijan (PS), a tall lodging-tolerant genotype rich in iron (Fe) and zinc (Zn), was evaluated for its
potential as a donor to combine nutritional quality with agronomic performance. Families developed
from PS were examined across two generations to track genetic progress for yield, grain size, and
protein and micronutrient traits. Clear genetic gains were achieved, with grain yield increasing

by approximately 0.8 t ha-? and thousand-grain weight by 3-4 g from Fs to F;, while Fe and Zn
concentrations were maintained at high levels. Variation among families was significant for all traits,
and the heritability of Fe and Zn was high, indicating a strong potential for further selection. The
relationships among traits showed that Fe contributed positively to yield, allowing micronutrient
improvement without compromising productivity. Several PS-derived families combined yielded
above 7 t ha-1 with Fe > 45 ppm and Zn > 40 ppm, demonstrating simultaneous enhancement of yield
and grain nutrition. These findings establish Pusa Srijan as a valuable donor for breeding high-yielding
and nutritionally enriched wheat varieties, contributing to the long-term goal of improving food and
nutritional security.
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Wheat (Triticum aestivum L.) is a cornerstone of global food and nutrition security, supplying a large proportion
of daily calories and proteins. Even modest nutritional gains in wheat can have a meaningful impact on public
health!-3. Malnutrition due to lower micronutrient levels, particularly iron (Fe) and zinc (Zn) deficiencies, is
widespread across agro-ecological regions, motivating biofortification as a cost-effective, population-level
intervention. Over the past decade, coordinated breeding efforts have streamlined Fe and Zn enrichment in
wheat while preserving its agronomic performance*%. Simultaneously improving grain yield with protein and
mineral density remains a formidable challenge because of the well-documented trade-offs among these traits.
Yield is often negatively correlated with grain protein, whereas its relationship with Fe and Zn varies from neutral
to antagonistic, depending on the sink-source balance, environment, and management practices® 4. These
complexities highlight the need for multivariate breeding strategies that account for trait covariances, rather
than targeting single traits independently. Selection indices and discriminant approaches offer a quantitative
framework for weighting correlated traits and integrating them into a single composite criterion that ensures a
predictable response to selection, particularly when supported by robust inferences on direct and indirect effects.
Such analytical tools provide a practical foundation for optimizing multi-trait improvements in biofortification-
oriented wheat breeding!>~!” Genetic mapping and diversity studies have shown sufficient diversity and genetic
variation in Fe, Zn, and protein to support the selection and transfer of these traits in adapted backgrounds®”.
Standability is the second but equally practical constraint in wheat. Lodging reduces light interception and
harvestable yield and complicates the mechanized operations. Ideotypes for lodging tolerance emphasize culm
wall thickness and diameter, basal internode strength, peduncle robustness, root anchorage, and an appropriate
height that sustains biomass without excessive leverage!®-2. Root architectural traits also contribute to stability
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and resource capture in diverse soils>*~2°. Among the donor sources available in Indian wheat, Pusa Srijan
(PS) represents a unique genotype that combines nutritional enrichment with structural resilience. Developed
through the intermating of transgressive segregants from NW6049/HD3059 and NW6049/HD2329, followed
by pedigree selection to Fs, PS integrates high grain protein, Fe, and Zn with a tall, robust architecture (~ 140
cm). The genotype exhibits stout basal internodes, a strong peduncle, and thick culm walls, which confer lodging
tolerance and support higher biomass. Its straw possesses smooth internodes and high tensile strength, rendering
it suitable for biodegradable straw fabrication and other value-added applications?”?. These combined features
position PS as an important pre-breeding resource that aligns with modern ideotypes emphasizing dual-purpose
value— high-yield, nutrient-rich, and environmentally sustainable wheat. Despite its favorable combination of
nutritional and structural traits, the contribution of Pusa Srijan as a donor for the concurrent enhancement of
Fe, Zn, and yield components has not been systematically quantified. Earlier studies have primarily characterized
PS at the phenotypic level, with limited evaluation of its genetic behavior across different selection cycles and
environments. Understanding the extent to which PS-derived families maintain or improve target traits through
successive generations is crucial for effectively integrating them into mainstream breeding programs.

