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Genome-wide association studies unveils the genetic basis of cell wall composition and saccharification of cassava pulp
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Abstract
Cassava (Manihot esculenta Crantz) is a key crop for starch and biofuels production. This study focuses on the polysaccharide composition and saccharification efficiency in cassava pulp through genome-wide association studies (GWAS), targeting the improvement of root characteristics for industrial use. We analyzed 135 partially inbred lines population, performing monosaccharide composition and saccharification analyses to reveal substantial variability in storage root biomass. Among 33 traits examined, 128 significant SNPs were associated with 23 biomass traits, highlighting a complex genetic architecture. Saccharification potential varied from 39 to 95 nmol Glu mg-1 h-1, with high broad-sense heritability for saccharification and several monosaccharide traits, indicating a strong genetic control. Our findings revealed that cassava pulp comprises similar proportions of pectin, hemicellulose, and cellulose in all genotypes. Correlation analysis showed significant associations between cellulose content and saccharification, suggesting that enhancing these traits can improve bioconversion efficiency. Negative correlations with glucose and glucuronic acid in hemicellulose and pectin fractions imply these components may inhibit saccharification. We identified 118 candidate genes associated with 21 traits, with many involved in stress responses affecting cell wall composition. This study verified 12 key candidate genes through sequence and expression analysis, including MANES_07G081200, a YTH domain-containing protein associated with saccharification. Several stress-response genes, such as MANES_04G118600 and MANES_09G174600, were linked to monosaccharide traits, suggesting that adaptive stress pathways influence biomass characteristics. This study provides insights into the genetic determinants of cassava pulp's saccharification and polysaccharide composition, aiding breeding efforts to develop cassava varieties optimized for industrial applications.
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Introduction
Cassava (Manihot esculenta Crantz) is a crucial tropical crop, ranked as the fourth most important for carbohydrate supply both as staple food and an industrial crop (Parmar et al., 2017). Its resilience in poor soil conditions, low fertilizer input, and resistance to climate change make it a key crop for food security and adaptation strategies (Jarvis et al., 2012). Industrially, cassava is a feedstock for starch production and contributes to various products, including animal feed, bioethanol, and ingredients for the pharmaceutical and cosmetic industries (Li et al., 2017). Cassava processing leads to a substantial amount of waste known as cassava pulp, which represents about 15-20% of the total biomass (Djuma’Ali et al., 2011). This pulp, which is rich in starch, cellulose, and hemicellulose (Patle and Lal 2008) poses environmental challenges as a waste, but also offers opportunities for use in bio-refinery processes. While cassava pulp holds potential for various value-added products, its utilization remains largely underexplored (Sriroth et al., 2000). Utilizing cassava pulp offers sustainability and economic benefits, especially as it is readily available from the processing mills, minimizing transportation costs.
The composition of cassava pulp harbors a significant potential for the production of value-added products through advanced bio-refinery techniques, but at present it remains underutilized (Li et al., 2017). The potential applications of cassava pulp are diverse, encompassing biofuel (Poonsrisawat et al., 2017), production of bio-chemicals (Zhang et al., 2016), biogas generation (Lerdlattaporn et al., 2021), animal feed (Dagaew et al., 2022), and bio-fertilizers (Iwai et al., 2013). This highlights the necessity of studying cassava pulp to effectively valorize this biomass for different applications. Understanding the composition of its cell walls and the saccharification efficiency, which is the process of breaking down polysaccharides into fermentable sugars, can assist in the selection of traits that unlock its use. Despite recent research efforts aimed at enhancing ethanol production from cassava pulp (Kosugi et al., 2009; Apiwatanapiwat et al., 2011; Virunanon et al., 2013; Wattanagonniyom et al., 2017), the relationship between cassava genotype, saccharification efficiency, and cell wall composition remains poorly understood. Enabling the use of cassava pulp is a critical step for maximizing the efficiency of cassava root utilization and guiding future breeding programs. 
Genome-wide association studies (GWAS) offer a powerful tool for unraveling the genetic basis of complex traits in crops. By leveraging GWAS data, genetic markers associated with important agronomic traits can be identified, facilitating targeted breeding efforts for crop improvement. GWAS has played a pivotal role in identifying genes related to traits such as yield (Zhang et al., 2018; Rabbi et al., 2022; Phumichai et al., 2022; Sunvittayakul et al., 2024), resistance to diseases like cassava mosaic virus (Wolfe et al., 2016; Rabbi et al., 2020) and root rot (Brito et al., 2017), starch content in the roots, cassava starch paste properties (Santos et al., 2022; Phumichai et al., 2022), levels of carotenoids (Zargar et al., 2015), as well as the concentration of cyanide, a toxic substance, in cassava (Ogbonna et al., 2021). While GWAS has been successfully applied to various aspects of cassava research, its application to the study of the saccharification efficiency and cell wall composition in cassava pulp has not been explored. 
In this study, we conducted an analysis of cassava pulp composition and saccharification potential. We utilized an inbred population derived from Thai commercial varieties and performed a monosaccharide composition analysis to characterize different cell wall fractions, including hemicellulose, pectin, and cellulose, as well as saccharification analysis. Our primary objective was to identify genomic regions significantly associated with saccharification efficiency and cell wall composition. Through this research we contribute valuable insights into the genetic determinants of the processing and utilization of cassava pulp, ultimately supporting efforts to enhance the efficiency of cassava root utilization, advancing breeding programs for improved industrial varieties. 

