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Abstract
The tall wheat variety C-306, renowned for its chapatti-making quality, suffers from lodging under high-input conditions, limiting its yield potential. This study aimed to improve C-306 by introgressing the semi-dwarfing gene Rht1 using marker-assisted selection (MAS) and to evaluate the subsequent effects on agronomic performance and grain micronutrient content. C-306 was used as the recurrent parent in backcrosses with three semi-dwarf donor varieties (WH 1105, DBW 14, HD 2932). Foreground selection for the Rht1 gene was performed using gene-specific PCR markers. The resulting near-isogenic lines (NILs) were evaluated for morphological traits, yield components, and grain Fe/Zn concentrations via atomic absorption spectroscopy. The marker-assisted introgression successfully reduced plant height in the C-306 background. Correlation analysis revealed a moderate positive relationship between plant height and biomass (r = 0.55) and yield (r ≈ 0.40), highlighting a critical breeding trade-off. Crucially, grain Fe and Zn concentrations were positively correlated (r = 0.44) and showed a modest positive association with yield, demonstrating that biofortification can be pursued without a significant yield penalty. Furthermore, total biomass was identified as the primary driver of economic yield (r = 0.87). This study establishes an effective framework for combining MAS with phenotypic analysis to improve traditional cultivars, providing valuable genetic resources for developing shorter, lodging-resistant, and nutritionally enhanced wheat varieties.
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1. Introduction

In wheat, about 20 semi-dwarfing loci (Rht) and 25 alleles associated with semi-dwarf growth habit (Konzak, 1987), including 11 alleles found naturally, viz. Rht-B1b, Rht-B1c (formerly Rht3), Rht-B1d, Rht-B1e, Rht-B1f located on 4B, Rht-D1b, Rht-D1c (formerly Rht10), Rht-D1d located on 4D, Rht8 located on 2DS, Rht9 located on 7BS and Rht6. Another 14 alleles were obtained through mutagenesis, including Rht-B1g, Rht4 (located on 2BL), Rht5 (3BS), Rht7 (2A), Rht11, Rht12 (5AL), Rht13 (7BS), Rht14, Rht15, Rht16, Rht17, Rht18, Rht19 and Rht20. Although many semi-dwarfing genes have been reported, only a few are used in wheat breeding programmes. 	Comment by user: This citation is not written under references 
In the recent years many molecular markers have been developed to tag the dwarfing genes in wheat. Sourdelle et al., 1998 found two RFLP markers Xpsr144-4B and Xglk578-4D associated with two dwarfing genes Rht-B1 and Rht-Dl, respectively. Alleles Rht-B1b and Rht-D1b, which were transferred from the Japanese cv. ‘Norin 10’, are widely used in wheat breeding programmes worldwide. The Rht-5 dwarfing gene was dominant and associated with molecular marker Xbarc102 on chromosome 3BS with estimated genetic distance of approximately 10 cM (Ellis et al., 2005). Rht5 has a greater effect on height reduction (-55%) than Rht12 (-45%), Rht13 (-34), Rht4 (-17), and Rht8 (-7%) (Rebetzke et al., 2012). Hou-Yang Kang et al., 2012 identified two closest linked markers, Xgpw3017 and M8/E5 at 0.5 and 3.5 cM, respectively, from Rht-dp (a recessive dwarfing gene) which will enable its marker assisted transfer property to wheat breeding populations. Meng Ya-ning et al., 2013 identified a new dwarfing gene Rht-Ai123 and its marker barc20 located at a genetic distance of 1.8 cM. The identification of this new dwarfing gene and its linked markers will greatly facilitate its utilization in wheat high yield breeding for reducing plant height. 	Comment by user: This citation is also not found under references check it?	Comment by user: This citation is also not found under references check it?	Comment by user: This citation is also not found under references please check it carefully all of them?
Wheat variety C306 is well known for its quality traits in terms of chapatti making. The variety C306 is recommended and released for rain-fed conditions. Like other rain-fed varieties, C306 is a tall variety with height of about 140 cm and is low yielding. Due to its height, under irrigated conditions this variety tends to lodge that limits the use of fertilizers. Therefore, a programme was initiated to incorporate a gene for reduced plant height (Rht2) in wheat variety C-306 using marker assisted foreground and background selection. 

