Breeding for multipurpose sugarcane: evaluating agronomic and cell-wall traits for sugar, biomass and second-generation ethanol production
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Abstract
Sugarcane (Saccharum spp.) is a highly efficient energy crop with increasing importance in both first and second generation (2G) ethanol production. Usage of sugarcane lignocellulosic residues for 2G ethanol provides a low-carbon alternative to fossil fuels and offers economic advantages by increasing ethanol output without expanding cultivated area. As traditional breeding has primarily focused on sugar yield, there is a growing need for research aimed at developing multipurpose varieties that combine enhanced sugar and biomass yield with improved biomass digestibility for 2G ethanol production. In this study, early-stage sugarcane breeding populations were evaluated under field conditions using an integrated breeding approach encompassing key agronomic and cell-wall traits, including saccharification potential. Using mixed linear models, genetic parameters, correlations, and best linear unbiased predictors (BLUPs) were estimated to identify superior genotypes for multipurpose application. Results revealed high breeding potential for stalk-related and biomass traits, particularly fibre yield, while low broad-sense heritability and genetic variability may limit selection for cell-wall traits. Strong negative genetic correlations (rg = -0.62 to -0.80) were found between stalk diameter and fibre content, while saccharification potential showed only a weak negative correlation with lignin content (rg = -0.26), suggesting that additional recalcitrant factors may influence cell-wall digestibility. BLUPs-based ranking enabled the selection of promising multipurpose genotypes combining high sugar and biomass yield with improved cell-wall composition for 2G ethanol production. These findings provide new insights into the development of multipurpose sugarcane varieties and support integrated breeding strategies to optimize both sugar production and bioenergy applications.
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Introduction
Sugarcane (Saccharum spp.) breeding programs have traditionally focused on maximizing sugar yield per hectare. However, over the past few decades, sugarcane has proven to be one of the most efficient energy-crops (Raza et al. 2019) with diverse energy applications that support the advancement of sustainable developmental goals in sugarcane producing countries (Vandenberghe et al. 2022). While first-generation (1G) ethanol derived from sugarcane has played a significant role in reducing dependence on fossil fuels (Vandenberghe et al. 2022), sugarcane bagasse has been utilized for electricity co-generation, enabling sugar factories to achieve energy self-sufficiency and often produce surplus electricity that can be sold to the national grid (Cavalcanti, Carvalho, and da Silva 2020). Thus, upon such genetic and technological advances, sugarcane hybrids with enhanced sugar yield have fulfilled nutritional and energy requirements.
More recently, research has focused on analyzing cell-wall composition —particularly lignin content— in diverse sugarcane populations (Masarin et al. 2011; Baffa et al. 2014; Silva et al. 2017; Soares Ramos et al. 2017) and germplasm collections (Gouy et al. 2013; Todd et al. 2017), with the aim of improving cell-wall digestibility and optimizing biomass for 2G ethanol production. Minimizing the inhibitory effects of lignin and other cell-wall components on enzymatic digestibility has been demonstrated to be critical to improve the efficiency of biomass conversion to fermentable carbohydrates (Mason et al. 2020; Mota et al. 2021). These findings have resulted in significant progress on lignocellulosic biomass mediated development of sugarcane varieties with enhanced potential for energy production for a range of applications (Carvalho-Netto et al. 2014; Sandhu et al. 2016). Novel sugarcane ideotypes—referred to as energy cane—have been developed in several sugarcane-producing countries (Sandhu et al. 2016; Sica et al. 2023; Thammasittirong et al. 2023). Two primary types of energy-cane are commonly distinguished: a multipurpose Type I, suitable for both sugar and bioenergy production, and Type II, specifically bred for energy purposes due to its higher fibre content (Tew and Cobill 2008).
 Second-generation (2G) biofuels derived from lignocellulosic biomass from sugarcane and other energy crops have emerged as a promising solution for reducing greenhouse gas emissions (Acevedo et al. 2019; Kumar et al. 2023; Pramanik et al. 2023). Even though the production of 2G ethanol from both bagasse (Kane et al. 2022) and straw (Espirito Santo et al. 2022) has shown considerable potential, the recalcitrant nature of lignocellulosic biomass, which reduces the economic feasibility of the conversion process (Dharmaraja et al. 2022; Pan et al. 2022), has limited the large-scale deployment of this technology to a few examples. Currently, commercial scale 2G ethanol is being produced in Brazil (Pinheiro et al. 2025), while China (Penalva Santos et al. 2022) and India (Malik 2023) are actively investing in the implementation of this technology. Meanwhile, efforts are made to breed better sugarcane varieties with enhanced lignocellulose composition and digestibility in order to significantly contribute to the reduction of biomass recalcitrance (Marriott, Gomez, and McQueen‐Mason 2016; Wang et al. 2016).
Overall, in spite of these scenarios of progress, phenotypic selection in sugarcane breeding programs remains primarily focused on maximizing sucrose output for sugar production and 1G ethanol. While cane and sugar yield are prioritized across selection schemes (Acevedo et al. 2017; Hoarau et al. 2022; Di Pauli et al., 2025), traits associated with lignocellulosic biomass yield and composition are less frequently assessed. For instance, fibre content is typically evaluated during advanced selection stages (Cursi et al. 2022; Santchurn and Badaloo 2021) whereas straw weight, which is essential for estimating total aerial biomass production, is generally not integrated into current breeding strategies. In the case of 2G ethanol production, the analysis of biomass saccharification potential can complement studies of cell-wall composition, providing valuable insights for the development of sugarcane varieties with enhanced digestibility and for identifying the main factors underlying cell-wall recalcitrance (Gómez et al. 2010).
Herein, the objective of this study was to gain a deeper understanding of the genetic variability of agronomic and cell-wall traits within early-stage sugarcane breeding populations in order to support the development of varieties for both sugar and energy production. Field data from two sugarcane families developed at the Sugarcane Breeding Program at INTA, Argentina, were analyzed using Mixed Linear Models (MLM) statistical approach (Oliveira et al. 2008; Bernardo 2020; Barreto et al. 2021). Genetic parameters and correlations associated between agronomic and cell-wall traits, including saccharification potential for biomass digestibility assessment, were explored. Additionally, best linear unbiased predictors (BLUPs) were estimated for random genotypic effects (Ostengo, Cuenya, and Balzarini 2013; Cursi et al. 2020; Barreto et al. 2021; Hoarau et al. 2021) to identify superior genotypes.
Materials and methods
Genetic resources and experimental design