Materials and Methods
Germplasm, experimental design and cultivation conditions
Details regarding the cassava germplasm and genotypes utilized in this study can be found in Sunvittayakul et al., (2024). In brief, the germplasm comprised six S0 progenitors, namely R1, HNT, R5, R90, HB80, and KU50. S1 and S2 partial-inbred lines were generated through controlled self-pollination, with seedlings displaying stunted growth or small size being discarded. The pre-selection of S1 and S2 lines was based on a prior single-row yield trial, covering a range of high, medium, and low root yields. The study encompassed 102 S1, 33 S2 genotypes and the six non-inbred progenitors. Planting was conducted using 20-cm cuttings in a single-row trial with spacing of 1.5 ´ 1.5 m (within and between rows). An augmented randomized complete block design (augmented RCBD) was employed, comprising nine blocks with non-replicated samples. Each block included six commercial varieties as checks. Within each row, eight stem cuttings were planted, and data collection and analysis were performed on the middle six plants. Border rows were incorporated into the experimental field layout. The experiment was conducted in central Thailand (location coordinates: 13.653699 and 99.821265), during April 2019 to March 2020 without irrigation. Fertilizer application occurred four months after planting. Roots were hand-harvested 11 months after planting, sliced (300 g per sample in fresh weight) and dried in paper bags at 65°C. The data presented in this study were collected from one year of harvest.	Comment by Leonardo Gomez: Degrees? North, East?

Sample preparation
The dry cassava chips were prepared by removing the cortex and then grinding through a 0.5-micron sieve using an Ultra Centrifugal Mill ZM 200 (RETSCH). The ground sample were used for starch extraction based on the modified Uppsala method (Theander et al., 1995). Briefly, 5 g of sample were treated with a-amylase solution (concentration unspecified) in 20 ml of acetate buffer overnight at 80°C with constant shaking. After cooled down to 40°C, 100 µl of Amyloglucosidase solution (280 U/ml) was added and incubated overnight at 60°C with shaking. The sample was precipitated by mixing with 40 ml of absolute ethanol and then centrifugation. The pellet was washed twice by suspension with 20 ml of 80% ethanol and centrifugation. Subsequently, the samples were freeze-dried and identified as the de-starched material. 

Saccharification analysis
Saccharification analysis was conducted following the method by Gomez et al., (2010) using a 96-well-plate format on a robotic platform. In this assay, 10 mg of the de-starched cassava material underwent pretreatment with 350 µl of 0.5 M NaOH solution at 90°C for 30 minutes, followed by five washes with 500 µl of 25 mM sodium acetate buffer at pH 4.5. The sample was then hydrolyzed using a Celluclast cocktail from Trichoderma reesei and Novozyme 188 (Novozymes A/S, Bagavaerd, Denmark), mixed at a ratio of 4:1 with an enzyme loading of 22.5 Filter Paper Units per gram of sample material at 50°C for 8 hours. Hydrolysates were quantified using a reducing sugar assay based on a modified MBTH method. At least three replicates were performed for each cassava genotype, with each replicate undergoing five technical repetitions. The quantities of reducing sugars released were expressed in nanomoles based on glucose standards for calibration.

Cell wall extraction
De-starched materials were fractionated into hot water-CDTA extract (pectin fraction), hemicellulose fraction and cellulose residue. Ten milligrams of the de-starched material were extracted in 1 ml of distilled water at 120°C for 1 hour. The supernatant was separated by centrifugation at 14,000 rpm for 20 minutes, and the pellet was further extracted with 1 ml of 50 mM CDTA pH 6.5 at room temperature for 16 hours. The supernatant was collected by centrifugation. The pellets were then washed twice with 1.5 ml of distilled water, followed by centrifugation. The supernatants from all stages were combined and precipitated using 80% ethanol, collected by centrifugation, and subsequently dried using a speed vacuum concentrator before proceeding to monosaccharide analysis. For the hemicellulose fraction, the remaining pellets were hydrolyzed with 0.5 ml of 2M trifluoroacetic acid (TFA) at 100°C for 4 hours, and then used directly for monosaccharide analysis. The remaining pellets were kept for subsequent cellulose analysis.

Monosaccharide composition analysis 	
Hot water-CDTA extracts were subjected to hydrolysis using 2 M trifluoroacetic acid (TFA) at 100°C for 4 hours, followed by separation via high-performance anion-exchange chromatography on a Dionex Carbopac PA-20 column and pulsed amperometric detection. Monosaccharides were quantified using external calibration with an equimolar mixture of nine monosaccharide standards (arabinose, fucose, rhamnose, xylose, glucose, galactose, mannose, glucuronic acid, and galacturonic acid). The total hemicellulose or total pectin content, expressed in micrograms per milligram of biomass, were calculated by aggregating the amounts of these nine monosaccharides obtained from the NaOH and CDTA extracts, respectively. The total hemicellulose and pectin content were then combined designated as total hemicellulose and pectin. Three replicates were performed for each cassava genotype.

Cellulose quantification
Residual pellets from the TFA hydrolysis were subjected to cellulose analysis. The pellet was washed three times with 1.5 ml of distilled water, dried using a vacuum evaporator, and then subjected to Saeman hydrolysis (Saeman, 1945). To initiate the hydrolysis, 90 µl of 72% sulfuric acid was added and incubated for 4 hours at 25°C. The mixture was then diluted with 1890 µl of water and further incubated at 120°C for an additional 4 hours. Following incubation, the supernatant was separated by centrifugation at 12,000 rpm for 10 minutes, and the glucose content was quantified using the colorimetric Anthrone assay (Morse, 1947). Three replicates were performed for each cassava genotype.



