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Social Impact Statement

Cassava is a vital food source for millions worldwide, crucial for food security and
economic stability. This study analyzed cell wall polysaccharides in cassava roots to
understand their impact on cooking properties. We found these polysaccharides
influence the textural attributes of cassava roots, essential for both cooking and con-
sumption. The research highlights the need to further identify and analyze cassava
cell wall components. By improving our understanding of these components, we can
improve food security, affordability, and resilience in diverse regions, ultimately con-
tributing to global food security and better aligning with consumer preferences.

Summary

o The textural attributes of cassava roots significantly influence preferences in cook-
ing and consumption as a food source, yet the specific components dictating these
properties remain unclear. We aimed to identify the factors shaping the cooking
properties of cassava roots.

o We conducted a compositional analysis of 22 traits in a diverse F1 biparental pop-
ulation derived from soft- and hard-boiling progenitors. The traits encompassed
cooking qualities, starch properties, and cell wall composition.

o Specific cell wall components including cellulose, xylan, un-esterified, and
methyl-esterified homogalacturonan (HG) demonstrated a correlation with cook-
ing quality attributes: sensory assessments related to texture (SAT) and water
absorption during boiling (WAB). Correlation and regression analyses revealed that
these wall components collectively contribute to 20% of SAT variability and 14%
of WAB variability. SAT appeared to be influenced by methyl-esterified and un-
esterified HGs, xylan, and cellulose, impacting the tensile strength of the cell wall.
Conversely, WAB appeared to be associated with methyl-esterified HG, poten-
tially altering water absorption properties. Although genome-wide association
studies (GWAS) were unable to identify significant SNPs for SAT and WAB,
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1 | INTRODUCTION

Cassava (M. esculenta Crantz) and the other 97 Manihot species origi-
nated in the Americas (Rogers & Appan, 1973). The prevailing hypoth-
esis is that cultivated cassava originated and was domesticated in
South America (Allem, 2002; Watling et al., 2018). However, the
botanical origin of cassava is still unclear, and its ancestry remains
uncertain (Léotard et al., 2009). Large repositories of genetic diversity
with thousands of landraces and improved clones of cassava and wild
relatives are maintained in germplasm collections (Hershey, 2008) at
the International Center for Tropical Agriculture in Colombia, Empresa
Brasileira de Pesquisa Agropecuaria in Brazil, International Institute of
Tropical Agriculture in Nigeria, and at the Central Tuber Crops
Research Institute of India. Cassava is a major food staple cultivated
over 32 million hectares (80% in Africa, 13% in South America, 5% in
Asia) with over 330 million tons of root production with the global
export of all types of cassava root and products totally 16 million tons
in the value of 5.5 billion dollars in 2022 (FAO, 2022). Cassava is not
only an important feedstock for various industries such as starch, ani-
mal feed, and bioethanol but also plays a significant role in human
nutrition, contributing to the food security of millions of people, par-
ticularly in Africa.

The primary focus for breeders worldwide has been the develop-
ment of cassava varieties capable of effectively supporting value
chains and addressing food security challenges. Achieving a high, sta-
ble, and reliable yield has been of paramount importance, often over-
shadowing considerations for consumer-preferred traits and post-
harvest aspects in cassava cultivation for human consumption (Dufour
et al., 2024; Eriksson et al., 2018; Thiele et al., 2021). As breeders and
food technologists turned their attention to improving the cooking
quality of cassava, they discovered a significant lack of understanding
regarding the inheritance of quality traits. One of the objectives of the
RTBfoods project (https://rtbfoods.cirad.fr/) is to address these gaps
by identifying relevant varietal traits and preferences for boiled and
steamed cassava roots. The softness of the processed root and non-
bitter taste are the key quality parameters that need to be addressed
(Dufour et al., 2024; Iragaba et al., 2021). Additionally, the project

texture preferences.