2. Materials and methods
2.1 Plant material
The plant material consists of wheat WH1105, DBW 14 and HD 2932 donor of Rht genes and recipient variety C-306. The recipient and donor plants were crossed to generate F1 generation. The F1 plants were further backcrossed to recurrent parent C-306 to generate BC1F1 generation. BC1F1 population carrying Rht genes was further backcrossed to C-306 to generate BC2F1 generation. Plants in BC2F1 were selected for carrying Rht genes. Plants carrying Rht genes were selfed to produce BC2F2 generation. 
Plants with more than 80% Recurrent Parent Genome (RPG) were backcrossed with C306 to generate BC2F1 seeds. Like in BC1F1 selections were made in BC2F1 generation and plants with more than 90% RPG were identified and selfed to generate BC2F2 seeds. In BC2F2 generation a similar kind of selection was done and plants with Rht2 gene in homozygous state and more than 95% RPG were selected. The NILs will be selected for the yield and quality traits and promising lines tested in trials. The improved C306 variety with reduced plant height is expected to be high yielding by becoming more responsive to fertilizers, irrigation and other inputs.

2.2 Crossing procedure
The crossing procedure in wheat through emasculation was carried out on date using the cross C-306 × WH 1105 / C-306 × DBW 14 / C-306 × HD 2932. At the booting stage, immature spikelets of the selected female parent were carefully opened, and all three anthers were removed using fine forceps without damaging the stigma or ovary. The emasculated spike was immediately covered with a butter paper bag to prevent contamination. On mature pollen from the selected male parent was collected and dusted onto the stigma of the emasculated florets. The pollinated spike was re-bagged and labeled with a tag . The seeds from successful crosses were harvested at maturity and used for further breeding programs.
2.3 DNA isolation and PCR condition:
Leaf tissue was collected from young seedlings of one month old, grounded to fine powder using liquid nitrogen and used for DNA isolation using CTAB method (DNA Extraction Buffer) using the components: 1M Tris-Cl (pH=8.0), 0.5M EDTA (pH=8.0), 4M NaCl, 10% CTAB. The pH was adjusted to 8.0. It was pre-heated at 65C for 1 hour. 2% β-mercaptoethanol was added before use. Phase separation was done using Phenol: Chloroform: Isoamyl alcohol (25:24:1). DNA precipitation was done with absolute ethanol. After centrifugation, the pellet was dissolved in 1X TE Buffer. The isolated DNA was quantified and diluted to the concentration of 40-50ng/µl and stored at -20oC. The PCR reaction was carried out in 10 µl reaction volume containing the concentration: 1X Taq Polymerase Buffer, 40 µM of each dNTP (MBI Fermentas, Germany), 1.0 Unit Taq DNA Polymerase (Bangalore Genei Pvt Ltd, India), 5 pmol/µl each of forward and reverse primer, 0.8 mM MgCl2, 20 ng of genomic DNA and remaining water. The Polymerase Chain Reaction (PCR) was carried out with the thermal profile as below:

Table1: Thermal profiles of each allelic form of Rht gene marker for Polymerase Chain Reaction and the product sizes.

	S. No.
	Markers
	A
	B
	C
	D
	E
	Cycles
	Product size
(base pair)

	1
	B1a
	3 min (94 ̊C)
	20 sec (94 ̊C)
	30 sec (65 ̊C)
	1 min (72 ̊C)
	5 min (72 ̊C)
	30
	237

	2
	B1b
	3 min (94 ̊C)
	20 sec (94 ̊C)
	30 sec (65 ̊C)
	1 min (72 ̊C)
	5 min (72 ̊C)
	30
	237

	3
	D1a
	3 min (94 ̊C)
	20 sec (94 ̊C)
	30 sec (61 ̊C)
	1 min (72 ̊C)
	5 min (72 ̊C)
	35
	264

	4
	D1b
	3 min (94 ̊C)
	20 sec (94 ̊C)
	30 sec (65 ̊C)
	1 min (72 ̊C)
	5 min (72 ̊C)
	30
	254


A= Initial denaturation; B= Denaturation; C= Annealing; D= Renaturation/Extension; E= Final extension.