gDNA isolation, Genotyping-by-Sequencing and genome re-sequencing
Cassava genomic DNA (gDNA) was extracted from young leaves using a modified CTAB method in combination with the FavorPrep™ Plant Genomic DNA Extraction Mini Kit (Favorgen Biotech Corp, Ping Tung, Taiwan). The quality of the extracted DNA was evaluated using agarose gel electrophoresis and Nanodrop spectrophotometry. Genotyping-by-sequencing (GBS) data was obtained from paired-end reads using the Illumina® HiSeq/MiSeq platform (Illumina Inc, San Diego, CA, USA), with read lengths ranging from 31 to 144 bp at each end. The sequenced reads were aligned to the reference genome (Manihot_esculenta_v8) using the BWA software version 0.7.17. BAM files were processed using SAMTools version 1.10 (Li et al., 2009), and variant calling was performed using Freebayes (Garrison and Marth, 2012). The average read depth across the reference genome (639.6 Mb) ranged from 2.03X to 3.06X. A total of 2,078,599 bi-allelic single nucleotide polymorphisms (SNPs) were identified, spanning the 18 nuclear chromosomes, two organelle genomes, and 25 unplaced contigs. Variant filtering was applied to retain SNPs with a minor allele frequency (MAF) of 0.01 and a SNP missing rate of  0% using bcftools (Narasimhan et al., 2016). Consequently, 29,733 bi-allelic SNP markers distributed across the 18 cassava nuclear chromosomes were selected for subsequent population structure analysis, genomic kinship estimation, and GWAS. Additionally, observed heterozygosity and polymorphic information content (PIC) were calculated for the polymorphic SNP sites. Re-sequencing was perfromed on the six progenitors using XXX and analyzed by … The sequencing data have been deposited in the NCBI database. These included re-sequencing data for S0 progenitors including KU50, R1, R90, R5, HB80 and HNT and GBS reads of partial inbred lines and the six progenitors (see File S1 for accession numbers).   

Data analysis and GWAS
All data analysis was conducted using the R 4.2.1 software package. Pearson’s correlation analysis was performed using the PerformanceAnalytics package (Peterson et al., 2018), utilizing the correlation matrix chart function. Principal component analysis (PCA) was computed using the FactoMineR and factoextra R packages. GWAS was conducted using the mixed linear model (MLM) as well as the fixed and random effects model for circulating probability unification (FarmCPU), and Bayesian-information and Linkage-disequilibrium Iteratively Nested Keyway (BLINK) models were implemented using the GAPIT (Lipka et al., 2012). Bonferroni corrections were applied to establish the significance threshold to minimize false positives. Additionally, the genomic region linked to the statistically associated SNPs was identified using the GALLO package (Fonseca et al., 2020). The lme4 package facilitated the estimation of variance components via restricted maximum likelihood (REML) and broad-sense heritability (H2), calculated as H2  where  represents genotypic variance and  represents residual variance.

Sequence analysis
Analysis of sequence varience. Cladigram was built…




RNA isolation and quantitative real-time PCR
RNA was extracted from storage root samples of three cassava varieties: KU50, HNT, and HB60 (a sibling of HB80). These varieties were grown in pots for approximately three months before sample collection. For each variety, three biological replicates were used for RNA extraction. Total RNA was isolated using a CTAB method and followed up with Dnase I treatment (New England Biolabs, MA, USA). The quality and quantity of the isolated RNA were assessed using Nanodrop and 1% (w/v) agarose gel electrophoresis, respectively. For each sample, 1 µg of total RNA was used for cDNA synthesis. The cDNA was generated in a total reaction volume of 20 µl using oligo-dT primers and MMuLV Reverse transcriptase (Biotechrabbit, Berlin, Germany) following the manufacture’s protocol, and subsequently diluted to 55 µl with ultrapure water. For quantitative real-time PCR (qRT-PCR), each reaction was prepared with a total volume of 20 µl, consisting of 1 µl of cDNA, 250 nM of each primer (see Table S1), and 2X SuperReal PreMix Plus (SYBR Green) (Tiangen Biotech, Beijing, China). The qRT-PCR was performed using CFX Duet Real-Time PCR system (Bio-Rad, CA, USA) for 40 cycles, with an initial denaturation at 95°C for 15 minutes, followed by 40 cycles of 95°C for 10 seconds and 55°C for 20 seconds. Gene expression data were normalized against cassava4.1_006884 as a reference gene based on Hu et al. (2016), and relative expression levels were calculated using the 2^-∆∆Ct method.	Comment by Leonardo Gomez: Is this section new? Should be highlighted?


Results
Phenotypic variability of cassava pulp saccharification and biomass traits in partially inbred populations
We analyzed 142 cassava lines comprising 102 S1 generation lines, 33 S2 generation lines, and the six S0 progenitors (Thai elite commercial varieties). Our phenotypic analysis shows a broad range of variability in saccharification and 32 other biomass traits of cassava pulp. Details of these 33 traits are summarized in Table 1, and Figure S1 illustrates the trait distributions within the population. The saccharification potential of cassava pulp varied from 39.02 to 95.93 nmol Glu mg-1 h-1. The de-starched material showed a range from 67 to 747 mg g-1 DW, and the cellulose content ranged from 19.67 to 234.60 µg mg-1 DW. The content of nine monosaccharides in pectin or hemicellulose fractions ranged from 0.01 to 311 µg mg-1 DW, and the total cell wall matrix polysaccharides ranged from 1.08 to 178.39 µg mg-1 DW. These data suggest that the cell wall composition of cassava pulp, derived mainly from parenchyma with starch deposits and some vascular tissues, typically comprises equal amounts of cellulose, hemicellulose and pectin, although specific lines showed variability in the ratios of these components. Saccharification exhibited a wide distribution, whereas monosaccharide contents in pectin, particularly galactose, glucose, and xylose, appeared in narrower ranges. In contrast, arabinose, rhamnose, mannose, galacturonic acid, and glucuronic acid showed distributions skewed towards either higher or lower extremes (Figure S1). Monosaccharide content in hemicellulose and the cellulose content trended towards higher values with broader distributions. Notably, the de-starched material, hemicellulose, and pectin contents also trend towards higher values and greater distributions, indicating that selective breeding could effectively enhance these traits (Figure S1).
To elucidate the genetic basis of this variability, we assessed the broad-sense heritability (H2) of these traits (Table 1). Saccharification of cassava pulp showed high heritability (H2 > 0.9), suggesting that it is highly stable and selectable in breeding programs. In contrast, cellulose content exhibited moderate genetic control (H2 = 0.409). The heritability of the de-starched material amount was also high. Heritability of the monosaccharide traits varied extensively, ranging from 0.158 to 0.999, with most displaying moderate (>0.5) to remarkably high (>0.8) heritability values. However, rhamnose and mannose in hemicellulose, total sugar in pectin, and rhamnose in both hemicellulose and pectin fractions exhibited notably lower heritability values (<0.3). These findings indicate that most of these cassava pulp traits are highly heritable. These results provide a robust framework for further investigations into the genetic factors influencing cassava pulp traits.