notable associations emerged for cellulose, xylan, and un-esterified- and methyl-
esterified HG. Candidate genes associated with these SNPs point towards diverse
cell wall-related proteins, transcription factors, sugar metabolism-related genes,
and glycosyl hydrolases.

e This study provides insights into the relationship between cassava root composi-
tions and cooking characteristics and the role of wall components in determining
the cooking quality of edible cassava. This information represents a substantial

contribution towards the development of protocols for selecting varieties with

cell wall, crop; storage root, GWAS, plant breeding, texture assessment, water absorption

aims to develop high-throughput phenotyping protocols to streamline
the selection of genotypes that align with consumer preferences.
While ample literature exists concerning bitterness in cassava and
associated assessment protocols, there is a notable dearth of knowl-
edge regarding the textural attributes linked to the softness of pro-
cessed roots.

Key textural attributes of cassava roots, including mealiness,
fiber content, adhesiveness, softness, taste, aroma, and color, along
with shorter cooking times, are key determinants of user prefer-
ences (Eggleston & Asiedu, 1994; Favaro et al, 2008; Talma
et al, 2013). The cooking quality of cassava roots is also signifi-
cantly influenced by genotype-environment interactions (Franck
et al, 2011; Ngeve, 2003; Uchendu et al., 2022). Recent develop-
ments in phenotyping and genotyping tools have facilitated the
selection of cassava varieties with improved cooking quality
(Iragaba et al., 2019; Meghar et al., 2023; Mestres et al., 2023;
Tran et al, 2021). However, the precise components in cassava
roots that dictate cooking quality, particularly the mealiness prop-
erty, remain elusive.

Mealiness, a term used to describe cassava roots that become
soft and chewable when boiled (Ngeve, 2003), is the primary factor
shaping consumer preferences (Iragaba et al., 2021). Several investiga-
tions have explored potential correlations between root structure,
composition, and cooking quality to better understand the factors
influencing the mealiness texture of boiled cassava roots. Notably, the
texture (hard or soft), swelling properties during boiling, and attributes
associated with cooking time are believed to be linked to root meali-
ness (Favaro et al., 2008; Menoli & Beleia, 2007; Tran et al., 2021),
warranting further exploration. While some evidence suggests that
larger starch granules may contribute to mealiness (Safo-Kantanka &
Owusu-Nipah, 1992), the influence of starch composition on culinary
attributes remains inconclusive (Padonou et al., 2005). Despite recent
advancements in phenotyping and genotyping tools, the specific com-
ponents responsible for cassava root mealiness continue to be a sub-
ject of ongoing investigation.

Several studies have provided compelling evidence suggesting

that starch is not the sole determinant of cooking properties in root
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crops, including cassava, sweet potato, yam, and potatoes. It is
increasingly recognized that plant cell wall components play a crucial
role in shaping the cooking quality of these crops (Mestres
et al., 2023). Recent advancements in genetics, particularly Genome-
Wide Association Studies (GWAS), which analyze genetic variations
across the entire genome, have identified significant single nucleo-
tide polymorphisms (SNPs) associated with mealiness and other tex-
tural attributes in boiled cassava, and these SNPs were found to be
linked to genes related to cell wall components (Uchendu
et al., 2021). GWAS involves scanning the genomes of many individ-
uals to find genetic variations associated with a particular trait.
While this association is interesting, there are starch traits and
essential cell wall components that have received limited attention.
Besides, these studies involve a limited number of cassava varieties,
and, therefore, further research is required to provide a comprehen-
sive understanding of the complex interplay between root traits and
cooking quality.