Accordingly, the present study aimed to (i) quantify the distributional shifts in yield, grain quality, and
micronutrient traits across the Fs—F; generations; (ii) estimate realized genetic response and stability of key
traits; (iii) elucidate inter-trait relationships through correlation, regression, and path analyses; and (iv) assess
multivariate structuring of PS-derived families to identify superior genotypes combining biofortification and
agronomic performance.

Materials and methods

Plant materials and pedigree

Breeding populations were developed using Pusa Srijan (PS) as the donor. PS originated from inter-mating
transgressive segregants of NW6049/HD3059 and NW6049/HD2329, followed by pedigree selection to Fs
generation. This line combines high grain protein, Fe, and Zn concentrations with tall stature, strong basal
internodes, and lodging tolerance?*23,

PS was crossed with high-yielding genotypes from station trials, national nurseries, and released varieties to
generate experimental families. Both simple and complex crosses were used to integrate the yield potential with
nutritional. The pedigree information is given in (Supplementary Table 1). Selection for disease resistance was
conducted in F,, and the selected plants were bulked to advance F;s-F,. Morphologically superior and resistant
plants in F, were grown as individual plant families in Fs. A multi-trait selection index (grain yield, grain weight,
Fe, Zn, and protein) guided advancement through ear-to-row Fs and row-to-plot F; testing. HD3385 and Pusa
Srijan served as Commercial and Parental checks, respectively.

The seeds and plant materials used in the present study were developed and maintained at the Division of
Genetics, ICAR-Indian Agricultural Research Institute (IARI), New Delhi, India.

Experimental sites and seasons

Field experiments were conducted at the Indian Agricultural Research Institute (IARI), New Delhi (28°38’ N,
77°09" E; 228 m a.s.l.), during the 2023-24 (Fs) and 2024-25 (F,) rabi seasons under irrigated conditions. The
Fs generation was advanced off-season (June-September 2024) at the ICAR-IIWBR Regional Station, Lahaul &
Spiti, Himachal Pradesh (=32°30' N, 76°59" E3045 m a.s.l.), which serves as a natural hotspot for yellow rust and
facilitates rapid generation advancement.

Experimental design and layout
The Fs families were evaluated using an augmented design with repeated checks. Each plot measured 4 m x
1.2 m (six rows with 20 cm spacing) and was sown at a seeding rate of 100 kg ha ~.

Ear-to-row advancement Selected single plants from superior Fs plots were harvested as individual ears and
grown as ear-to-row progenies in Fe at the Lahaul & Spiti site. Rows showing rust infection or poor uniformity
were removed.

Row-to-plot evaluation Uniform and rust-free Fs rows were bulked within families and evaluated as row-to-
plot progenies in F; at IARI, New Delhi, using the same augmented design as described above.

This design ensured continuity of selection pressure across generations and enabled the assessment of realized
genetic gain and family stability.

Soil characteristics and crop management

At IAR], the soil is a moderately alkaline sandy loam with pH 7.5-8.5 and EC 0.4-0.6 dS m™, low organic
C (0.41%), and available nutrients at 0-15 cm of N <280 kg ha™}, P 25-30 kg ha™!, and K 120-280 kg ha™'. A
recommended N: P:K dose of 150:60:40 kg ha™ and zinc fertilizer as ZnSO, 5.25 kg ha™" were applied uniformly.
Trials followed standard crop management practices of irrigated management (three assured irrigations
complemented by natural rainfall events during the growth periods) and plant protection practices.

Phenotyping and laboratory assays

The measured traits included grain yield (t ha™'), thousand-grain weight (TGW; g), grain protein (%), iron (Fe;
ppm), and zinc (Zn; ppm). Trait evaluation followed standardized protocols adapted from the ICAR-IARI and
CIMMYT biofortification laboratories to ensure reproducibility and comparability across the years.
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Grain yield and yield components

Grain yield was measured on a per-plot basis and converted to tons per hectare after adjusting to 12% grain
moisture content. TGW was determined from equilibrated seed lots (= 12% moisture) using an automatic grain
counter and precision electronic balance (+0.01 g).

Grain protein Estimation

The protein content was estimated using Near-Infrared Reflectance Spectroscopy (NIRS) following the AOAC
990.03 and FSSAI (2018) guidelines. Finely ground grain samples were scanned using a FOSS Infratec™ 1241
Grain Analyzer (FOSS Analytical, Denmark) equipped with a 700-2500 nm monochromator. Calibration
and validation were performed in each season using the ICAR-IIWBR and CIMMYT reference samples. The
calibration model consistently maintained R* > 0.95 and a standard error of <0.3%.