The following oligonucleotide primers were used:
·  (
B1a
)BF (Forward) - 5' GGTAGGGAGGCGAGAGGCGAG 3'
· WR1 (Reverse) - 5' CATCCCCATGGCCATCTCGAGCTG 3'
·  (
B1b
)BF (Forward) - 5' GGTAGGGAGGCGAGAGGCGAG 3'
· MR1 (Reverse) - 5' CATCCCCATGGCCATCTCGAGCTA 3'
·  (
D1a
)DF2 (Forward) - 5' GGCAAGCAAAAGCTTCGCG 3'
· WR2 (Reverse) - 5' GGCCATCTCGAGCTGCAC 3'
·  (
D1b
)DF (Forward) - 5' CGCGCAATTATTGGCCAGAGATAG 3'
· MR2 (Reverse) - 5' CCCCATGGCCATCTCGAGCTGCTA 3'

The amplified products were separated on 3.5% metaphor gel using agarose gel electrophoresis assembly with 1X TBE Buffer, stained with ethidium bromide and visualized on UV trans-illuminator Gel Documentation System (G:Box, Syngene).


2.4 Atomic Absorption Spectroscopy (AAS)
samples. The samples were analyzed using an atomic absorption spectrophotometer (Agilent Technologies, USA). The concentration of Fe, Zn, Ca, and Cu was expressed in mg/kg (ppm) based on dry weight. Atomic absorption spectroscopy (AAS) is a spectro-analytical procedure for the quantitative determination of the concentration of a particular element (the analytic) in a sample to be analyzed. They were using the absorption of optical radiation (light) by a system (Multiwave ECO Anton Paar GmbH) with a closed door. For 5 seeds 5 ml of diacid mixture was used. The digested samples were transferred in a 50 ml graduated falcon tube and diluted up to 25 ml volume with double distilled water. Blank was also diluted in the same way as test-free atoms in the gaseous state. It requires standards with known analytic content to establish the relationship between the measured absorbance and the analytic concentration and therefore is based upon Beer-Lambert Law. For the preparation of the standard solution, 5 ml of diacid mixture was taken in a graduated tube. The respective volumes or standards of the respective metals were added. Then the volume was made up to 50 ml using a pipette. The standards of Fe used were 0.5 ppm (parts per million), 1 ppm, 2 ppm, 3 ppm, 4 ppm, 5 ppm. The standards of Zn used were 0.1 ppm, 0.2 ppm, 0.4 ppm, 0.6 ppm, 0.8 ppm. The standards of Ca used were 0.5 ppm, 1 ppm, 2 ppm, 3 ppm, 4 ppm. The standards of Cu used were 0.1 ppm, 0.2 ppm, 0.4 ppm, 0.6 ppm, 0.8 ppm, 1 ppm. The prepared standards were first checked and analyzed to obtain the standard curve. After that, the samples were analyzed based on the standard curve. Before starting the analysis, the fuel gas pressure, and supply of gases (namely Acetylene and air) were thoroughly checked. After that elements are selected, and measurement parameters are adjusted. Finally, once no gas leakage was detected, the analysis of data started. The entire analysis was done using Wizard software
Table 2: Backcross data of recipient parent and donor parent with different generations and background recoveries and their respective populations. 
	Cross
	Generation 
	Total number of plants screened
	Number of plants carrying Rht gene
	Maximum Background recovery percentage (%)

	C-306 × WH 1105 /C-306 
	BC2F1
	512
	232
	82.67%

	
	BC3F1
	113
	45 
	91.58 

	
	BC3F2
	43 
	11
	94.44 

	