This study aimed to understand the underlying factors influencing
the cooking properties of cassava storage roots through a comprehen-
sive analysis of their composition. We carried out a detailed examina-
tion of the root cellular structure, with a primary focus on
parenchyma cells responsible for storing starch granules. We con-
ducted a thorough examination of sensory assessments related to tex-
ture (SAT) and water absorption during boiling (WAB) to represent
cooking qualities within an F1 biparental population derived from
soft- and hard-boiling varieties. We analyzed six starch traits and
13 cell wall components, including cellulose and matrix polysaccha-
rides. Employing mathematical modeling, we further delineated the
potential impact of these cell wall components on cooking properties.
Moreover, GWAS were conducted in search of genetic associations
related to various cell wall components, providing insights into the
genetic basis of the cooking quality traits, and offering a path for

genetic improvements.

2 | MATERIALS AND METHODS

2.1 | Plant materials and cultivation conditions

HNT x C33 biparental F1 hybrids were generated by crossing. HNT
(Hanatee) is a Thai traditional cassava landrace with excellent cooking
quality (Sraphet et al., 2011). HNT and its progenies were shown to
have a soft texture and higher pasting viscosity values than those of
cassava commercial varieties with firm texture (Chaengsee
et al, 2020). C33 is a genotype developed at CIAT (International
Center for Tropical Agriculture), which is heterozygous for the resis-
tance to Cassava Mosaic Disease and has a very poor cooking quality
(Thuy et al., 2021). This biparental full-sib family is an ideal material
to study the biochemical and genetic variation of cooking quality
within a common genetic background. F1 seeds were germinated,
and the resulting seedlings were grown in the field for field evalua-

tion in seedling trials.
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2.2 | Assessing cooking time and quality

Around 110 genotypes produced enough sizeable roots to assess dry
matter content (DMC), cooking time, and quality. DMC was estimated
by the standard gravimetric method (Kawano et al., 1987). Root sec-
tions (~400 g) were weighed, boiled for 30 min, and then weighed
again. The weight gains (expressed as a percentage of the initial
weight) due to water absorption during boiling (WAB) is a proxy
parameter for estimating cooking time (Tran et al., 2021). A sensorial
assessment of texture (SAT) of boiled samples (e.g., softness) was car-
ried out by the forking method by two people on five boiled root sam-
ples. A fork was introduced into the root section for a sensory
assessment of the texture (e.g., softness) of the boiled samples using a
1-5 scale (1 = very hard; 5 = very soft).

2.3 | Sample preparation from storage roots

Storage roots were cut into thick cross sections and stored at —80°C
prior to lyophilization. Some of the fresh tuberous roots were kept in
a refrigerator at 4°C for microscopy. Freeze-dried slices of storage
roots (without cortex) were ground using an ultra centrifugal mill ZM
200 (Retsch) through a 0.5 mm sieve. The powder was stored in a con-
tainer with silica gel until use. Figure 1 provides a general depiction of
how root and leaf samples were used for the different analyses
described in this article. Following this procedure, a sample of the root
was used for weighing, WAB, and SAT immediately after harvesting.
Samples of the remaining roots were freeze-dried (designated as bio-
mass) and used for five starch-related assays and a starch granule
measurement. Subsequently, the biomass was ground and treated
with amylase and amylo-glucosidase to obtain de-starched materials
for cell wall composition analyses. The cell wall analyses included
ELISA-based quantification of cell wall matrix polysaccharides using
cell wall-specific antibodies and sugar assays for neutral sugars and

uronic acids in CDTA, TFA, and cellulose fractions.

24 | Microscopy

Fresh and cooked cassava roots (HNT, C33, 9/15, and 9/12 F1 lines)
were free-hand cut into cross sections using razor blades. The sec-
tions were stained with 0.05% toluidine blue for 1 min and then
washed in distilled water to remove excess dye. Imaging was per-
formed using a Leica THUNDER imager 3D tissue equipped with LAS
X software. For vessel counting, merged images consisting of 64 tiles
were photographed at 10x magnification from three cross-sectional
areas of two tuberous roots per genotype. The number of vessels that
were stained green-blue was manually counted in six pictures per
genotype using ImageJ. For wall thickness determination, freeze-dried
slices of cassava storage roots were observed at 1,500x magnification
using a scanning electron microscope (SEM) (Tabletop Microscopes
TM4000Il, Hitachi).
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FIGURE 1 A schematic of analysis
workflow for cassava storage roots and
leaves. CDTA; trans-
1,2-Diaminocyclohexane-N,N,N’,N’-
tetraacetic acid, DMC; dry matter