Two full-sib sugarcane (Saccharum spp.) families hereafter referred to as C1 (n=91) and C2 (n=77) were studied. The families derived from commercial varieties or advanced clones frequently used as progenitors in the Sugarcane Breeding Program (SCBP) Instituto Nacional de Tecnología Agropecuaria (INTA), Argentina. C1 family derived from crossing NA 78-724 x LCP 85-384, while C2 family from crossing HOCP 92-665 x NA 56-30. Phenotypic (García et al. 2022), cytogenetic (García et al. 2024) and molecular (Molina et al. 2023) data of the genetic materials (parents and progenies) is available in previous research.
The sugarcane families were grown and studied under field conditions at Estación Experimental Agropecuaria Famaillá (27°03’S, 65°25’W, 363 m.a.s.l.) of INTA. Two commercial checks, LCP 85-384 and L 91-281, were also included. The experiment utilized a complete randomized block design of two blocks and one replicate per block. Each plot consisted of a 3 m long row with an inter-row spacing of 1.6 m. 
Fifteen agronomic traits were assessed in the C1 and C2 families to evaluate the potential for sugar and bioenergy production. These traits were studied over three consecutive growing seasons (2017/2018, 2018/2019, and 2019/2020), corresponding to the plant cane, first ratoon, and second ratoon crops. Additionally, four cell-wall traits were examined in the C1 family over two growing seasons (2017/2018 and 2018/2019), corresponding to the plant cane and first ratoon crops.
Agronomic evaluation
The average stalk number per meter for each genotype was determined by counting the total number of stalks of each plot. A sample of ten mature stalks of one-year growth cane of each plot was collected to determine stalk height, stalk diameter, and stalk weight. Thereafter, the stalks were used to determine brix, pol, purity and sucrose content (Acreche et al. 2015) and fibre (Tanimoto 1964). The leaves and the immature tops of each sample were oven-dried at 40°C to determine straw weight. The agronomic data was used to estimate yield traits using the following formulae: 
[bookmark: bookmark=id.h01uucycaj7r]Tons of cane per hectare (TC) [t ha-1] = stalk weight [Kg] x stalk number x 6250 [m ha-1] / 3 [m]/1000 [Kg t-1]
Tons of dry straw per hectare (TST) [t ha-1] = straw weight [Kg] x stalk number x 6250 [m ha-1] / 3 [m]/1000 [Kg t-1]
Tons of sucrose per hectare (TS) [t ha-1] = sucrose content x TC [t ha-1]
Tons of fibre per hectare (TF) [t ha-1] = stalk fibre x TC [t ha-1]
Tons of dry biomass per hectare (TB) [t ha-1] = TS [t ha-1] + TF [t ha-1] + TR [t ha-1]
Cell-wall chemical analysis
Sample preparation
Bagasse samples derived from stalk fibre content measurement were ground in a Wiley mill using a 2 mm mesh. Subsequently, sub-samples of 100 g were treated with 80% (v/v) alcohol at 80°C (six washes) followed by a wash with distilled water (de Souza et al. 2012) to remove sugars which is essential to properly quantify saccharification potential. The insoluble-alcohol residue (IAR) obtained using this procedure was used for cell-wall chemical composition and saccharification potential analyses.
Chemical composition analysis
Major cell-wall components (cellulose, hemicellulose and lignin) were quantified following the acid detergent method. Neutral detergent fibre (NDF) and acid detergent fibre (ADF) were determined as indicated by Van Soest et al. (1991) while acid detergent lignin (ADL) was quantified following the protocol by Van Soest (1973). Each measurement was conducted by duplicate using ANKOM® equipment (ANKOM Technology Corporation, Fairport, NY). Cellulose content was calculated by subtracting ADL from ADF, while hemicellulose content was calculated as the difference between NDF and ADF.
Saccharification potential
The saccharification potential of IAR samples was determined following the protocol outlined by Gomez et al. (2010). Saccharification assays were performed in triplicate for each IAR sample. The samples were transferred to 96-well plates with a custom-designed robotic platform (Labman Automation, Stokesley, North Yorkshire, UK). An alkaline pretreatment at 90 °C was applied for 30 min. This was followed by enzymatic hydrolysis using a cocktail of Celluclast and Novozyme 188 (Novozymes Enzymes) in a 4:1 ratio. The amount of reducing sugars released was subsequently quantified.
Data analysis
Mixed linear models (MLM)
Variance components for each agronomic trait were estimated separately for C1 and C2 families by fitting an MLM. Identical MLM was used to estimate variance components for each cell-wall trait in C1 Family. The model included data of three crops (plant cane, first ratoon and second ratoon) for agronomic traits and two crops (plant cane and first ratoon) for cell-wall traits. The MLM was set as follows: 
Tijk = μ + Gi + Cj + GCij + Bk + εijk
where,
Tijk is the observation of the genotype i in crop j in block k; 
μ is the grand mean; 
Gi is the random effect of the genotype i;
Cj is the fixed effect of the crop j;
GCij is the random effect of the genotype × crop interaction
Bk is the random effect of the block k; and
εijk is the residual error. 
Restricted Maximum Likelihood statistical approach (Patterson and Thompson 1971) was used to estimate variance components using Infostat Software (Di Rienzo et al. 2020) through an interface with R software (R Core Team 2018). Heteroscedasticity was modelled for crop effect when necessary, using VarIdent function of the “nlme” package (Pinheiro et al. 2021) and Akaike criteria was used to select the best fitted model for each trait. Analysis of variance (ANOVA) followed by DGC multiple mean comparison test (Di Rienzo, Guzman, and Casanoves 2002) was used to determine statistical differences for the agronomic and cell-wall traits under study.
Genetic parameters 
Variance components for agronomic and cell-wall traits were used to estimate genetic parameters. Broad-sense heritability (H2) was estimated as follows: 
H2= σ2g/ σ2p
where,
σ2g is the genetic variance and σ2p is the phenotypic variance.
σ2p was calculated as follows:
σ2p = σ2g + σ2gc/c + σ2e/rc
where,
σ2g is the genetic variance, σ2gc is the genotype × crop interaction variance and σ2e is the residual variance, r is the number of replicates and c the number of crops.
The genetic coefficient of variation (CVg) was calculated using the following formula: 
CVg = 100 σg/mean of the trait
where,
σg is the standard genotypic deviation
The genetic advance (GA) was estimated as follows:
GA=100 i σp H2/mean of the trait
where, 
i is the standardized selection differential at 10% of selection intensity (1.755) and σp is the phenotypic standard deviation.
Genetic correlations
Genetic correlation coefficients were calculated for agronomic traits within the C1 and C2 families. The analysis was also conducted to explore genetic correlations between agronomic and cell-wall traits for the C1 family. The fitted MLMs were used to estimate the genetic variances and covariances and calculate the correlation coefficients as follows:
rg(ij) = σ2g(ij) /σg(i) σg(j)
where, 
rg(ij) is the genetic correlation coefficient between traits i and j, σ2g(ij) is the genetic covariance between the trait i and the trait j, σg(i) and σg(j) are genetic standard deviations of traits i and j, respectively. 
BLUPs estimation for the random effects of genotype 