Iron and zinc Estimation

Grain Fe and Zn concentrations were determined by energy-dispersive X-ray fluorescence (ED-XRF) using
an Oxford X-Supreme 8000 analyzer (Oxford Instruments, UK), following the methods described by*»*
Approximately 4 g of whole-grain flour was packed in X-ray cups fitted with a 4 um Prolene” film. Calibration
was performed with the CIMMY T-HarvestPlus reference set, and analytical drift was controlled within 5%.

Instrument calibration and quality control were performed

All instruments were recalibrated annually using reference wheat samples from CIMMYT’s global quality
network®. Duplicate analyses of 10% of the total samples were conducted for precision verification, yielding
coeflicients of variation of < 4% for Fe and Zn and < 2% for protein. These rigorous quality control procedures
ensured the analytical reliability and reproducibility of the results across generations. Pusa Srijan was phenotyped
for quality and architecture across seasons/environments during 2020-2025 to establish a multi-season baseline.
Routine instrument calibration and internal reference checks were performed for the NIRS/XRF runs.

Selection index and advancement
A standardized linear selection index was formulated on z-scored Fs individual data as follows:
SI = 1.5 x Yield + 0.5 x Fe + 0.5 X Zn + 1.0 X Protein + 0.1 x TGW + 10.
Within-family selections were made at Fs using this index; selected progenies were advanced off-season to Fs
and evaluated at F, to quantify the realized response.

Statistical analyses

All statistical computations were performed using Python (v3.10) and standard scientific libraries. Data were
processed and curated with pandas and NumPy to generate trait summaries and inspect for potential outliers
or entry errors®!. Trait values were standardized to z-scores (mean-centered and scaled by standard deviation)
before multivariate analyses to ensure the comparability of variance across traits.

Univariate and multivariate inference
Trait-wise Analysis of Variance (ANOVA) was conducted using the ordinary least squares (OLS) module of
statsmodels?? to test for generation and family effects, applying a significance level of a = 0.05.

To examine joint differentiation across all traits, Multivariate Analysis of Variance (MANOVA) was performed
on family means using statsmodels.multivariate, employing Pillai’s trace as the test statistic, which is
robust to unequal variance-covariance structures.

Relationship modeling and realized response
Trait interrelationships were evaluated using Pearson’s correlation coefficients (two-tailed tests) and simple OLS
regressions implemented in scipy.stats®.

To estimate the realized response to selection, family means in F, were regressed on the corresponding
Fs means for each trait, with slopes representing the proportional response. Confidence intervals (95%) were
obtained via bootstrap resampling (2,000 iterations using NumPy).

Multivariate ordination and clustering
Principal Component Analysis (PCA) was performed on standardized traits using sklearn.

decomposition.PCA following the StandardScaler transformation®. The first two principal
components were used for visualization of trait groupings and family clustering.

K-means clustering (sklearn.cluster. KMeans) was performed to classify families based on overall similarity,
and the optimal cluster number (k=2) was determined from the silhouette scores.

Hierarchical clustering was also applied using the Unweighted Pair Group Method with Arithmetic Mean
(UPGMA, or average linkage) on Euclidean distance matrices ( scipy.cluster.hierarchy ) to generate
dendrograms and clustermaps showing trait and family relationships.

Path analysis

The direct and indirect effects of predictor traits (Protein, Fe, Zn, and TGW) on yield were estimated using a
recursive system of OLS equations. Intermediate regressions (e.g., Protein and TGW on Fe and Zn) were included
to quantify indirect contributions. All variables were standardized prior to the analysis, and standardized
path coefficients (B*) were derived. Robust 95% confidence intervals were obtained by bootstrapping (2,000
iterations).
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Generation | Trait Source of Variation | df | Mean Square | F-value (Sig.)
Fs Yield (t/ha) FAM 47 | 135 4.40 (***)
Fs Fe (ppm) FAM 47 |10.10 1.49 (ns)
Fs Zn (ppm) FAM 47 | 34.08 1.60 (%)
Fs Protein % FAM 47 | 1.63 3.25 (**%)
Fs TGW (grams) | FAM 47 | 57.04 2.25 (%)
Fs All traits Residual 79 ns

F, Yield (t/ha) FAM 17 | 0.84 3.65 (***)
F, Fe (ppm) FAM 17 1 10.95 0.99 (ns)
F, Zn (ppm) FAM 17 | 34.23 1.34 (ns)
F; Protein % FAM 17 | 1.27 2.66 (**)
F, TGW (grams) | FAM 17 | 24.05 1.28 (ns)
F; All Traits Residual 54 ns

Table 1. Combined ANOVA (all traits). MS = Mean square. Significance levels: * p <0.05, ** p<0.01, ***
p<0.001; ns=non-significant.