	C-306 × DBW14/C-306 BC2F1)
	BC2F1
	126
	45
	81.23

	
	BC3F1
	216 
	99
	89.51

	
	BC3F2
	126 
	54 
	91.5

	C-306 × HD2932/
C-306 (BC2F1)
	BC2F1
	85
	45
	80.23

	
	BC3F1
	144 
	72 
	88.23

	
	BC3F2
	189 
	99 
	90.5



3. Results and Discussion

3.1 Correlation Analysis of Morphological and Yield-Related Parameters
The Pearson correlation matrix illustrates the interrelationships among 14 traits observed in wheat genotypes developed through marker-assisted introgression of Rht genes into the C-306 background. Traits include plant height (PH), spike length (SL), spike grain number (SGN), test weight (TW), days to booting (DTB), days to heading (DTH), days to maturity (DTM), grain iron (Fe) and zinc (Zn) content (ppm), biomass, economic yield (EY), and yield per hectare (Yield/Ha).
3.2 Plant Height (PH)
PH was moderately correlated with Biomass (r = 0.55) and EY (r = 0.51), suggesting that taller plants tend to accumulate more biomass and may contribute to yield performance. However, PH vs. Yield/Ha (r = 0.12) was weak, implying that moderately reduced plant height (e.g., via Rht alleles) does not drastically compromise yield ( Velu et al., 2017).The incorporation of Rht genes (e.g., Rht-B1b and Rht-D1b) in semi-dwarf lines has been shown to reduce lodging and increase harvest index, even if slight reductions in plant height reduce biomass accumulation (Rebetzke et al., 2012).
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Figure 1. Correlation Matrix of Agronomic, Phenological, and Nutritional Traits in Wheat (BC₃F₂ NILs and Parents)