BLUPs from the random effects of genotypes were estimated for agronomic traits in the C1 and C2 families, whereas the analysis also extended to cell-wall traits in the C1 family. BLUPs were calculated by using the fitted MLMs previously described and modified to include two commercial checks. A BLUP-based ranking within each family was elaborated for the yield traits under study, using Infostat Software (Di Rienzo et al. 2020) through an interface with R (R Core Team 2018).
Results
Genetic parameters analysis detected the highest breeding potential for fibre, stalk-related and biomass traits in sugarcane families
The phenotypic variance partitioning of the experiment and the genetic parameters estimated for agronomic and cell-wall traits are presented in Table 1. The results show that the genotypic variance accounted for the largest portion of the non-residual variance components for agronomic traits (Table 1). The genotypic variance ranged from 43.3% to 67.2% for stalk height, stalk diameter, stalk weight, stalk number, fibre, TC, TST, TS, TF, and TB, and from 21.6% to 46.3% for straw weight, pol, brix, and sucrose content. Juice purity exhibited the lowest genotypic variance (C1 = 15.0%; C2 = 5.7%). In contrast, genotype × crop interaction and block variances contributed minimally to phenotypic variance in both families. Consequently, the residual error accounted for most of the remaining phenotypic variance ranging from 32.6% to 88.1%, depending on the trait (Table 1).
Overall, the analysis of the three genetic parameters for agronomic traits revealed similar results in the two families (Table 1). Traits related to biomass production (stalk height, stalk diameter, stalk weight, straw weight and stalk number) fibre, and yield traits (TC, TST, TS, TF and TB) showed the highest H2 values (>0.83). In addition, yield traits exhibited the highest GA values (37.3 - 49.2), followed by stalk weight and stalk number (29.6 - 48.1). However, yield traits also accounted for the uppermost CVg (23.8 - 30.1), followed once again by stalk weight and stalk number (18.2 - 28.6) among other biomass production traits (Table 1).
Three agronomic traits associated with sugar production, i.e., brix, purity, and sucrose content were responsible for displaying elevated H² values ranging from 0.66 to 0.81. Conversely, GA and CVg values recorded for these sugar related traits were lower compared to biomass production traits (Table 1). Notably, juice purity, another trait related to sugar production, exhibited the lowest values for all three genetic parameters assessed (Table 1).
Cell-wall traits were more influenced by the genotype × crop interaction and bore lower genetic parameters values than agronomic traits
C1 family phenotypic variance partitioning for cell-wall traits revealed notable differences compared to agronomic traits (Table 1). The primary source of phenotypic variability for the main cell-wall components - cellulose, hemicellulose and lignin was the genotype × crop interaction variance, with lignin showing the largest value (Table 1). As for saccharification potential, residual variance accounted for the largest proportion of the phenotypic variability, while genotype and genotype × crop interaction variances contributed significantly less (Table 1). SP replicate-level CVs (based on three laboratory replicates per sample) averaged 10.4%, which falls within the range expected for standardized saccharification procedures (Gómez et al. 2010). Notably, the block variance had negligible influence on the phenotypic variability observed in the four cell-wall traits.
Overall, C1 family genetic parameters for cell-wall traits exhibited lower values when compared to most of the agronomic traits (Table 1). Intermediate to low H² values (≤ 0.54) were recorded for all four cell-wall traits, with lignin showing the lowest value. Lignin also stood out for exhibiting the highest CVg value, while saccharification potential had the highest GA value among cell-wall traits. However, all cell-wall traits levels were generally low (CVg ≤ 7.0, AG ≤ 7.6) (Table 1).
Both sugarcane families unveiled significant genetic correlations among agronomic traits, particularly between stalk diameter and fibre
To analyze potential associations among agronomic traits, genetic correlation coefficients were calculated in the C1 and C2 families (Figure 1a, b). The relationships between cell-wall traits and agronomic traits were also examined in the C1 family (Figure 1b).
Several correlations among agronomic traits were consistent across the two families analyzed (Figures 1a, b). For example, negative relationship between fibre and stalk diameter (C1 family, rg = -0.62; C2 family, rg = -0.80) and between fibre and stalk weight (C1 family, rg = -0.55; C2 family, rg = -0.33) were observed. Fibre also exhibited a slight positive correlation with brix (rg ≤ 0.38) and a negative correlation with pol (rg ≤ -0.29). Additionally, straw weight exhibited a positive correlation with both stalk diameter and stalk weight (rg > 0.57). It is worth noting that yield traits were strongly positively correlated with stalk number (rg = 0.67 to 0.85) and stalk height (rg = 0.50 to 0.75) (Figure 1a, b).
Additional statistically significant correlations among agronomic traits varied according to the family considered. In the C1 family, straw weight negatively correlated with the number of stalks (rg = -0.40) (Figure 1a); whereas, in the C2 family a negative correlation was observed between stalk diameter and both brix and pol (rg ≤ -0.33) (Figure 1b). As for positive correlations, stalk height was associated with both stalk number and fibre content (rg ≤ 0.33), while fibre content correlated with stalk number (rg = 0.25) in the C2 family (Figure 1b).
Lignin correlated negatively with saccharification potential and positively with sugar-related traits
Correlation analysis was achieved in the C1 sugarcane family to visualize potential associations among cell-wall traits (Figure 1a). On one hand, lignin was negatively and strongly correlated with cellulose (rg = -0.88), while it was moderately correlated with hemicellulose (rg = -0.48). On the other hand, saccharification potential presented a slight negative correlation with lignin (rg = -0.26), discarding associations with cellulose or hemicellulose. Several cell-wall and agronomic traits were genetically associated in the C1 family (Figure 1). While lignin content was positively and discreetly correlated with sugar-related traits, including Brix, pol, purity, and sucrose content; these latter traits were negatively associated with cellulose (rg = -0.31 to -0.44) (Figure 1). Positive correlations (rg < 0.4) were also found between cellulose and stalk height, fibre, TC, TF and TB (Figure 1). Hemicellulose showed negative correlations with brix and sucrose, as well as positive correlations with stalk height, stalk number, fibre, and all the yield traits; however, all these associations were characterized by showing small magnitude (rg < 0.41). Saccharification potential unveiled positive correlation with stalk weight and negative correlations with fibre and lignin (rg < 0.3).
BLUPs-based ranking revealed multipurpose candidate genotypes 