content, ELISA; the enzyme-linked
immunosorbent assay, SAT; sensorial

assessment of texture, TFA;
Trifluoroacetic acid, WAB; water

[ ELISA ] [Fractionation]

absorption during boiling.

2.5 | Determination of starch granule sizes

Twenty grams of biomass samples were suspended in 1.95 ml of a 1:5
dilution of 0.1 N iodine solution, and 10 ul of the sample suspension
was loaded onto a counting slide. Starch granule sizes in diameter
were then automatically analyzed using a TC20 automated cell coun-
ter (Bio-Rad).

2.6 | Determination of starch content

Resistant, digestible, and total starch contents in cassava flour sam-
ples were determined using a Megazyme-resistant starch assay kit
(rapid format) (K-RAPRS). In brief, biomass samples (20 mg) were
treated with pancreatic a-amylase/amyloglucosidase at 37°C for 4 h
to hydrolyze digestible starch. After 95% (v/v) ethanol was added to
stop the reaction, the digestible starch supernatant and the resistant
starch pellet were separated by centrifugation. The pellet was
washed in 50% (v/v) ethanol, which was combined with the initial
supernatant, and then resuspended in 1.7 M NaOH to dissolve
resistant starch prior to neutralization with acetate buffer. The
starch in the digestible starch supernatant and the resistant starch
pellet was hydrolyzed with amyloglucosidase to glucose, which
reacted with glucose oxidase/peroxidase reagent. Absorbance was
read at 492 nm.

27 |
contents

Determination of amylose and amylopectin

Amylose and amylopectin contents were determined using a Megazyme
amylose/amylopectin assay kit (K-AMYL). Briefly, biomass samples
(20 mg) were fully dispersed by heating in dimethyl sulfoxide (DMSO)
and then precipitated in ethanol to remove lipids. The precipitated

| Weight |+ p™mC |
parameters [
' («LM5 )

(Boil) £ LM
« LM28
WAB * LM19
* LM20

SAT *42-6

* CDTA
* TFA

* Cellulose

sample was dissolved in an acetate/salt solution, and the solution was
further assayed for two separate aliquots. Lectin concanavalin A (ConA)
was added to the aliquot to precipitate amylopectin, which was then
removed by centrifugation. Amylose in the supernatant and total starch
in the pellet were separately hydrolyzed with a-amylase/amyloglucosi-
dase to glucose, which was calorimetrically detected by glucose oxidase/
peroxidase reagent. Absorbance was measured at 492 nm. Amylose con-
tent (%) was calculated by multiplying the ratio of absorbance of the
supernatant to that of the total starch aliquot by 66.8. Amylopectin con-

tent (%) was obtained by subtracting amylose content from 100.

2.8 | De-starching of cassava biomass

Biomass samples (5 g) were suspended in 20 ml of 0.1 M sodium ace-
tate buffer pH 5.0 containing 5 mM CaCl,, which was mixed with 50 pl
of a-amylase from Bacillus licheniformis (A3403; Sigma-Aldrich). The
mixture was incubated at 80°C in a shaking water bath for 18 h. After
cooling to 40°C, 100 ul of amyloglucosidase solution (280 U/ml)
(E-AMGDF; Megazyme) was added to the mixture, followed by incuba-
tion at 60°C in a shaking water bath for 18 h. The sample was cooled to
room temperature, mixed with absolute ethanol to reach a total volume
of 40 ml, and placed at 4°C for 1 h. After centrifugation at 3,000 g for
3 min, the supernatant was decanted. The pellet was washed twice with
20 ml of 80% ethanol, air-dried overnight, freeze-dried, and then
ground using a tube mill control (IKA). De-starched samples are referred

to as de-starched material in percentage of biomass.