Table 1. Biomass traits of cassava pulp analyzed in this work. Nine monosaccharides of hemicellulose and pectin fractions and combined of both fractions are presented. Saccharification is expressed in nmol Glu mg-1 h-1, and de-starched sample is expressed as mg g-1 DW. Monosaccharides traits are expressed in µg mg-1 DW. Broad sense heritability (H2) for each trait is shown.  
	
	Trait
	Abbre
	Min
	Max
	Mean
	H2

	1
	Saccharification
	Sac
	39.02
	95.93
	64.823
	0.995

	2
	De-starched material
	DS
	67
	747
	181.51
	0.632

	3
	Cellulose content
	Cell
	19.67
	234.60
	117.346
	0.409

	4
	Fucose in hemicellulose
	HFuc
	0.70
	5.50
	2.492
	0.929

	5
	Arabinose in hemicellulose
	HAra
	1.48
	12.39
	4.688
	0.597

	6
	Rhamnose in hemicellulose
	HRha
	0.43
	10.19
	2.204
	0.291

	7
	Galactose in hemicellulose
	HGal
	3.17
	33.00
	11.703
	0.720

	8
	Glucose in hemicellulose
	HGlc
	5.36
	23.41
	11.307
	0.796

	9
	Xylose in hemicellulose
	HXyl
	4.31
	34.22
	11.613
	0.473

	10
	Mannose in hemicellulose
	HMan
	0.47
	19.53
	3.869
	0.158

	11
	Galacturonic acid in hemicellulose
	HGalA
	1.37
	26.20
	5.722
	0.816

	12
	Glucuronic acid in hemicellulose
	HGlcA
	0.08
	5.22
	0.747
	0.374

	13
	Total sugar in hemicellulose
	THem
	28.50
	159.29
	54.841
	0.327

	14
	Fucose in Pectin
	PFuc
	0.33
	6.14
	2.258
	0.587

	15
	Arabinose  in Pectin
	PAra
	1.78
	22.31
	5.583
	0.726

	16
	Rhamnose in Pectin
	PRha
	0.56
	9.15
	4.115
	0.507

	17
	Galactose in Pectin
	PGal
	1.13
	76.55
	13.721
	0.983

	18
	Glucose in Pectin
	PGlc
	3.50
	311.79
	27.175
	0.999

	19
	Xylose in Pectin
	PXyl
	0.23
	14.61
	1.792
	0.367

	20
	Mannose in Pectin
	PMan
	0.30
	9.08
	3.128
	0.502

	21
	Galacturonic acid in Pectin
	PGalA
	0.02
	55.52
	16.430
	0.573

	22
	Glucuronic acid in Pectin
	PGlcA
	0.01
	12.23
	2.637
	0.769

	23
	Total sugar in Pectin
	TPec
	18.50
	375.40
	77.117
	0.245

	24
	Fucose in hemicellulose and Pectin
	THPFuc
	1.08
	8.88
	4.804
	0.422

	25
	Arabinose in hemicellulose and Pectin
	THPAra
	3.50
	20.91
	10.299
	0.762

	26
	Rhamnose in hemicellulose and Pectin
	THPRha
	1.63
	15.96
	6.404
	0.291

	27
	Galactose in hemicellulose and Pectin
	THPGal
	8.86
	51.68
	25.500
	0.720

	28
	Glucose in hemicellulose and Pectin
	THPGlc
	13.87
	178.39
	37.954
	0.959

	29
	Xylose in hemicellulose and Pectin
	THPXyl
	4.80
	34.88
	13.417
	0.473

	30
	Mannose hemicellulose and Pectin
	THPMan
	1.52
	29.65
	7.240
	0.691

	31
	Galacturonic acid in hemicellulose and Pectin
	THPGalA
	2.97
	83.79
	21.861
	0.763

	32
	Glucuronic acid in hemicellulose and Pectin
	THPGlcA
	0.13
	24.55
	3.924
	0.506

	33
	Total sugar in hemicellulose and Pectin
	THP
	59.20
	267.80
	131.380
	0.924



Correlation analysis of biomass traits in cassava pulp 
To investigate the relationships among various biomass traits in cassava pulp, we performed a Pearson's correlation analysis (Figure 1). We found that cellulose content, saccharification, and de-starched material are positively and strongly correlated. Interestingly, cellulose and saccharification show negative correlations with glucose in the hemicellulose and pectin fractions, and with glucuronic acid in the hemicellulose fraction, suggesting that the saccharification potential in cassava largely depends on the cellulose content across different varieties. The de-starched material not only correlates positively with most monosaccharide contents in hemicellulose, excluding glucose and glucuronic acid, but also shows a strong correlation with saccharification, indicating a compositional influence of these matrix polysaccharides on the saccharification potential. Whereas the negative correlation between de-starched material and glucose reflects the proportion of glucose derived from cellulose or other cell wall fractions. 
Within the hemicellulose fraction, strong positive correlations (r2 ≥ 0.6) were observed among most monosaccharides, including fucose, arabinose, rhamnose, galactose, xylose, mannose, and galacturonic acid, with the exception of glucose, which consistently exhibited negative correlations with other sugars. Glucuronic acid showed strong negative correlations with arabinose and cellulose and modest negative correlations with all other monosaccharides. In the pectin fraction, most monosaccharides displayed weak positive or negative correlations among themselves, except for arabinose, rhamnose, galactose, and mannose, which showed strong positive correlations. Additionally, cellulose content showed a strong positive correlation with arabinose and rhamnose contents in the pectin fraction but a negative correlation with glucose and glucuronic acid contents, highlighting complex interactions within the cell wall matrix. Moreover, a notable correlation was observed between the total sugar in pectin and glucose in pectin, suggesting that higher pectin content in cassava pulp is associated with higher glucose content. This correlation might indicate shared biochemical pathways or regulatory mechanisms, which could be targeted in breeding programs to enhance biomass utilization, particularly for biofuel production. These findings underscore the interplay among different cell wall components and their collective impact on cassava pulp composition. 
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Figure 1. Pearson’s correlation analysis of 33 biomass traits in cassava pulp. Positive and negative correlations are represented in blue and orange, respectively, at significant level (P<0.05). The size of the circle follows the level of correlation. The trait abbreviations are indicated in Table 2.