The top 20 positions of the BLUPs-based ranking for both yield and cell-wall traits in the C1 family, and solely agronomic traits in the C2 family are presented in Tables 2 and 3, respectively. The complete rankings for all traits studied can be found in Table S1 (C1 family) and Table S2 (C2 family). Overall, the very top positions for the five yield-related traits were predominantly occupied by genotypes that surpassed the highest-ranked commercial checks (controls), i.e., genotypes 7, 19, 36, 54, and 85 in the C1 family and genotypes 96, 115, and 135 in C2 family (Tables 2 and 3). The commercial checks exhibited consistent performances, with LCP 85-384 ranking between 2nd and 8th for TC, TST, TS, and TB, and L 91-281 ranking between 7th and 15th for the same traits. Of particular significance were the lower positions of the commercial checks for TF, ranking between 15th and 20th (Tables 2 and 3).
Seven genotypes (7, 85, 19, 64, 96, 115, and 135) across both sugarcane families accounted for BLUP values that exceeded those of the highest-ranked control for TB, indicating high biomass yield (Tables 2 and 3). Although these genotypes exhibited comparable sucrose contents, ranging from 9.4% to 10.8%, in both families (Table S3), their fibre contents varied according to the family, with values ranging from 11.5% to 12.6% in the C1 family and 12.6% to 16.0% in the C2 family. Taken together, these data suggest that genotype 96 from C2 family appears as a multipurpose candidate for combining elevated sucrose (10.8%) and fibre contents (16.0%), as well as a high biomass yield (Table S3).
BLUP analysis of the main cell-wall compounds in the C1 family identified progenies carrying low lignin and high cellulose, and/or enhanced digestibility, compared to commercial checks for 2G ethanol production (Tables 2 and S1). In this respect, high cellulose content and saccharification potential were accompanied by low lignin content in genotype 87; whereas genotypes 12, 18, and 85 simultaneously combined high cellulose, low lignin, and moderate saccharification potential. (Table 2 and S1). Genotype 85 also ranked 2nd in the BLUPs-based assessments for TC, TF, and TB (Table 2), positioning it as a standout genotype both in terms of biomass production and improved cell-wall composition for lignocellulosic ethanol production.
Commercial check L 91-281 was characterized by its relevant cellulose level, ranking 9th out of 91, while LCP 85-384 accounted for high saccharification potential, ranking 5th out of 91st (Table 2). Accordingly, both commercial checks exhibited moderate lignin and hemicellulose contents, which were comparable to the average values observed in C2 family (Table S1).
Discussion
The present study aimed to explore genetic parameters and correlations of sugarcane key traits to support sugarcane breeding strategies for both sugar and bioenergy production, particularly for 2G ethanol. Therefore, fifteen agronomic traits and four cell-wall traits were examined under field conditions in two sugarcane families. In addition, BLUPs for the genotypic effects were estimated to identify the best candidates of each family.
Genetic parameters analysis demonstrated high potential for developing sugarcane hybrids with enhanced fibre and biomass yield
The analysis of genetic parameters is a crucial tool for identifying potential limitations to genetic gain in breeding populations (Hoarau et al. 2021). In this investigation, the high H2 values observed for agronomic traits in the C1 and C2 families suggest high confidence in estimating genetic values from field-based phenotypic data. In addition, CVg values indicate that sugar-related traits (brix, pol, purity, and sucrose content) that were lower than 10%, frequently considered a threshold for sufficient genetic diversity in sugarcane breeding (Oliveira et al. 2005), accounted for low genetic variability. This result aligns previous reports of genetic base narrowing for sugar-related traits in Argentina (Acreche et al. 2015; Acevedo et al. 2017) and other breeding programs worldwide (Hogarth et al. 1997; Jackson 2005; Dumont et al. 2019). Importantly, strategies focused on broadening the genetic base for sucrose content could be exploited in Argentina as current varieties have not yet plateaued (Acreche et al. 2015). On the other hand, fibre showed moderate CVg values, and H² and GA values higher compared to sugar-related traits, similar to Gravois and Milligan (1992) observations, suggesting its potential use in breeding programs aimed at developing multipurpose sugarcane. Notably, other key traits associated with increased biomass production—such as stalk weight, straw weight, and yield-related traits including TC, TST, TF, and TB—also exhibited moderate to high CVg and GA values, highlighting their potential for bioenergy improvement.
Further analysis of genetic parameters in the C1 family established that H² values for cell-wall traits were lower compared to agronomic traits, with lignin content registering the lowest value (H²= 0.19), in agreement with H² values for lignin (Soares Ramos et al. 2017), cellulose and hemicellulose (Silva et al. 2017) measured in other sugarcane populations. Conversely, high heritability value for lignin content was detected in sugarcane germplasm collections (Gouy et al. 2013; Silva et al. 2017). The low H² values estimated in this investigation are likely a consequence of the prevalence of the genotype × crop interaction effect (72.9% in the case of lignin) on the phenotypic variability for cell-wall traits. Previous studies also highlighted the strong influence of environmental conditions on sugarcane cell-wall traits (Lingle et al. 2012; Benjamin, Gorgens, and Joshi 2014; Zhao et al. 2020). This implies that genetic gains in cell-wall components could be enhanced by evaluating these traits under alternative experimental designs to reduce error variance as suggested by Dumont et al. (2019).
Limited genetic variability for C1 family cell-wall traits was inferred from CVg values. Similar (Gouy et al. 2013; Soares Ramos et al. 2017) and opposite (Gouy et al. 2013; Soares Ramos et al. 2017) findings have been reported regarding this theme, suggesting that genetic variation in cell-wall traits may vary considerably depending on the population examined.
Fibre content may be indirectly selected by stalk diameter evaluation
A strong negative association between stalk diameter and fibre content stood out among the most notable genetic correlations identified in the C1 and C2 sugarcane families, in agreement with previous studies (Gravois and Milligan 1992; da Silveira et al. 2015; Barreto et al. 2021) which further suggests that fibre content could be indirectly selected through the evaluation of stalk diameter. This association is biologically plausible, as genotypes with thicker stalks tend to accumulate a larger central parenchymatous pith fraction, a tissue lower in structural carbohydrates and therefore reflecting reduced fibre content. Accordingly, changes in the pith/rind ratio may have clear implications when selecting for energy cane Type I (multipurpose cane for sugar and fibre) or Type II (specifically bred to harness lignocellulosic biomass for energy production). For Type I, selecting genotypes with larger diameters may be acceptable while managing the sugar/fibre trade-off, whereas in Type II energy cane, selecting for smaller diameters could help maximise fibre content, as sugar production is not a priority. Other changes in tissue composition may also occur; for instance, changes in tissue lignin deposition patterns as well as a number of vascular bundles and metaxylem diameter were observed in energy cane compared with commercial sugarcane (García et al. 2023).