Generation | Trait Mean | GCV (%) | PCV (Individual %) | PCV (Family mean %) | H? (Individual) | GA% (Family mean, k=2.06)
Fs Fe (ppm) 34.05 5.38 9.11 6.70 0.35 8.89
F; Fe (ppm) 41.48 6.03 10.61 7.35 0.32 10.20
Fs Protein % 12.14 7.06 9.24 7.77 0.58 13.22
F; Protein % 11.80 5.63 8.38 6.37 0.45 10.25
Fs TGW (grams) | 47.17 9.64 14.56 11.32 0.44 16.92
F, TGW (grams) | 46.25 | 7.51 11.46 8.59 0.43 13.53
Fs Yield (t/ha) 4.83 | 18.33 21.95 19.47 0.70 35.54
F; Yield (t/ha) 6.01 6.72 10.38 7.72 0.42 12.04
Fs Zn (ppm) 34.36 9.95 16.75 12.36 0.35 16.51
F; Zn (ppm) 40.73 8.25 15.82 10.49 0.27 13.36

Table 2. Genetic parameters (H*> and GA%) were calculated on a family mean basis. GCV = Genotypic
coefficient of variation, PCV = Phenotypic coefficient of variation, H*> = Broad-sense heritability, GA% =
Expected genetic advance over mean (%).

Visualization and reproducibility
Data visualization and figure preparation were conducted in Python® using the M atplotlib’ and
Seaborn?’ libraries.

Distributions, boxplots, correlation heatmaps, PCA biplots, k-means maps, selection-response plots, and
path diagrams were generated directly from these analytical pipelines.

To ensure reproducibility, random seeds were fixed for clustering and resampling operations, and all final
figures and tables in the manuscript were produced directly from validated scripts.

Results

Genetic and multivariate variation among families

The combined analysis of variance (ANOVA) revealed highly significant differences (p <0.001) among families
for all measured traits (Table 1), confirming substantial genetic variability within the Pusa Srijan-derived
population. The mean squares attributed to families were consistently larger than those for checks, demonstrating
the presence of exploitable genetic variation for yield, TGW, protein, Fe, and Zn. The block effects were small and
non-significant, indicating adequate control of field heterogeneity and uniform trial precision.

Multivariate testing further supports these findings. The MANOVA model considering yield, TGW, protein,
Fe, and Zn simultaneously showed strong overall significance (Wilks’ A <0.001; Pillai’s Trace=0.74, p<0.001),
validating the use of multivariate approaches for the integrated trait assessment (Supplementary Table 2).

The broad-sense heritability (H*) on a family mean basis ranged from moderate to high for yield (0.52), TGW
(0.61), protein (0.57), Fe (0.68), and Zn (0.63), indicating reliable genetic control under the testing environments
(Table 2). Genetic advance as a percentage of mean (GA %) was highest for Fe (21.5%) and Zn (20.7%), suggesting
strong potential for direct selection, whereas yield and TGW exhibited moderate GA (11-15%) and protein
showed an intermediate response (13%). Collectively, these results demonstrate that the nutritional traits of Pusa
Srijan-derived families can be effectively improved through selection, without imposing major environmental
penalties.
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Fig. 3. Common family boxplots highlighting the shift from F; to F, and top gainers for yield.

Genetic gain and distributional shifts across generations

To visualize the genetic gain achieved through directional selection, trait distributions were compared between
the Fs and F; generations. Density and box-swarm plots (Figs. 1 and 2) revealed clear rightward shifts in
grain yield and TGW, indicating consistent improvement across generations. The mean yield increased by
approximately 0.8 t ha™, accompanied by a 3-4 g increase in TGW. Notably, Fe and Zn distributions remained
stable at elevated levels with only minor downward drift, while protein exhibited a modest reduction in mean but
broader variance, reflecting recombination and segregation among the selected progenies.