Significant SNPs associated with saccharification and monosaccharide composition traits in cassava pulp
We conducted a GWAS on saccharification, cellulose content, and monosaccharide composition traits in cassava pulp using SNPs obtained from GBS across the 141 genotypes and 33 traits. A total of 29,733 SNPs, based on the cassava nuclear genome sequence version 8.1, were obtained from our previous study (Sunvittayakul et al., 2024). The cassava germplasm and genotypes are presented in File S1. Linkage disequilibrium (LD) decay had the midpoint r2 value of 0.04, corresponding to approximately 60 kb. GWAS was performed using three methods including MLM, FarmCPU, and BLINK using mean datasets for each parameter. Out of the 33 traits analyzed, a total of 128 significant SNPs were identified for 23 traits, excluding cellulose and de-starched material. Manhattan and QQ plots displaying significant SNPs of the 23 traits are presented in Figure 2, Figure S2 and Table S2. The significant SNPs were distributed across all 18 chromosomes, with phenotype variance explain (PVE) values ranging from low percentages up to 90 %. Saccharification was associated with four SNPs on chromosomes 7, 8, and 12, with PVE values ranging from 3.5% to 21.5%. For example, SNP 9955 on chromosome 7 had the highest PVE at 21.5% and was associated with the G/C allele. These four SNPs were specifically associated with saccharification, indicating unique loci for this trait.
In contrast, monosaccharide composition traits for matrix polysaccharides were associated with multiple SNPs distributed across all 18 chromosomes. Pectin and hemicellulose-related traits had multiple significant SNPs, with some traits showing up to 18 and 23 significant SNPs for PGal and PXyl, respectively, indicating the multigenic nature underlying these traits. Ara was also associated with multiple significant SNPs across several chromosomes, including SNP 14962 on chromosome 9, which had a high PVE of 59.7% indicating a strong influence on this hemicellulose trait. Notable SNPs for HRha included SNP 2330 on chromosome 2, explaining 35.2% of the phenotypic variance and SNP 6474 on chromosome 4 explaining 45.1% the phenotypic variance, suggesting key genetic regions regulating rhamnose content. Glc had significant SNPs on chromosome 17 and 12 associated with glucose content in hemicellulose, with SNP 26922 on chromosome 17 explaining 48.1% of phenotypic variance. PGal was found to be associated with SNPs on chromosomes 13 and 16 including SNP 25495 on chromosome 16, which explained 23.5% of phenotypic variance for galactose content in pectins. Man, Xyl and GlcA traits also had SNP associations across various chromosomes, with notable PVE of 41%, 46% and 41%, respectively. 
Certain chromosomes, such as chromosomes 1, 3, 4, 7, 9, 10, 15, 16 and 17, exhibit higher density of significant SNPs, suggesting these chromosomes evolved to harbor key genetic regions affecting monosaccharide composition of matrix polysaccharide in cassava root pulp. Highlighted regions in blue across the chromosomes denote clusters of significant SNPs, marking these regions as potential hotspots for genes regulating biomass-related traits (Figure 2). Interestingly, several SNPs are shared among different traits, showing genetic loci influencing multiple traits simultaneously suggesting the possibility of pleiotropic effects. For example, SNP 6474 on chromosome 4 was repeatedly identified across eight monosaccharides traits, with PVE values ranging 13% to 65 %, making it a key locus for multiple biomass-related traits including Rha, Xyl, Man, GalA and GluA. SNP 14962 was also repeatedly associated with high phenotypic variance in multiple traits, including Ara, Gal, Xyl, Man, and Xyl, with PVE values ranging from 15.6% to 59.6%, highlighting its role in cassava biomass traits. Furthermore, SNP 2330 on chromosome 2 was identified in five traits relating to Rha, Man, and GlcA, with PVE values ranging from 6% to 35%. Additionally, SNPs on chromosome 1 and 18 were associated with various hemicellulose traits, while regions on chromosome 1, 10, 16 and 17 were associated with pectin traits. Regions on chromosome 2, 4, 9,15 were associated with both hemicellulose and pectin traits. The shared SNPs across traits provide insights into the interconnected pathways of matrix cell wall biosynthesis, aiding in the identification of key regulatory genes and pathways. 
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Figure 2. Distribution of significant SNPs associated with saccharification and monosaccharide composition of hemicellulose and pectin fractions in cassava pulp across the 18 chromosomes of the cassava genome. Each chromosome is depicted with significant SNPs indicated by their positions along the chromosome. Traits with significant SNPs are listed on the right panel, with the number of significant SNPs indicated in brackets. Shared SNPs across different traits are shown along the same lines. Yellow highlights denote regions with clusters of significant SNPs, suggesting potential genetic hotspots. 