Furthermore, both families exhibited slight negative correlations between fibre and sucrose content, a key factor to be taken into consideration when developing multipurpose sugarcane varieties. Although simultaneous genetic improvement of both traits is feasible (Santchurn et al. 2019), efforts to increase fibre content for bioenergy applications may be accompanied by sucrose level reductions, a trade-off that must be carefully managed in breeding programs. Therefore, breeding-based strategies for energy cane should aim to balance sucrose accumulation, fiber deposition, and overall tissue composition according to the requirements of specific ideotypes.
Stalk number, stalk height, and stalk weight were the agronomic traits most strongly correlated with the yield traits TS, TF, and TB in both sugarcane families. As expected, sucrose content correlated positively with TS, and fibre content with TF, but these correlations were weaker in magnitude compared to the former. Taken together, these results highlight the prevalence of biomass production over quality traits in determining yield during the first breeding selection stages of sugarcane.
The weak correlation between lignin and saccharification potential suggests more recalcitrant factors involved in cell-wall digestibility
Several correlations between cell-wall compounds and yield components were proven in the C1 family. The positive correlations of sugar-related traits (brix, pol, purity and sucrose content) with lignin and negative correlations with cellulose, all within a range of moderate correlation magnitudes (rg = │0.31│ to │0.66│). However, these relationships should be interpreted cautiously, as both lignin deposition and sucrose accumulation increase with stalk maturity (García et al. 2023), and substantial variability in maturation can occur in early, unselected breeding populations such as the ones evaluated in this study.
[bookmark: bookmark=id.9yyrr3x65nmm]A potential competition for photosynthates between lignin and cellulose during cell-wall biosynthesis is inferred from the strong negative correlation measured between these components in the C1 family, also detected in our previous findings (García et al. 2022). In contrast, hemicellulose appears to be more stable within the family studied; and although a moderate negative correlation with lignin content was determined, it was less pronounced. Additionally, lignin was the only cell wall constituent that was negatively correlated with saccharification potential,  a trend frequently associated with its contribution to biomass recalcitrance (Oliveira et al. 2020; Tocco et al. 2021). Nonetheless, the magnitude of this correlation was relatively weak in the population examined (rg = –0.26), which may limit the use of lignin content as a reliable indirect selection criterion for genotypes with enhanced digestibility. Still, the correlation appears particularly relevant given that efforts to identify highly digestible sugarcane materials have often been focused on lignin content (Hoang et al. 2015; Soares Ramos et al. 2017; Todd et al. 2017; da Silva et al. 2018). Two non-mutually exclusive factors may explain this phenomenon: 1. The presence of other multiple recalcitrant such as monosaccharide composition (Loqué, Scheller, and Pauly 2015; García et al. 2023), porosity, cellulose crystallinity, and the protection of cellulose by hemicelluloses (Van der Weijde et al. 2013), ferulic acid  esterification, lignin composition (S : G ratio), hemicellulose branching, and lignin-carbohydrate complexes (Marriott, Gómez, and McQueen-Mason 2016); and 2. The complex genetic nature of sugarcane, characterized by high polyploidy, heterozygosity, and aneuploidy (Acevedo et al, 2017; Thirugnanasambandam, Hoang, and Henry 2018), that contributes to high variability in cell-wall composition and architecture beyond the traits evaluated, especially in early-stage breeding populations.
BLUPs-based ranking mediated identification of multipurpose candidate genotypes
The BLUP analysis enabled the selection of superior sugarcane hybrids within C1 and C2 families based on genetic merit. The findings underscore the potential of integrating biomass, sugar, and fibre data to identify genotypes suitable for bioenergy applications within sugarcane breeding populations. A similar scope applied to sugarcane breeding populations have shown promising results in other sugarcane breeding programs as well (Rao and Weerathaworn 2009; White et al. 2011; Elibox 2013). Here, a total of seven genotypes outperformed the commercial checks in TB, while also exhibiting high concentrations of both sucrose and fibre. In this context, genotype 96, belonging to C2 family, shows up as a promising example with an outstanding combination of both sucrose and fibre contents (Table S3) and high biomass yield (Table 3).
Several genotypes exceeded the commercial checks in TF, whereas just one in each family outperformed the checks in TS. Since BLUP analysis highlighted greater potential for identifying genotypes with enhanced TF, this attribute offered more opportunities for selecting this trait in both families. Overall, the phenotypic data suggests the possibility of developing multipurpose sugarcane hybrids that surpass currently used commercial varieties by five to six percentage points in fibre without compromising sugar production. In terms of acceptable fibre levels for multipurpose hybrids, it is worth noting that sugar mills are generally unable to process cane with fibre content exceeding 20%. Therefore, based on previous recommendations, fibre values close to 17% combined with sugar content around 13% are considered suitable for these types of cultivars (da Silveira et al. 2015). Finally, BLUP analysis in C1 family mediated the identification of genotypes with favorable features for 2G ethanol production allowing the selection of hybrids with high cellulose and/or high saccharification potential compared to the commercial checks. Genotype 85 even combined desirable traits of digestibility, cell-wall composition, and high biomass production.
The cell-wall traits analysed here were used to identify plant-intrinsic limitations, particularly those associated with cell-wall recalcitrance, that define the genetic potential for improving digestibility. The genetic correlations revealed relationships among cell-wall components and between cell-wall and agronomic traits, while the BLUP analysis enabled the identification of candidate genotypes with improved biomass digestibility. It is also important to note that process-related factors such as pretreatment severity, enzyme efficiency, and hydrolysis performance constitute technological bottlenecks that constrain 2G ethanol production and compromise its profitability (Ceaser et al. 2024). Breeding-based solutions, such as the development of high-yielding energy-crop varieties with enhanced cell-wall digestibility, can increase biomass availability and the release of fermentable sugars during 2G ethanol processing, reducing pretreatment and enzymatic requirements and ultimately contributing to lower operational cost..
Conclusions
Integrating agronomic field data with cell-wall composition and saccharification analysis, as performed in this study, could serve as a reliable model for selecting superior sugarcane genotypes for sugar and bioenergy applications.
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Table S3. Phenotypic data of agronomic traits in the C1 (n=91) and C2 (n=77) sugarcane families, and commercial checks. Reported values correspond to the mean of three crop ages (plant cane, first and second ratoon). 