3.3 Micronutrients (Fe and Zn)
Biomass and Yield Correlations:
Biomass was strongly correlated with EY (r = 0.87) and moderately with Yield/Ha (r = 0.26), underscoring its central role in determining productivity. These findings align with studies where early vegetative Vigor and higher biomass were essential drivers for improving grain yield in wheat, especially under optimal resource conditions . (Reynolds et al., 2009, and Hakeem et al., 2025). Fe and Zn Micronutrient Traits’ and Zn were positively correlated (r = 0.11), supporting the possibility of simultaneous genetic improvement (biofortification) through co-selection or QTL stacking(stacking (Velu et al., 2014).Their correlations with yYield/hHa were weakly negative to neutral (r = –0.058 for Fe, –0.14 for Zn), reinforcing prior findings that enhancing micronutrient density (Zn, Fe) does not necessarily cause yield penalties (Cakmak, 2008 and Ortiz-Monasterio et al., 2007). Phenological Traits and Yield: DTH, DTM, and DTB were strongly inter-correlated (r > 0.80), reflecting close genetic and physiological control of growth duration. Their weak or slightly negative correlations with yield components (e.g., Yield/Ha) suggest that selection for moderate phenology does not strongly affect final productivity a finding echoed in studies of photoperiod-insensitive wheat genotypes (Zhang et al., 2013). Spike Traits and Their Influence: SL and SGN were strongly correlated (r = 0.64), confirming that longer spikes may accommodate more grains. However, SGN showed a negative correlation with Yield/Ha (r = –0.30), possibly indicating a trade-off between grain number and size or resource allocation during grain filling (Slafer &and  Savin, 1994). Semi-dwarf lines carrying Rht alleles can maintain productivity while reducing height, especially when biomass and NDVI traits are concurrently selected and Zn biofortification can be integrated without compromising yield, given their weak correlations with grain yield. The strong link between biomass and economic yield makes early biomass screening a valuable indirect selection method in breeding programs. Moderate phenological variation offers flexibility in adapting lines to different agro-ecologies without yield losses.	Comment by user: The year in references are not similar references i.e. 2012. 	Comment by user: Not found in references 	Comment by user: Not found under references 	Comment by user: Not found under references, what type of error all this happen 	Comment by user: Not found under references	Comment by user: Not found under references majority of your citation in the body is not found under references this a major problem 
3.4 Yield-Related Traits
Biomass vs. Yield/Ha (r ≈ 0.55): Higher biomass strongly supports increased yield. This reinforces the importance of selecting lines that maintain good vegetative growth —even when introducing Rht alleles. Economic Yield (EY) vs. Yield/Ha (r ≈ 0.38): EY (likely grain yield before final adjustments) correlates moderately with final yield, underscoring its utility as an interim selection metric.DTH/DTM vs. Yield/Ha (r ≈ -0.03 to -0.08): Days to heading and maturity show only weak negative correlations with yield. This implies that moderate adjustments in phenology should not drastically affect yield potential, though extremely early or late lines might still pose trade-offs in certain environments.	Comment by user: Supportive references 
 Breeding Implications
3.5 Reduced Height (Rht) Genes
Balancing Height and Yield: The moderate positive correlation of PH with yield and biomass indicates that shorter genotypes may risk some yield loss if height is reduced excessively. Rht alleles that confer improved lodging resistance without overly restricting biomass accumulation can help sustain or even enhance yield.	Comment by user: Elaborate/ discuss it with supportive references  
3.6 Enhancing Zn and Fe
Co-Selection for Micronutrients: The positive correlation between Fe and Zn suggests simultaneous improvement is feasible. Minimal Yield Penalty: Since Fe and Zn both correlate slightly positively with yield, incorporating QTLs for micronutrient enrichment is unlikely to reduce yield potential significantly. Trait –Marker Integration: By combining markers linked to Rht genes and micronutrient QTLs with phenotypic data (e.g., biomass, yield), breeders can efficiently identify progenies that are both semi-dwarf and nutrient-rich. Avoiding Trade-Offs: Monitoring correlated traits (PH–Biomass–Yield) ensures that selecting for shorter stature and improved Zn/Fe does not inadvertently compromise key agronomic traits.	Comment by user: What other literature says refer it.  
   3.7 Predicting Wheat Yield with Physiology and Biomass
The correlation matrix reveals strong, positive, and sequential relationships among vegetative traits, indicating coordinated plant development. A strong positive correlation was observed between consecutive node lengths: NL1 and NL2 (r = 0.68), NL2 and NL3 (r = 0.72), and NL3 and NL4 (r = 0.64). Similarly, nodal weight traits were very strongly correlated with each other, particularly between NW2 and NW3 (r = 0.82) and NW3 and NW4 (r = 0.82).
This pattern suggests a high degree of developmental consistency; genotypes that initiate growth with longer internodes or heavier nodal structures tend to maintain this characteristic throughout their development. However, an interesting trade-off was observed, exemplified by the moderate negative correlation between the third node length (NL3) and the first nodal weight (NW1) (r = -0.33). This indicates a potential resource allocation conflict between stem elongation and the development of nodal tissue at certain stages. Breeders aiming to optimize plant architecture must therefore consider these trade-offs, as selecting solely for one trait, such as stem length, might inadvertently affect other critical developmental components (Tadesse et al., 2019).
3.8 Physiological Indicators of Plant Health and Performance: NDVI and Canopy Temperature
High-throughput phenotyping (HTP) indices serve as powerful proxies for assessing plant health and predicting performance. Our analysis highlights the exceptional predictive power of the Normalized Difference Vegetation Index (NDVI), especially when measured early in the season. NDVI1, captured during the vegetative stage, exhibited a remarkably strong positive correlation with both final Biomass (r = 0.70) and Economic Yield (EY) (r = 0.71).