Identification of candidate genes 
To identify candidate genes associated with the traits of interest, we examined regions 60 kb upstream and downstream of the identified SNPs. Detailed information on all associated gene loci and annotations is provided in File S2. Although many gene loci were identified, establishing a direct link between these genes and the analyzed traits based on SNP positions was challenging. To refine our gene list, we used transcriptome data from cassava storage roots (Wilson et al., 2017) and single-cell transcriptome data (Zang et al., 2024). These datasets allowed us to focus on genes active during storage root development. From an initial pool of 674 candidate genes associated with 23 traits, we narrowed it down to 118 genes for 21 traits that showed differential expression or specific expression in storage roots (File S3). We cross-referenced our gene list with reports from various cassava GWAS studies (Esuma et al., 2016; Okeke et al., 2017; Rabbi et al., 2017; Zhang et al., 2018; Ezenwaka et al., 2018; Kayondo et al., 2018; Uchendu et al., 2021; dos Santos Silva et al., 2021; Santos et al., 2022; Phumichai et al., 2022; Hohenfeld et al., 2022; Rabbi et al., 2022; Ding et al., 2023; Baguma et al., 2024) and identified two matching genes out of the 118. These include THPGlc-MANES_05G026700 (common plant regulatory factor 1-like), which was associated with lobular length of cassava roots as reported by Zhang et al. (2008), and THPGalA-MANES_08G046400 (Zn finger (CCCH-type) family protein), which was associated to cassava green mite resistance in the study by Ezenwaka et al. (2018). The Upset plot illustrates the number of genes shared among the 21 biomass traits based on significant SNPs (Figure 3). Each trait has a distinct set of genes identified through GWAS and transcriptome data, capturing the extent of gene sharing among these traits. The  pectic Glc had the highest number of genes (23), while the saccharification trait had the fewest (1). Notably, the largest intersection involves 11 genes shared among 4-9 traits, 36 genes shared among 2-3 traits, and 71 genes found uniquely in each trait. These overlaps suggest common genetic pathways or regulatory mechanisms influencing multiple biomass traits in cassava pulp.
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Figure 3. Upset plot showing the number of genes shared among 21 biomass traits analyzed in cassava pulp samples. Each bar on the upper part of the plot represents the size of gene intersections among the traits, with the height indicating the number of shared genes. The traits involved in each intersection are marked by dots in the matrix below the bars. The rightmost bar shows that 3 genes are shared among the largest intersection of traits. The sizes of individual trait gene sets are depicted by the horizontal bars on the bottom left side of the plot, with PGlc having the largest set of 23 genes. The top panel indicates the number of traits shared in each gene group.

For the saccharification trait, 11 candidate genes were initially identified based on four significant SNPs. However, after filtering through the transcriptome data, only one gene remained: YTH domain-containing protein ECT2 (MANES_07G081200). This gene, along with the other 10 candidates, has no direct relation to plant cell wall processes and biomass based on current annotations. For monosaccharide traits, we identified 11 candidate genes shared among 4-9 traits (Table 2). These genes should be considered for their potential involvement in functions related to the properties of matrix polysaccharides in cassava pulp. Notably, these genes are shared among monosaccharide traits strictly related to either the hemicellulose or pectin fraction, suggesting their involvement in matrix polysaccharides from either group. Among these genes, five are of particular interest: MANES_04G118100 (Stress-response A/B barrel domain-containing protein HS1-like), MANES_09G174600 (Protein DEHYDRATION-INDUCED 19 homolog 3-like), MANES_17G070300 (Calcyclin-binding protein-like), MANES_10G035900 (Protein gar2), and MANES_16G111000 (Ethylene-responsive transcription factor TINY-like). While their exact roles in cell wall metabolism are not well-defined, these genes are involved in stress-related responses and signaling that can impact plant growth and development, potentially influencing cell wall composition and integrity. Other candidate genes are mostly involved in regulating gene expression and protein biosynthesis machinery, making their role in carbohydrate metabolism or plant cell walls unclear. This genome-wide analysis identifies crucial genetic loci associated with saccharification and monosaccharide composition traits in cassava pulp, making them candidates for further genetic studies.

Table 2. Gene loci shared among 4-9 monosaccharides traits.
	Gene loci
	Annotation
	Shared traits

	MANES_04G118100
	stress-response A/B barrel domain-containing protein HS1-like 
	HGal, HGalA, HGlcA, HMan, HRha, HXyl, THem, THPMan, THPXyl

	MANES_04G118600
	probable histone H2A variant 3 
	HGal, HGalA, HGlcA, HMan, HRha, HXyl, THem, THPMan, THPXyl

	MANES_04G119100
	plastidic ATP/ADP-transporter-like 
	HGal, HGalA, HGlcA, HMan, HRha, HXyl, THem, THPMan, THPXyl

	MANES_09G174300
	eukaryotic translation initiation factor 3 subunit A-like 
	HAra, HGal, HGlcA, HMan, HXyl, THem, THPMan, THPXyl

	MANES_09G174600
	protein DEHYDRATION-INDUCED 19 homolog 3-like 
	HAra, HGal, HGlcA, HMan, HXyl, THem, THPMan, THPXyl

	MANES_17G070300
	calcyclin-binding protein-like 
	PAra, PGal, PGlc, PXyl, THPGalA, THPGlc, TPec

	MANES_10G035900
	protein gar2 
	HGal, HGlcA, HMan, THem, THPMan

	MANES_15G075700
	protein translation factor SUI1 homolog 2-like 
	PAra, PGal, PGlc, PXyl, TPec

	MANES_16G110600
	SNW/SKI-interacting protein-like 
	PAra, PGal, PGlc, PXyl, TPec

	MANES_16G111000
	ethylene-responsive transcription factor TINY-like 
	PAra, PGal, PGlc, PXyl, TPec

	MANES_16G030700
	MACPF domain-containing protein NSL1-like 
	PGal, PGlc, PXyl, TPec