Tables
Table 1. Phenotypic variance partitioning and genetic parameters for agronomic traits in the C1 (n=91) and C2 (n=77) sugarcane families, and cell-wall traits in the C1 family.
	
	Phenotypic variance partitioning
	Genetic parameters

	 
	σ2gc (%)
	σ2g (%)
	σ2b (%)
	σ2e (%)
	H2
	CVg
	GA

	 
	C1
	C2
	C1
	C2
	C1
	C2
	C1
	C2
	C1
	C2
	C1
	C2
	C1
	C2

	Agronomic traitsa
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Stalk height [cm]
	0.0
	0.0
	65.5
	57.1
	1.9
	0.0
	32.6
	42.4
	0.92
	0.89
	11.3
	8.8
	19.1
	14.5

	Stalk diameter [mm]
	0.0
	0.0
	67.2
	64.9
	0.2
	0.0
	32.6
	34.8
	0.93
	0.92
	8.8
	9.5
	14.9
	15.9

	Stalk weight [g]
	0.0
	0.0
	60.9
	53.8
	0.0
	0.0
	32.9
	40.8
	0.89
	0.86
	22.6
	18.2
	37.4
	29.6

	Straw weight [g]
	0.0
	0.0
	46.3
	21.6
	0.0
	0.6
	49.5
	67.8
	0.83
	0.60
	17.8
	13.9
	28.4
	18.8

	Stalk number
	0.0
	0.0
	62.8
	62.1
	0.0
	3.6
	37.2
	33.6
	0.91
	0.91
	25.3
	28.6
	42.3
	48.1

	Brix [% juice]
	0.0
	0.0
	39.0
	44.2
	0.8
	0.9
	47.5
	46.0
	0.76
	0.81
	3.6
	3.8
	5.5
	6.0

	Pol [% cane]
	0.0
	0.0
	38.0
	33.3
	0.8
	1.0
	48.8
	58.1
	0.76
	0.73
	5.0
	4.4
	7.6
	6.7

	Purity
	0.0
	0.0
	15.0
	5.7
	0.0
	0.1
	71.5
	88.1
	0.48
	0.25
	1.7
	1.1
	2.1
	0.9

	Sucrose content [% cane]
	0.0
	0.0
	37.7
	25.6
	0.9
	0.0
	52.8
	68.9
	0.76
	0.66
	6.2
	4.8
	9.5
	6.8

	Fibre [% cane]
	0.0
	0.0
	54.9
	57.8
	0.0
	4.6
	37.9
	34.5
	0.86
	0.89
	10.5
	11.3
	17.1
	18.7

	TC [t ha_1]
	0.0
	0.0
	53.1
	52.4
	0.0
	2.7
	40.5
	37.6
	0.86
	0.86
	28.7
	27.9
	46.6
	45.4

	TST [t ha_1]
	0.0
	0.0
	43.3
	50.6
	0.0
	0.9
	47.9
	41.6
	0.80
	0.85
	23.8
	30.1
	37.3
	48.5

	TS [t ha_1]
	0.0
	0.0
	49.2
	48.2
	0.0
	2.5
	42.5
	39.7
	0.83
	0.83
	28.9
	28.6
	46.3
	45.7

	TF [t ha_1]
	0.0
	0.0
	50.3
	54.8
	0.0
	0.7
	40.8
	39.6
	0.84
	0.87
	29.3
	30.1
	47.1
	49.2

	TB [t ha_1]
	0.0
	0.0
	49.7
	53.7
	0.0
	1.5
	40.9
	38.0
	0.83
	0.86
	26.6
	28.6
	42.2
	46.6

	Cell-wall traitsb
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Cellulose [%AIR]
	46.0
	