This result is of immense practical significance. It demonstrates that early-season canopy greenness and density, as quantified by NDVI, are powerful indicators of a genotype's ultimate potential for both vegetative growth and grain production (Hassan et al., 2019). This establishes NDVI1 as a premier tool for indirect selection, enabling breeders to screen vast numbers of genotypes early in the breeding cycle and accurately identify lines with high yield potential, thereby increasing selection efficiency and accelerating genetic gain. The correlations for later-season NDVI measurements (NDVI2, NDVI3, NDVI4) with yield components were considerably weaker, likely due to factors such as canopy closure, signal saturation, and the onset of senescence, which can confound NDVI readings later in the season (Aparicio et al., 2000).
Canopy Temperature (CT) provided further physiological insights. While its direct correlation with yield was modest, its relationship with NDVI was informative. CT showed weak to moderate negative correlations with NDVI values (e.g., CT1 vs. NDVI3, r = -0.11; CT2 vs. NDVI1, r = -0.15). This aligns with established plant physiology: healthier, more vigorous canopies (higher NDVI) are better able to cool themselves through transpiration, resulting in lower canopy temperatures (Blum, 2017). Therefore, CT can serve as an effective screening tool for identifying genotypes with superior water-use efficiency and tolerance to heat and drought stress, which are increasingly critical traits for climate resilience.
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Fig.2. Interrelationships Among Vegetative Growth Traits (Node and Canopy Development)
Figure 2. Pearson correlation matrix illustrating the interrelationships among leaf traits (Node Length 1-4: NL1-NL4), nodal traits (Node Weight 1-4: NW1-NW4), Normalized Difference Vegetation Index (NDVI1-NDVI4), canopy temperature (CT1-CT3), Biomass, Economic Yield (EY), and final Grain Yield per Hectare (Yield/Ha). The color scale indicates the strength and direction of the correlation, with red representing strong positive correlations (up to +1.0), blue representing strong negative correlations (down to -1.0), and green indicating weak or no correlation (near 0).
3.9 Dissecting Yield Components: The Central Role of Biomass
The analysis of yield and its constituent components delivered the most pivotal finding of this study. An exceptionally strong, positive correlation was found between total above-ground Biomass and Economic Yield (EY) (r = 0.87). This powerful relationship unequivocally identifies biomass accumulation as the primary driver of grain yield in the genotypes studied. It strongly supports a "source-driven" model of yield determination in wheat, where the capacity of the plant to capture resources and produce vegetative matter is the principal determinant of the number and size of grains it can ultimately support (Reynolds et al., 2012). This finding emphasizes that breeding strategies aiming for higher yields must prioritize selection for high biomass potential.
Interestingly, the correlation between Economic Yield (EY) and the final calculated Yield per Hectare (Yield/Ha) was more moderate (r = 0.38). EY represents the grain yield from a controlled experimental plot, whereas Yield/Ha is an extrapolation of that performance to a larger area. The moderated correlation suggests that while plot-level performance is a strong contributor, other factors influence the final field-scale yield. These can include spatial variability within the field, uniformity of the crop stand, edge effects, and potential G×E interactions that are not fully captured in small-plot trials (Fischer, 2011). This highlights the complexity of scaling yield from experimental plots to farmer fields and underscores the importance of multi-location and multi-year trials to validate genotype performance.
3.10 Breeding Implications and the Path Forward
The collective findings from this correlation analysis provide a clear and actionable framework for enhancing the efficiency of wheat breeding programs: Prioritize Biomass as a Key Selection Criterion: Given its profound impact on economic yield (r = 0.87), total biomass should be considered as a primary target for trait for selection. Any breeding strategy, including the introduction of semi-dwarfing genes, must ensure that canopy vVigor and biomass accumulation are not unduly compromised. Leverage Early-Season NDVI for High-Throughput Selection: The strong predictive power of early-season NDVI (r = 0.70 with yield components) makes it an invaluable tool for modern breeding. It allows for rapid, non-destructive, and cost-effective screening of large populations to identify and advance genotypes with high yield potential long before harvest. Integrate Canopy Temperature for Climate Resilience: Canopy temperature can be effectively integrated into selection protocols as a secondary screen for identifying genotypes with superior physiological efficiency and tolerance to heat and drought stress. Selecting for cooler canopies can help build climate resilience into future wheat cultivars (Pinto et al., 2021). Adopt an Integrated, Data-Driven Approach: The most effective breeding programs will be those that move beyond single-trait selection and embrace a holistic, systems-based approach. By integrating genomic tools (like MAS) with comprehensive field data and HTP indices (NDVI, CT), breeders can make more precise and informed selections, effectively pyramiding desirable traits for yield, quality, and climate resilience.	Comment by user: This study establishes an effective framework for combining MAS with phenotypic analysis to improve traditional cultivars, providing valuable genetic resources for developing shorter, lodging-resistant, and nutritionally enhanced wheat varieties. Says under your abstract 
But here there is no any conclusions and recommendation which related to your abstract. 
	Comment by user: Have your objective succeeded by the traits you want to incorporate into wheat variety C-306 and so what you final recommendation? Could it help the farmers that less prone to lodging or high yielder? Is the developed wheat lines shows improved and resilient to drought and stress because on title it say that climate smart wheat.  Put your own recommendation 
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