2.9 | ELISA of cell wall polysaccharides

De-starched materials (10 mg) were separately extracted with 500 pl
of 50 mM CDTA pH 7.0 and 500 pl of 2 M NaOH for 18 h. The CDTA
extract was diluted with 500 pl of ultrapure water, and the NaOH
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extract was neutralized with 500 ul of 2 M HCI. After centrifugation
at 13,800 g for 10 min, the supernatants were collected and diluted
prior to ELISA. ELISA was carried out following the previously
described method (Sathitnaitham et al., 2021). Eight glycan-directed
monoclonal antibodies (mAbs) were used: LM5 (p-1,4-D-galactans;
Jones et al., 1997) LM6 (a-1,5-L-arabinan; Torode et al., 2018), LM12
(ferulated polysaccharides; Pedersen et al., 2012), LM15 (XyGs;
Marcus et al., 2008), LM19 (unesterified HGs; Verhertbruggen
etal., 2009), LM20 (methyl-esterified HGs; Verhertbruggen et al., 2009),
LM28 (GXs; Cornuault et al, 2015) and 42-6 antibody (borate-
rhamnogalacturonan Il [RG-ll] and RG-ll monomers; Zhou
et al., 2018). In the detection step, 3,3,5,5-tetramethylbenzidine
(TMB) substrate solution was freshly prepared by adding 50 ul of
10 mgml~! TMB (860,336; Sigma-Aldrich) in DMSO and 50 ul
of 0.3% H,O, to 5 ml of 0.1 M sodium acetate buffer pH 5.0 for one
plate. After the reaction was stopped by adding 0.5 N sulfuric acid,
absorbance was read at 450 and 620 nm using a microplate reader
(Infinite F50; Tecan). Commercial polysaccharides were used as stan-
dards for relative quantification: galactan (ex. potato) (Megazyme) for
LM5, tamarind XG (Dainippon Pharmaceutical Co., Ltd., Osaka, Japan)
for LM15, xylan (Beechwood) (P-XYLNBE; Megazyme) for LM28, PGA
from citrus pectin (P-PGACT; Megazyme) for LM19 and apple pectin
(70%-75% esterification; 76,282, Sigma-Aldrich) for LM20. The stan-
dards were dissolved in ultrapure water at a concentration of
1 mg ml~2, followed by incubation at 60°C for 3 h. The solutions were
diluted to a range of concentrations (19.5 ngml~! to 2.5 ug ml™%),
and 50 ul of the solution was included in each ELISA plate in tripli-
cates in parallel with the sample. Polysaccharide quantities (ng) were
calculated using 4PL standard curves generated by R programming
(DR4PL) and divided by the starting weight of biomass to obtain pg of
polysaccharide amounts per mg of biomass. Noting that there were
no available RG-Il standards, and results from 42 to 6 antibodies are
expressed in absorbance reads. For the calculation of degrees of
methylation (%) HG, amounts of methyl-esterified HG per mg
of biomass were divided by amounts of un-esterified and methyl-

esterified HG per mg of biomass and then multiplied by 100.

210 | Determination of sugar content

De-starched materials (10 mg) were extracted with 500 ul of 50 mM
CDTA pH 7.0 for 18 h. The CDTA extract supernatant was collected,
combined with 1 ml of pellet-washing ultrapure water, and then dried
down in a SpeedVac concentrator prior to precipitation with cold
absolute ethanol (80% ethanol in the final solution). The pellet was
washed twice with 80% ethanol and, along with the CDTA-insoluble
material, dried in the concentrator. Subsequently, the samples were
hydrolyzed with 2 M trifluoroacetic acid (TFA) at 100°C for 4 h and
dried in the concentrator. Isopropanol was added and dried twice to
remove the remaining TFA. The respective pellets were resuspended
in 500 pl of ultrapure water, followed by centrifugation at 13800 g
for 10 min. The supernatants were collected, and neutral sugars and