	26.0
	
	0.4
	
	27.7
	
	0.46
	
	3.6
	
	4.3
	

	Hemicellulose [%AIR]
	45.8
	
	20.2
	
	0.0
	
	34.0
	
	0.39
	
	3.6
	
	3.9
	

	Lignin [%AIR]
	72.9
	
	8.0
	
	0.0
	
	19.1
	
	0.16
	
	7.0
	
	5.0
	

	Saccharification potential [nmol/mg AIR.h]
	10.3
	
	24.9
	
	0.1
	
	64.8
	
	0.54
	
	5.9
	
	7.6
	


Abbreviations: TC: tons of cane per hectare, TST: tons of dry straw per hectare, TS: tons of sucrose per hectare, TF: tons of fibre per hectare, TB: tons of biomass per hectare, σ2g: genotypic variance. σ2gc: variance of the genotype × crop interaction. σ2b: variance of the block effect. σ2e: residual error, H2: Broad-sense heritability, CVg: genetic coefficient of variation, GA: genetic advance.
aData represents the mean across three crops ages (plant cane, first and second ratoons).
bData represents the mean across two crops ages (plant cane and first ratoon).

Table 2. BLUP-based ranking of the top 20 positions for agronomic and cell-wall traits in the C1 sugarcane family (n=91). BLUP for agronomic traits represents the mean of three crop ages (plant cane, first and second ratoon) and for cell-wall of two crops ages (plant cane and first ratoon).
	Rank
	TC
	TST
	TS
	
	TF
	TB
	Cellulose
	Hemicellulose
	Lignin
	Saccharification potential

	
	Gen. Id.
	BLUP
	Gen. Id.
	BLUP
	Gen. Id.
	BLUP
	Gen. Id.
	BLUP
	Gen. Id.
	BLUP
	Gen. Id.
	BLUP
	Gen. Id.
	BLUP
	Gen. Id.
	BLUP
	Gen. Id.
	BLUP

	1
	19
	36.2
	7
	4.6
	54
	3.9
	36
	5.0
	7
	11.6
	85
	2.9
	16
	1.7
	57
	1.2
	30
	6.7

	2
	85
	34.6
	17
	3.4
	L384
	3.7
	85
	4.5
	85
	10.7
	84
	2.0
	87
	1.7
	44
	1.1
	18
	6.3

	3
	7
	33.6
	64
	3.4
	19
	3.5
	21
	4.1
	19
	10.5
	87
	1.9
	71
	1.4
	52
	1.0
	40
	6.1

	4
	54
	32.7
	90
	3.3
	64
	3.5
	54
	3.8
	64
	10.3
	86
	1.9
	81
	1.3
	47
	0.9
	12
	6.0

	5
	66
	32.1
	L384   
	3.3
	62
	3.3
	7
	3.8
	L384
	10.2
	77
	1.7
	80
	1.2
	53
	0.8
	L384
	5.2

	6
	64
	28.2
	85
	3.2
	32
	3.0
	19
	3.6
	54
	9.9
	88
	1.5
	86
	1.2
	49
	0.8
	44
	5.1

	7
	21
	28.0
	L281     
	2.9
	52
	3.0
	9
	3.4
	36
	9.6
	83
	1.4
	83
	1.2
	10
	0.7
	14
	5.0

	8
	L384
	27.3
	19
	2.8
	7
	2.9
	72
	3.2
	21
	8.3
	13
	1.4
	34
	1.1
	11
	0.7
	38
	4.8

	9
	51
	24.2
	62
	2.6
	85
	2.7
	64
	3.2
	62
	8.3
	L281
	1.3
	88
	1.1
	45
	0.7
	10
	4.8

	10
	36
	24.2
	72
	2.3
	51
	2.4
	66
	3.1
	9
	7.1
	9
	1.3
	62
	1.0
	50
	0.6
	28
	4.7

	11
	70
	23.4
	21
	2.3
	70
	2.3
	4
	2.8
	17
	7.1
	4
	1.2
	91
	1.0
	43
	0.6
	87
	4.6

	12
	32
	23.4
	36
	2.2
	66
	2.3
	26
	2.8
	51
	7.1
	12
	1.2
	82
	0.9
	8
	0.5
	48
	4.4

	13
	62
	21.5
	9
	2.0
	25
	2.1
	90
	2.7
	66
	6.8
	82
	1.2
	48
	0.9
	41
	0.5
	50
	4.0

	14
	L281
	18.9
	54
	2.0
	36
	2.1
	51
	2.6
	L281
	6.7
	73
	1.2
	14
	0.9
	61
	0.5
	74
	4.0

	15
	9
	18.9
	26
	1.8
	L281
	2.1
	61
	2.4
	26
	6.7
	81
	1.2
	37
	0.8
	33
	0.4
	6
	3.7

	16
	52
	18.9
	66
	1.7
	17
	2.0
	58
	2.1
	72
	6.6
	78
	1.1
	49
	0.8
	59
	0.4
	16
	3.0

	17
	39
	18.7
	31
	1.6
	72
	1.6
	73
	2.1
	90
	6.4
	90
	1.1
	15
	0.8
	64
	0.4
	24
	2.7

	18
	26
	15.9
	32
	1.6
	9
	1.6
	L281
	2.1
	32
	6.4
	18
	1.0
	51
	0.8
	19
	0.4
	42
	2.6

	19
	25
	15.8
	70
	1.6
	21
	1.6
	62
	2.1
	52
	5.6
	21
	1.0
	40
	0.8
	28
	0.4
	64
	2.4

	20
	88
	15.8
	33
	1.5
	58
	1.5
	L384
	1.9
	33
	4.9
	20
	1.0
	35
	0.7
	54
	0.4
	L281
	2.4


Abbreviations: TC: tons of cane per hectare, TST: tons of dry straw per hectare, TS: tons of sucrose per hectare, TF: tons of fibre per hectare, TB: tons of biomass per hectare. 
LCP 85-384 (L384) and L 91-281 (L281) are commercial checks. 