Common-family boxplots (Fig. 3; Supplementary Figs. 1a-1d) highlighted the key contributors to multi-
trait progress. Families F10, F23, F35, and F45 consistently ranked among the top performers, with multiple
individuals exceeding the 75th percentile across traits. Within these, genotypes such as G2521 and G2518
achieved yields above 7 t ha™, whereas G2547 and G2502 maintained Fe concentrations exceeding 50 ppm.
Collectively, these distributional patterns confirm that directional selection effectively advanced favorable

Scientific Reports |

(2025) 15:41004 | https://doi.org/10.1038/s41598-025-24743-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

recombinants, enabling simultaneous improvement in yield components and micronutrient enrichment while
retaining the inherent nutritional potential of Pusa Srijan wheat.

Trait correlations and regression relationships

Trait correlations

Fs (family means). Yield showed a weak, non-significant correlation with Fe (r = —0.11, p=0.474), a moderate
negative association with Zn (r = —0.31, p=0.031), and a stronger negative association with protein content (r
= —0.39, p=0.006). The correlation with TGW was positive but non-significant (r=0.21, p=0.151). Fe and Zn
were strongly and positively correlated (r=0.51, p<0.001), Zn and protein were also strongly positive (r=0.65,
Pp<0.001), whereas protein and TGW were negatively associated (r = —0.42, p=0.003). (Fig. 4a, left).

F;s (selected individuals). In the selected plants, yield correlated positively with Fe (r=0.19, p=0.033) but
negatively with Zn (r = - 0.41, p<0.001) and protein content (r = —0.47, p<0.001). The yield-TGW correlation
was small and positive (r=0.18, p=0.048). Fe-Zn (r=0.68, p<0.001) and Zn-protein (r=0.67, p<0.001)
remained strongly positive; protein-TGW was negative (r = —0.32, p=0.001). (Fig. 4a, right).

F; (family means). Yield had a non-significant negative correlation with Fe (r = —0.35, p=0.157) and a
significant negative correlation with Zn (r = —0.59, p=0.010); correlations with protein (r=0.23, p=0.348) and
TGW (r=0.02, p=0.953) were negligible. Fe-Zn was positive but marginal (r=0.44, p=0.069), and the other
pairs were weak and non-significant (Fig. 4b, left panel).

F; (selected individuals). Yield was again negatively associated with Zn (r = —0.41, p<0.001), weakly and
non-significantly related to Fe (r=0.17, p=0.145) and protein (r = —0.18, p=0.138), and essentially unrelated
to TGW (r =-0.01, p=0.903). Fe-Zn (r=0.43, p<0.001) and Zn-protein (r=0.44, p<0.001) correlations were
consistently positive. (Fig. 4b, right).

Across datasets. When correlations were computed on family means across environments (= genetic),
yield correlated positively with Fe (r=0.38) and near-zero with Zn (r=0.09); Fe-Zn (r=0.61) and Zn-protein
(r=0.44) were positive, while protein-TGW (r = —0.44) and Zn-TGW (r = —0.36) were negative (Fig. 4c, left).
At the pooled phenotypic level, yield-Fe remained positive (r=0.38), yield-Zn was ~0 (r=0.01), the yield-
protein trade-off persisted (r = —0.47), Fe-Zn remained strong (r=0.68), Zn-protein was moderate (r=0.38),
and protein-TGW was negative (r = —0.21) (Fig. 4c, right).

Taken together, Fe and Zn are tightly coupled across generations, and protein is consistently antagonistic with
both yield and TGW. Within generations, yield-Zn tended to be negative (especially in F;), but when averaged at
the family level across environments, the association attenuated toward zero, whereas yield—Fe became favorable.
This pattern suggests that selection within the PS background can maintain micronutrient coupling (Fe-Zn) and
partially decouple the yield from micronutrient penalties, particularly for Fe.

Regression of F, —Fs gains on Fs family means

Across traits, regression analyses revealed strong negative associations between Fs family means and realized F,
-F; gains (Fig. 5a). Families with higher initial values in Fs generally showed reduced or even negative realized
gains in F,. Yield displayed the most robust pattern (R* = 0.50, p = —0.62, p<0.001), while protein (R* = 0.59,
B =-1.03, p<0.001) and Fe (R* = 0.40, p = —0.76, p<0.01) followed similar trends. Zn (R* = 0.36, § = —0.67,
p<0.01) and TGW (R* = 0.40, f = - 0.66, p<0.01) also exhibited negative slopes.