uronic acids were quantified by the anthrone-sulfuric acid assay

and the m-hydroxydiphenyl method, respectively, as described in
Sathitnaitham et al. (2021). For determination of cellulose content,
TFA-insoluble residues of CDTA-insoluble material were washed with
ultrapure water and acetone and then air-dried overnight. The residue
was hydrolyzed with 72% (w/w) sulfuric acid at room temperature for
4 h, and ultrapure water was added to obtain 3.2% sulfuric acid before
incubation at 120°C for 4 h. After centrifugation at 13800 g for
10 min, the supernatant was diluted and used for glucose quantifica-

tion by the anthrone-sulfuric acid assay as above.

211 | SNP genotyping and analysis

Approximately 5 mm diameter leaf disc samples were collected from
cassava plants in the field and freeze-dried in a 96-deepwell format.
The samples were sent to Intertek (Australia) for DNA extraction and
Diversity Arrays Technology for DArTseq genotyping (cassava DArT-
seqLD Pap 1.0). Libraries were prepared following DArTseq™ com-
plexity reduction method (Kilian et al., 2012). SNP marker scoring
was obtained using DArTsoft14, an in-house marker scoring pipeline.
The sequenced reads were assigned to accessions using unique bar-
code sequences and aligned to the Manihot esculenta reference
genome, version 6.1. The SNPs were called using the TASSEL 5.0
GBS pipeline version 2 (Glaubitz et al., 2014). A total of 13,160 bi-
allelic SNP markers were detected across 18 chromosomes, plastid
and unplaced contigs of M. esculenta v6 (GCF_001659605.1). All
184 samples with 13-49% missing rate were included in the analysis.
For each sample, missing genotypes were imputed based on the
mean value using rrBLUP (Endelman, 2011). After the filtering and
data quality control process, a total of 12,567 SNPs distributed
across the 18 cassava nuclear chromosomes were retained and used
for population structure, genomic kinship estimation, and GWAS
analysis. The observed heterozygosity and polymorphic information
criteria (PIC) were calculated only for polymorphic sites located
throughout 18 chromosomes using a formula proposed by Botstein
et al. (1980).

212 | Data analysis

All data analysis was performed in R packages (R Core team, 2013).
Pearson's correlation analysis was performed by Hmisc and corrplot
packages (Harrell, 2023; Wei et al., 2017). Multiple regression analysis
was performed using the MASS package (Ripley et al., 2013). A coeffi-
cient plot was performed using the dotwhisker package (Solt &
Hu, 2015). PCA was performed using FactoMineR and factoextra
packages (Kassambara & Mundt, 2020; Lé et al., 2008). For associa-
tion studies, the population structure was evaluated based on the
PCA using function prcomp of stat package and plot using functions
in ggfortify (Tang et al, 2016) and ggplot (Wickham &
Wickham, 2009) packages. The kinship matrix was calculated from the
SNP markers using function A.mat in the rrBLUP package
(Endelman, 2011). The genome-wide association analysis (GWAS) was
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and random effects model for circulating probability unification
(FarmCPU) and Bayesian-information and Linkage-disequilibrium Iter-
atively Nested Keyway (BLINK) model using GAPIT package (Wang &
Zhang, 2021). The linkage disequilibrium (LD) values (r?) and physical
distance (bp) were calculated using PopLDdecay (Zhang et al., 2019).
The r? and physical distance (bp) were plotted and the LOESS method
was applied to summarize the relationship between these values using
ggplot package. The genomic region potentially linked to the statisti-
cally associated SNPs was identified using the GALLO package
(Fonseca et al., 2020).