 
Sequence and expression analysis of candidate genes
To further investigate the 12 candidate genes identified, we analyzed the sequence variation among six cassava progenitors: KU50, R1, R90, R5, HB80, and HNT. The coding sequences were derived from re-sequencing data of these progenitors and mapped onto the corresponding reference sequences. We translated these sequences to amino acids to infer potential functional differences among the progenitors, with a focus on their impact on cell wall traits in the S1 and S2 progeny. The sequence analysis showed that MANES_04G118600 had no variation among progenitors, suggesting a conserved role across the different genetic backgrounds. Cladograms were constructed to illustrate the amino acid sequence variation encoded by the remaining 11 candidate genes among the progenitors (Figure 4), with detailed sequence alignments presented in File S4. Sequence variations were observed in genes including MANES_07G081200, MANES_04G119100, MANES_09G174300, MANES_10G035900, MANES_16G111000, and MANES_16G030700. Notably, premature stop codons were identified at position 92 of MANES_16G030700 in HB80, and at position 380 of MANES_09G174300 in KU50, which could have a significant impact on gene function. Distinct grouping patterns were also observed in several genes, indicating potential functional divergence among progenitors. For example, MANES_04G118100 grouped into two clusters, with a single amino acid difference noted for R90, while MANES_09G174600 and MANES_15G075700 each formed three distinct groups. MANES_16G110600 formed two clusters, and premature stop codons were identified at positions 12 and 15 in this gene for HB80, and at position 75 in MANES_15G075700 for KU50. These amino acid variations, particularly premature stop codons and group-specific amino acid changes, suggest functional alterations that may contribute to phenotypic diversity in cell wall composition among cassava progeny, potentially impacting biomass-related traits.
To determine whether gene expression levels contribute to variation in cell wall traits, we performed qRT-PCR analysis on the 12 candidate genes using RNA isolated from 3-month-old young storage roots from the varieties KU50, HNT, and HB60 (a sibling of HB80). Of the 12 genes analyzed, five showed no detectable expression, while the remaining seven exhibited varying expression levels (Figure 5). Among the genes showing detectable expression, MANES_04G118600, MANES_09G174600, MANES_10G035900, and MANES_16G111000 showed consistent expression across the varieties without significant changes. However, three genes including MANES_17G070300, MANES_15G075700, and MANES_16G030700 demonstrated significant variation in expression levels, with KU50 consistently exhibiting higher expression compared to HNT and HB60. These findings suggest that differential expression of these three genes may also play roles in the variation of cell wall composition traits among progeny. 
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Figure 4.  Cladograms of amino acid sequences encoded by the 11 candidate genes from six cassava progenitors (KU50, R1, R90, R5, HB80, and HNT). These sequences were obtained from re-sequencing data and aligned to identify variations among the progenitors. Each cladogram represents the phylogenetic relationships and sequence similarities among the six progenitors for a specific candidate gene. The bootstrap values indicate the reliability of the groupings.
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Figure 5. qRT-PCR analysis of candidate genes in KU50, HNT and HB60 varieties. Three-month-old young storage root samples were used for RNA isolation. Each sample had three biological replicates, with technical duplicates for each replicate. Gene expression data are presented as fold change, normalized to cassava4.1_006884 as a reference gene. Statistical significance was determined using the Kruskal-Wallis test (P < 0.05). Bars represent mean values, and error bars indicate standard error of the mean. Non-significant differences are indicated by "ns".