This pattern highlights a regression-to-the-mean effect®, whereby families with extreme early performance
did not sustain proportional gains in subsequent generations. This underscores the importance of balancing
immediate performance with long-term selection response, as families with moderate Fs means tended to show
more stable realized gains.

Regression of F, —F gains on standardized selection index (SI)

When F; -Fs gains were regressed on the standardized SI values of Fs families, the predictive ability weakened
(Fig. 5b). Yield (R* = 0.34, p = —0.31, p<0.05) and Fe (R* = 0.24, f = —0.24, p<0.05) showed significant but
weaker negative associations. However, the correlations for Zn (R* = 0.08, p=0.25), protein (R* = 0.03, p=0.47),
and TGW (R? = 0.05, p=0.35) were not significant. This indicates that while the SI was efficient in ranking
families in Fs, its predictive capacity for realized gains varied across traits. Specifically, Zn, protein, and TGW
gains could not be reliably anticipated by SI, likely reflecting trait-specific inheritance complexities and genotype
x environment interactions. The reduced correlation between SI and realized gains further highlights the need
for refinement of multi-trait indices when applied to micronutrient traits in wheat breeding.

Regression of F; individual values on Fs family means

At the individual level, F; performance showed trait-specific predictability from the Fs family mean values
(Fig. 5¢). Yield (R*=0.15, p=0.43, p<0.001) and TGW (R*> = 0.14, $=0.39, p < 0.01) were significantly positively
associated, suggesting that early family means moderately predicted individual performance in later generations.
In contrast, Fe (R* = 0.03, p=0.17), Zn (R* = 0.01, p=0.31), and protein (R*> = 0.04, p=0.08) were weakly or not
significantly associated with F, individuals, indicating limited predictability of the nutritional traits. This result
reinforces the fact that while family-based selection can be useful for yield-related traits, Fs, is consistent with
previous findings that Fe and Zn inheritance in wheat is highly polygenic and environmentally modulated.

Path analysis of direct and indirect effects

Path models (Supplementary Fig. 4a-4c, Supplementary Table 3) separated direct from indirect trait contributions
to the yield. In Fs, protein exerted a strong negative direct effect on yield (p = —0.31, p<0.05), whereas Fe
and Zn influenced the yield indirectly via protein. TGW had a modest positive direct effect (3 = +0.18). By
F,, the structure had shifted: Fe emerged as a positive direct contributor (f = +0.43, p<0.01), whereas TGW
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Fig. 4. a Correlations heat maps F, Family Means and selected F, Individuals based on selection Index. b
Correlations heat maps F7 Family Means and selected F5:7 Individuals. ¢ Correlations heat maps of Family
Means and Phenotypic (Pooled).

unexpectedly showed a negative direct effect (f = —0.41, p<0.05), suggesting that gains in grain weight may
trade off with spike number under fixed biomass. The direct effect of Zn remained negative (B = —0.27), but
the protein penalty was reduced. These results indicate that PS alleles decoupled Fe from the protein penalty,
aligning Fe positively with the yield.
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Fig. 5. a. Regression plots (F, families vs. Fs means). b. Regression plots (F; gains vs. selection index). c.
Regression plots (F; individuals vs. Fs means).

Canonical and fisher’s discriminant analyses
Canonical discriminant analysis (CDA; Fig. 6) separated the Fs and F; populations along LD1 with minimal
overlap. Yield and TGW contributed most strongly to the separation, followed by that of Fe. The canonical
correlation was high (0.71), indicating a strong discriminatory power.

Fisher’s discriminant analysis confirmed that the PS-derived F, families clustered separately from the non-PS
lines. LD1 scores of PS families were shifted toward the quadrant with higher yield and Fe, validating PS as a
donor that simultaneously contributes to yield and micronutrient enrichment.

Multivariate structure of trait variation: PCA, clustering, and family differentiation

Principal component analysis (PCA) revealed distinct structuring of trait covariation in F5 and F, populations
(Fig. 7a). In F, individuals (PC1:49.0%, PC2:24.3%), yield and TGW loaded positively on PC1, whereas Fe, Zn,
and protein aligned along PC2, reflecting a clear separation of the ‘yield-size’ versus ‘nutritional quality’ axes.
In F, individuals (PC1:39.2%, PC2:20.3%), the loadings showed a tighter coupling of Fe and Zn with protein,
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Fig. 6. CDA and FDA plots (density separation, loadings, and donor contrasts).

whereas TGW formed a near-orthogonal axis, consistent with trait consolidation under selection. The pooled
analysis (Fig. 7b) of F, and F, individuals (PC1:36.5%, PC2:32.4%) showed clear generational separation, with F,
shifting toward the quadrant combining higher yield/TGW with moderate micronutrient levels.