3 | RESULTS

3.1 | Comparative analysis of storage root tissues
in soft-boiling and hard-boiling cassava varieties

To elucidate the structural basis underlying the distinct softening
and mealiness attributes in eating varieties, we conducted an in-
depth examination of root cell structure before and after boiling.
We utilized root samples from both soft-boiling varieties (HNT and
9/15 F1 line) and hard-boiling counterparts (C33 and 9/12 F1 line).
While an earlier report suggested a potential connection between
eating varieties and post-boiling disrupted parenchyma cells in stor-
age root tissues or altered root cell structures (Figueiredo
et al, 2021), our investigations did not corroborate this finding
across the four varieties/lines (Figure 2). Notably, the storage root
tissues predominantly consist of xylem parenchyma cells housing
starch granules, alongside a scattering of vessel cells that contribute
to the fibrous texture of cassava flesh. At microscopic resolution,
these parenchyma cells appear quite similar in terms of size and
thickness, with notable differences in the abundance of vessel cells
among the varieties/lines (Figure 2a,b). Yet, our assessment of the
number of vessel cells per unit area did not show any significant dif-
ference between soft- and hard-boiling varieties (Student T test
P > 0.05). This indicated that the general cell structure and abun-
dance of thickened vascular cells do not discernibly influence the
softening and mealiness properties of cassava roots. We subse-
quently focused on the intrinsic properties of root cells themselves,
hypothesizing that structural characteristics allowing for post-boiling
cell separation and enabling water penetration into root cells could
govern the softening and mealiness properties. We determined the
thickness of parenchyma cell walls of freeze-dried samples using
SEM for the soft- and hard-boiling varieties. However, no significant
disparity in the thickness of parenchyma cell walls between the two
sets of varieties was observed (Figure 2c,d). Furthermore, no signifi-
cant difference was observed in the size of parenchyma cells
between soft- and hard-boiling varieties (Figure 2e). Taken together,
the softening and mealiness properties inherent to cassava storage
roots cannot be attributed to the tissue characteristics observed,
indicating that other characteristics of the root cells are responsible

for these properties.

3.2 | Biochemical composition analysis of cassava
storage roots in a biparental population

We generated a biparental population between the soft-boiling HNT
and hard-boiling C33 varieties to identify the factors behind the soften-
ing and mealiness properties of cassava storage roots. Approximately,
200 F1 seeds from this cross were germinated and grown in the field,
and their storage roots were analyzed after harvesting. As expected,
there was a wide variation in WAB ranging from 1.48 to 19.71%, and in
SAT ranging from 1.8 to 4.9 (Figure 3 and Supporting Information Table
S1). Average SAT for HNT (4.53 + 0.13) was higher than for C33 (3.40
+ 0.31), and WAB for HNT was considerably higher (14.45 + 2.11) than
in C33 (2.30 + 0.49). SAT data exposed some inconsistencies, common
in sensory assessments, as indicated by the moderate correlation
between the scores of the two panelists (r = 0.65). These inconsis-
tencies, partly due to the limited experience of the panelist, may explain
the moderate differences in the average SAT values for the two progen-
itors. Noting that while the genetic variability within our biparental pop-
ulation is expected to be lower than in the set of the selected
36 contrasting genotypes used by Tran et al. (2021), our WAB range is
similar to previously reported values (less than 5% to 20%).

A comprehensive analysis of 20 additional traits was performed
to identify factors that could explain the observed variability in cook-
ing quality (WAB and SAT). Figure 3 and Supporting Information Table
S1 present data ranges obtained from the F1 population and their
progenitors. This data indicates that the softening and mealiness
properties accessed by SAT and WAB tests are of a quantitative
nature and may be associated with several unknown parameters
within the storage roots. The DMC was distributed in a narrow range
within the population, and it was similar between HNT and C33. For
starch traits, the data from the F1 population was distributed in
ranges across the six traits, and, interestingly, the values for these
starch traits for HNT and C33 were very close to one another and sit-
uated in the midranges of the F1 data. Based on the HNT and C33
data, there are no clear differences in starch profiles between the
soft- and hard-boiling genotypes. The amount of de-starched material
in the population ranged between 7% and 41% of the total biomass,
in which HNT and C33 had 8.73% and 11.4%, respectively.