Discussion
Cell wall composition plays a crucial role in determining the feasibility of using plant biomass for various applications that require biomass breakdown (Marriott et al., 2014; Wu et al., 2014; De Souza et al., 2015; Ostos Garrido et al., 2018). Studies on various feedstocks have demonstrated that the ease of converting cellulose and hemicellulose to fermentable sugars is a key determinant of a crop's suitability for biofuel production (Alvira et al., 2013). Cassava pulp, a byproduct of starch extraction, represents a significant untapped resource (Sriroth et al., 2000), while the residual starch in the pulp can further be utilized, adding value to the bioconversion process (Adetunji et al., 2016; Poonsrisawat et al., 2017). In this study, we show that saccharification in our cassava population ranges between 39-95 nmol Glu mg-1 h-1, indicating a potential for further development in cassava breeding to enhance the use of cassava pulp for bioconversion. High estimates of broad-sense heritability for saccharification and many monosaccharide traits also suggest that these traits can be improved through selective breeding. The recalcitrance of wood and grass feedstocks is largely due to complex interactions among cellulose, xylan, and lignin in secondary cell walls. In contrast, cassava pulp, primarily composed of the primary walls of parenchyma cells with starch deposits and limited vascular bundles, poses different challenges (Odoch et al., 2017; Sun et al., 2023). 
The matrix polysaccharides and cellulose composition in cassava are crucial not only for plant structure and growth but also for their dynamic transition between structural and storage components during root development (Sun et al., 2023). Compared to other biofuel crops like corn stover, switchgrass, and sugarcane bagasse, cassava pulp has unique cell wall characteristics that may influence its bioconversion efficiency. For instance, cassava typically exhibits a higher proportion of pectin and lower lignin content than those crops (Sriroth et al., 2000; Odoch et al., 2017). This is advantageous because lignin can impede the saccharification process (Halpin, 2019; Johnston et al., 2020; López-Malvar et al., 2021; Mota et al., 2021). In this study, analysis of over 100 cassava varieties showed that pectin can account for a proportion equal to hemicellulose and cellulose in the de-starched material. These structural and compositional differences suggest that cassava may require less pretreatment, significantly reducing the cost of bioconversion compared to more recalcitrant materials. 
The correlation analysis of biomass traits in cassava pulp underscores significant associations that are crucial for optimizing cassava for both growth traits and saccharification efficiency for industrial applications. The positive correlations between cellulose content, saccharification, and de-starched material suggest that cassava’s bioconversion potential can be considerably enhanced by targeting these traits through selective breeding. Negative correlations of cellulose and saccharification with glucose in the hemicellulose and pectin fractions (and with glucuronic acid in the hemicellulose fraction), suggest that saccharification efficiency may be inhibited by these components. This aligns with findings in other bioenergy crops, where hemicellulose and pectin constituents negatively impact saccharification due to their complex interaction with cellulose, affecting enzymatic hydrolysis (Xu et al., 2012; Francocci et al., 2013; Leijdekkers et al., 2013; Chen et al., 2016; De Souza et al., 2015; Deralia et al., 2021). 
Strong positive correlations among non-glucose monosaccharides within the hemicellulose fraction support the integrity of hemicellulose biosynthesis involving different types of polysaccharides. Such correlations have been observed in other biomass crops, where interdependent monosaccharide levels have been manipulated to optimize growth and bioconversion efficiencies (Zhang et al., 2021). Additionally, relationships observed in the pectin fraction, particularly strong correlations between arabinose, rhamnose, galactose, and mannose, suggest similar regulatory processes in pectin biosynthesis. These relationships have been observed in crops like maize, sorghum, and switchgrass (Petti et al., 2013).
The GWAS on cassava pulp traits identified 128 significant SNPs across 23 biomass traits, including saccharification and monosaccharide compositions in hemicellulose and pectin. This underscores the distinct genetic basis of saccharification efficiency and highlights the complex genetic architecture controlling these traits in cassava. These findings are consistent with observations in other bioenergy crops like rice straw, corn, sorghum, and Andean lupin, where distinct genomic regions have been associated with traits conducive to higher biofuel yield (Wang et al., 2013; Li et al., 2016; Nguyen et al., 2020; Panahabadi et al., 2022; Gesteiro et al., 2023; Gulisano et al., 2023). This complexity is particularly evident from SNPs with high phenotypic variance explained (PVE), indicating that certain genetic loci have substantial influence over specific traits. The distribution of SNPs associated with saccharification and monosaccharide traits across all 18 chromosomes suggests a polygenic basis for these biomass traits. For instance, SNPs located on chromosomes 7, 8, and 12 specifically influence saccharification, while other SNPs exhibit broader impacts across multiple monosaccharide traits. SNPs with consistently high PVE values, such as those on chromosomes 7, 9, and 17, point to key genomic regions that can be targeted in breeding programs (Wolfe et al., 2016). Moreover, the identification of certain chromosomes, specifically chromosomes 1, 3, 4, 7, 9, 10, 15, 16, and 17, as harboring a higher density of significant SNPs provides insights into potential genomic "hotspots" for biomass improvement. These chromosomes can serve as focal points for further research and breeding strategies aimed at increasing biomass yield, optimizing saccharification, and enhancing the composition of cassava pulp for bioenergy. 
Notably, SNPs associated with saccharification of cassava pulp are distinct from those associated with monosaccharide composition traits. The co-localization of significant SNPs for monosaccharide traits suggests that these regions may harbor key genes involved in the biosynthesis and regulation of cell wall polysaccharides. Importantly, SNPs repeatedly associated with multiple traits suggest the presence of pleiotropic loci or tightly linked regions affecting several traits simultaneously, for example, SNP 6474 on chromosome 4 and SNP 14962 on chromosome 9 for their widespread effects on cell wall polysaccharide composition. These findings align with previous studies demonstrating pleiotropy in cassava genetics (Ezenwaka et al., 2018; Rabbi et al., 2022; Santos et al., 2022; Baguma et al., 2024).
The GWAS has provided an extensive list of candidate genes potentially involved in the biochemistry of cell wall composition and properties, particularly those influencing saccharification and monosaccharide composition. However, we did not find genes directly related to cell wall biosynthesis such as UDP-sugar conversions, glycosyltransferase, or cell wall modification enzymes like glycohydrolases. By integrating SNP positions and expression data from transcriptome studies, 118 genes for 21 traits were identified. The distribution of these genes across traits revealed overlaps within the same wall fraction, either hemicellulose or pectin, supporting shared genetic pathways or regulatory mechanisms. Such overlaps have been observed in other studies, such as in wheat and barley, where genes influencing lignin content and cellulose composition showed pleiotropic effects or close linkage (Hao and Mohnen 2014; Muchero et al., 2015; Li et al., 2016; Yang et al., 2019; Bahri et al., 2020). 
The identification and sequence and expression analysis of the 12 candidate genes have added a deeper understanding of the genetic factors governing saccharification and biomass traits in cassava. Notably, the YTH domain-containing protein ECT2 (MANES_07G081200), identified as a key gene for saccharification, suggests a potential role in biomass conversion efficiency despite its lack of a direct function in cell wall processes. This gene has been shown to play a role in mRNA processing and is involved in trichome development, growth, and stress responses in rice (Scutenaire et al., 2018; Arribas-Hernández et al., 2021; Ma et al., 2022). This observation aligns with previous findings where genes involved in regulatory networks influenced lignin and cell wall biosynthesis (Ferreira et al., 2016; Rao et al., 2019), highlighting its potential indirect role in biomass conversion. In addition, several candidate genes identified for monosaccharide traits, such as MANES_04G118100 and MANES_09G174600, are primarily related to stress responses. Their association with biomass traits may indicate an adaptive mechanism where stress-response pathways indirectly modify the cell wall to cope with environmental stress, thereby influencing biomass characteristics. This is consistent with studies in Arabidopsis and rice, where stress-related genes were shown to alter cell wall integrity and composition under stress conditions (Mirdar Mansuri et al., 2020; Cao et al., 2021). Moreover, sequence variation among the identified genes, particularly in amino acid sequences, suggests a potential role in the phenotypic variation of the cell wall traits across different cassava progenitors. This sequence diversity points to functional divergence in how these genes regulate cell wall traits. Notably, the expression analysis through qRT-PCR revealed differential expression patterns in specific genes, including MANES_16G030700 (calcyclin-binding protein-like), MANES_15G075700 (protein translation factor SUI1 homolog 2-like), and MANES_16G030700 (MACPF domain-containing protein NSL1-like), which may contribute to the observed phenotypic variation in cell wall composition. The identification of these candidate genes provides a promising foundation for future functional studies to confirm their roles and usability as markers for breeding cassava varieties with enhanced biomass properties.

Conclusion
Overall, this study highlights significant genetic effects on cassava pulp traits, particularly those related to saccharification and cell wall composition. The integration of phenotypic data with GWAS and transcriptome analysis offers insights into the genetic basis of these traits, underpinning future breeding efforts to improve cassava varieties for industrial applications. The identification of significant SNPs associated with these traits, as well as putative candidate genes, provides a valuable resource for marker-assisted breeding efforts and validation of causal genes controlling these industrially-relevant biomass characteristics. These insights pave the way for targeted genetic improvements, which could significantly impact the economic viability and sustainability of cassava as a versatile bioenergy crop.
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