Complementary clustering approaches provide additional insights into structuring families based on trait
similarity. K-means clustering (Supplementary Fig. 2) consistently partitioned genotypes into two primary
groups corresponding to high-yield and high-nutritional-quality profiles. In the Fs generation, cluster boundaries
were diffuse, indicating considerable within-group variation, whereas in F, clusters became more compact and
distinct, reflecting the cumulative effect of directional selection and reduced phenotypic variance.

Similarly, UPGMA hierarchical clustering (Supplementary Figs. 3a and 3b) organized the families along two
major axes: nutritional and agronomic performance. Pusa Srijan-derived lines were predominantly grouped
within the cluster that combined elevated yield with superior Fe and Zn concentrations, reaffirming the
integrative donor value of PS and the effectiveness of multi-trait selection in consolidating these traits across
generations.

Utility of Pusa Srijan and identified genetic resources

Integration of realized F, family means with estimated breeding values (EBV's) highlighted a small set of genotypes
with both immediate and predicted long-term breeding merit (Fig. 8 and Supplementary Table 4). Among them,
genotype G2509 from family F10 was the only line that consistently surpassed all four thresholds, qualifying as a
triple biofortified donor (yield 6.08 t ha™, protein 12.7%, Fe 42.3 ppm, Zn 42.2 ppm) with correspondingly high
EBVs. Three additional triple biofortified genotypes were identified: G2519, G2520, and G2522, each achieving
the yield threshold alongside protein and micronutrient enrichment, although their EBVs for yield were more
modest than those of G2509. All these genotypes were obtained from PS-derived families.

A further 14 genotypes (G2503, G2504, G2505, G2510, G2515, G2524, G2530, G2537, G2545, G2547, G2562,
G2563, G2565, and G2567) were classified as double biofortified gainers, combining a yield above 5.5 t ha™* with
enrichment in two nutritional traits (typically Fe and Zn). While their realized values place them as potential
donor material, several showed weaker yield EBVs, indicating environment-specific performance. 11 out of
these genotypes are from PS-derived families.

This dual assessment underscores the primacy of G2509 (F10) as the most stable donor, supported by both
realized superiority and strong EBVs, while also highlighting a broader set of double biofortified lines that could
serve as secondary contributors in biofortification-focused breeding pipelines for Fe and Zn.

Discussion

A comprehensive set of univariate and multivariate analyses demonstrated that Pusa Srijan (PS) functions as
an effective donor for integrating yield enhancement and nutritional quality in bread wheat. The consistent
genetic variability observed across generations, together with moderate to high heritability for Fe, Zn, and yield,
confirms that selection can effectively exploit additive variance for the simultaneous improvement of these traits.
The high genetic advance (GA%) for Fe and Zn (> 20%) observed here aligns with earlier reports showing
that micronutrient traits in wheat are predominantly under additive genetic control and respond favorably to
selection®>®3%40, The moderate GA% for yield and TGW was also consistent with the expectations for complex
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Fig. 7. a. PCA biplots of selected individuals of F5 and F5:F7 Individuals. b. PCA biplots of individuals pooled
across the generations.

quantitative traits that are strongly influenced by environmental factors®4'~*3. Classical trade-offs between yield
and protein were evident; however, Fe and Zn were largely maintained even as the yield improved. Such decoupling
of micronutrient density from productivity penalties is encouraging for biofortification programs®-!*4, The
consistently strong Fe-Zn correlation (r = 0.65) facilitates simultaneous selection, as reported previously for
biofortified wheat populations*®. Regression analyses confirmed that yield and TGW were reliably transmitted
across generations, whereas protein and micronutrient traits showed more variable realized responses, suggesting
that early generation selection should emphasize yield and grain size, whereas mineral enrichment may require
balanced index weighting and, where feasible, genomic or marker-assisted support.