Table 3. BLUP-based ranking of the top 20 positions for agronomic yield traits in the C2 sugarcane family (n=77). BLUPs for agronomic traits represent the mean of three crop ages (plant cane, first and second ratoon).
	Rank
	TC
	TST
	TS
	TF
	TB

	
	Gen. Id.
	BLUP
	Gen. Id.
	BLUP
	Gen. Id.
	BLUP
	Gen. Id.
	BLUP
	Gen. Id.
	BLUP

	1
	115
	41.3
	96
	6.3
	135
	4.2
	96
	6.5
	96
	15.1

	2
	135
	36.4
	135
	5.0
	L384
	3.8
	115
	5.8
	115
	14.4

	3
	L384
	28.3
	115
	4.7
	115
	3.5
	135
	4.7
	135
	13.7

	4
	96
	27.9
	162
	4.6
	161
	2.96
	103
	4.4
	L384    
	10.7

	5
	161
	26.2
	161
	3.9
	96
	2.8
	161
	3.3
	161
	10.3

	6
	137
	26.1
	L384
	3.8
	L281
	2.4
	162
	3.1
	162
	9.9

	7
	139
	25.4
	117
	3.6
	137
	2.4
	128
	3.0
	117
	8.3

	8
	157
	20.7
	137
	3.5
	157
	2.4
	117
	3.0
	137
	8.2

	9
	162
	20.6
	132
	3.0
	112
	2.3
	167
	2.9
	157
	8.0

	10
	167
	20.4
	L281
	2.9
	162
	2.1
	157
	2.9
	103
	7.8

	11
	L281
	19.8
	103
	2.7
	136
	2.0
	123
	2.6
	167
	7.1

	12
	117
	17.7
	123
	2.5
	139
	1.9
	166
	2.4
	L281      
	7.1

	13
	136
	16.2
	128
	2.3
	167
	1.9
	137
	2.4
	128
	6.6

	14
	166
	16.0
	157
	2.3
	143
	1.8
	160
	2.1
	123
	6.1

	15
	143
	15.7
	167
	2.3
	117
	1.8
	L281
	2.0
	139
	5.6

	16
	128
	15.4
	134
	2.1
	134
	1.6
	L384
	1.8
	132
	5.2

	17
	123
	14.7
	133
	1.9
	126
	1.5
	132
	1.6
	166
	5.1

	18
	112
	14.1
	139
	1.9
	128
	1.5
	126
	1.5
	134
	4.9

	19
	103
	12.4
	116
	1.8
	141
	1.3
	145
	1.4
	160
	4.4

	20
	132
	11.4
	120
	1.6
	140
	1.3
	148
	1.3
	126
	3.9


Abbreviations: TC: tons of cane per hectare, TST: tons of dry straw per hectare, TS: tons of sucrose per hectare, TF: tons of fibre per hectare, TB: tons of biomass per hectare. 
LCP 85-384 (L384) and L 91-281 (L281) are commercial checks.
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Figures captions
Figure 1. Genetic correlations coefficients for agronomic and cell-wall traits in the C1 sugarcane family, n=91. (a); agronomic traits in the C2 sugarcane family, n=77 (b). Correlations between agronomic traits were calculated using data from plant cane, first and second ratoon crops, while correlations among agronomic and cell-wall traits were based on data from plant cane and first ratoon crops. Abbreviations: SH: stalk height [cm], SD: stalk diameter [mm], SW: stalk weight [g], NS: number of stalks, brix [% juice], pol [%  cane], SC: sucrose content [% cane], fibre [% cane], TC: tons of cane per hectare [t ha-1], TST: tons of dry straw per hectare [t ha-1], TS: tons of sucrose per hectare [t ha-1], TF: tons of fibre per hectare [t ha-1], TB: tons of biomass per hectare [t ha-1], Cel: cellulose [%AIR], Hemicel: hemicellulose [%AIR], Lig: lignin [%AIR], SP: saccharification potential [nmol/mg AIR.h].
Author Contributions
Conceptualization: A.A.; Methodology. J.M.G. and R.S.; Funding acquisition. A.A.; L.D.G and L.E.E.; Data curation. J.M.G. and C.N.M.A; Writing—original draft preparation. J.M.G. and A.A.; Writing—review and editing. J.M.G. and A.A.; Supervision. A.A. and L.E.E. All authors have read and approved the final manuscript.
image1.jpg
s 0.2 (a)

sw
stw  0.32*

NS 0.28" 0.2+ [

Bix 005 020" -021* -023" 0.09
Pol 002 -0417 -0.46 -023" 0.08
Purty  -0.07 011  -004 -0.22* 007

sc  -006 013 -0.01 -0.17 0.03 l ;:
Fibre B o o1z 013 034 o018 019 020% .
- 0.26* [086%| 0.27 044 009 002 -0.01 N
TST 0.11  035% 028" 043 011 007 -0.11 .

Ts 028 054" 024* 003 01 024* 021 -
T 0.03 0.21* 2001 -003 -006 -0.11

8 0.15

0.26* 005 -003 002 -0.02
ce 036" -003 041 -004 016 -031" 032% 04* 044" 020" 026* 015 013 036" 024*
Hemicel -0.32% 013 002 012 -026* 021* 017 014 027* -023* -03" -022* -0.22" 03" -0.04

Lg -0.04 01 -005 -0.01 019 042 ' 01 02 024 041 0.6 --

SP 0.15 0.17 0:22 0512 -0.01 0.05 0.03 -0.06 0.11 c0:268 0.11 0.03 0.13 0.04 0.08 0.03 -0.12  -0.26*

23 Y

& & & & <& & o o <& & @ & @ & & )
< < &
<
s (b)
sw
stw
NS -0.14
Brix 0.25" -0.381* -0.04 0.05 0.1
Pol 0.29* -0.28* 0.02 0.14 0.07 1.0
N.
Purity D32 0.01 -0.07
0.0
sc 0.12 0.21 5 -0.08
Fibre _ -0.08 i25% 0.38** 0.34* (011 -0.26*
1€ 0.34** 0.33** 0.08 0.1 0.1 0.14 -0.05
TST -0.18 0.06 0.36** 0.13 0.14 0.12 0.03 0.22
5 0.09 0‘.38*-* 0.36** 0.21 0.24* 0:23% 08 -0.09
TF -0.24* 012 0.20% 0.22 0.21 0.1 0.02 0.33™"
B -0.11 0.19 0.34** 0.19 0.19 013 D1 0.16
& $ B S & L S