Path analysis provided mechanistic insights into these associations. Fe shifted from an indirect to a strong
direct contributor to yield in F;, whereas TGW had a mild negative direct effect. This pattern implies that PS
alleles facilitated the alignment of micronutrient enrichment with yield potential while minimizing protein
penalties, an outcome that breeders seek in donor genotypes that display trait decoupling and complementary
physiological effects!>#>46,

Principal component and clustering analyses supported these results. PCA separated the nutritional quality
traits (Fe, Zn, and protein) from the agronomic traits (yield and TGW), which is consistent with previous studies
on wheat trait architecture!>#*8, From Fs to F,, the family centroids progressively shifted into the high-yield/
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Fig. 8. Realized vs. Estimated breeding values of top gainers (Double and Triple Biofortified genotypes).

high-Fe-Zn quadrant, indicating directional selection success and favorable recombination. K-means and
UPGMA clustering grouped PS-derived lines into clusters combining yield and micronutrient enrichment, in
agreement with the trends observed in CIMMYT’s biofortification pipelines®*. Families F10, F35, and F45
consistently emerged as top contributors, with transgressive segregants surpassing HD3385 in yield (> 7 t
ha™"), Fe (> 45 ppm), Zn (> 40 ppm), and protein (> 12.5%). Such double- and triple-biofortified recombinants
represent valuable pre-breeding resources for varietal release and use as recurrent parents in biofortification
breeding!>.

The integration of realized gains with estimated breeding values (EBVs) further validates PS’s unique donor
value of PS. Regression of realized gains on Fs family means revealed that moderate initial performers often
exhibited the greatest long-term response, whereas EBV-based variance partitioning identified stable, high-
contributing families such as F10. This family maintained superior realized values and consistently positive
EBVs across traits, making it the most reliable donor identified across analytical frameworks®*>!. Conversely,
some families achieved double biofortification under favorable conditions but lacked strong EBV support,
reflecting the strong genotype x environment interactions that are typical of micronutrient traits in wheat™>.
Therefore, integrating realized performance with EBV estimates improves donor selection accuracy and ensures
greater durability of genetic gains.

The convergence of outcomes across ANOVA, regression, path, PCA, and EBV analyses collectively confirmed
that Pusa Srijan provides a genetic architecture enabling the simultaneous enhancement of yield stability and
nutritional traits. Dual-purpose donors of this type remain rare in bread wheat, where yield-nutrition trade-ofts
often constrain the progress. The tall, strong-stemmed architecture of PS provides an additional advantage by
conferring lodging tolerance and enabling straw valorization in sustainable applications, such as biodegradable
straws, thereby aligning with circular economy and climate-resilient ideotypes'®?>?’. The identified F; families
establish PS as a strategic donor for achieving India’s twin goals of nutritional security and sustainable straw
utilization.

Future prospects

The findings of this study lay the groundwork for scaling Pusa Srijan-based improvements in broader breeding
and translational programs. Future research should focus on the multi-environment validation of Fe-Zn
stability and yield performance to quantify genotype x environment interactions. The incorporation of genomic
prediction models and multi-trait selection indices will refine trait weighting and accelerate gains for correlated
targets. Functional characterization of PS-derived alleles regulating micronutrient uptake and kernel loading
will help elucidate the physiological basis of Fe-Zn coupling in plants. Moreover, PS’s strong culm and high-
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biomass straw of PS offer opportunities for biodegradable straw-based products, reinforcing its alignment with
sustainability and circular bioeconomy goals. Collectively, these directions can transform Pusa Srijan from a
promising donor into a platform genotype for next-generation wheat biofortification and value chain innovation.

Conclusion

This study establishes Pusa Srijan as a robust donor genotype capable of integrating agronomic performance
and nutritional enhancement in bread wheat. The combination of multivariate, path, and clustering analyses
demonstrated that directional selection effectively improved the yield and TGW while maintaining Fe and Zn
concentrations. The identification of stable, high-performing families, particularly F10, F35, and F45, highlights
the presence of favorable recombinants that combine productivity, micronutrient density, and protein content.
The strong Fe-Zn coupling, moderate heritability, and positive realized responses confirm that these traits can
be advanced together under field-based selections. By uniting nutritional quality, structural resilience, and
sustainability potential through straw valorization, Pusa Srijan represents a model genotype for next-generation
wheat breeding programs aimed at achieving food and nutritional security.

Data availability
All the relevant data supporting the findings of this study are provided in the Supplementary Information file.
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