To validate the antibodies to determine cell wall composition, we
performed preliminary ELISA using various cell wall antibodies
including LM5 (galactan), LMé (arabinan), LM15 (xyloglucan), LM19
(un-esterified HGA), LM20 (methyl-esterified HGA), LM21 (galacto-
mannan), LM28 (xylan), LM12 (ferulic acid and feruloylated xylan) and
42-6 (RG-Il) with a number of commercial cassava varieties. As a
result, LM5, LM15, LM19, LM20, LM28, and 42-6 antibodies showed
variability in the amount of the polysaccharides recognized, indicating
that they are suitable for assessing the F1 population. Other anti-
bodies that produced signals too low for quantification were excluded
from the analysis. (Supporting Information Table S2).

Analysis of the F1 population by ELISA showed that, in storage
roots, there were relatively high amounts of un-esterified HG (12.18-
205.38 ug mg~* biomass) and a smaller amount of methyl-esterified

HG (1.21-6.22 pg mg~* biomass). The amounts of xylan, galactan,
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FIGURE 2  Analysis of tissue and cell structure in soft-boiling (HNT and 9/15 F1 line) and hard-boiling (C33 and 9/12 F1 line) cassava roots.
(a) Merged images (64 tiles at 10x magnification) showing xylem vessels spread through starch-accumulated parenchyma cells in storage root
cross-sections stained with 0.05% toluidine blue (scale bars = 1 mm). (b) Box plots of vessel density in the storage roots are calculated as the
number of vessels per 1 mm? (n = 6). The number of vessels was manually counted from six merged imaged (64 tiles) taken from three cross-
sectional areas of two tuberous roots per genotype. (c) Scanning electron microscope (SEM) images of freeze-dried cassava storage roots (un-
boiled) showing parenchyma cells packed with starch granules (1,500x magnification). (d) Box plots of parenchyma cell wall thickness measured
using Imagel, obtained from 20 positions per image and five cross sections per genotype (n = 100). The same letters indicate no statistical
significance (Tukey's test, P < 0.05). (e) Box plots of the size of parenchyma cells measured using ImageJ (n > 8).

and xyloglucans are mostly similar to one another. Furthermore, we
quantified cell wall polysaccharides based on neutral sugars and uro-
nic acids of CDTA and TFA fractions and found that the CDTA frac-
tion as a representative of pectin polymers had similar amounts of
neutral and uronic sugars (2.13-11.01 and 2.21-15.42 pg mg~* bio-
mass, respectively), while the TFA fraction representing hemicellu-
loses had a higher proportion of neutral sugars (11.81-62.38 pg mg™!
biomass) than uronic sugars (3.02-20.91 ug mg~* biomass). On the
other hand, cellulose in the storage roots ranged from 10.73-
117.12 pg mg~? biomass. Interestingly, the values of these cell wall
traits in HNT and C33 progenitors appeared to be similar to one
another and located in the midranges of those from the F1 population,

except the methyl-esterified HG and the degree of methylation of

HG, where the two varieties are situated at opposite ends of the F1
data range. Based on the data from HNT and C33, this study suggests
that the degree of methylation of pectin HG is likely to be involved in
the determination of the soft and mealiness properties in cassava

storage roots.

3.3 | Correlation analysis of cooking properties,
starch, and cell wall compositions in the F1 population

To understand the interplay between the cooking quality parameters
and the composition of the roots, we performed a correlation analysis

of the 22 traits determined in 98 samples of our F1 biparental
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population (Figure 4). We found that the SAT and WAB, which are
based on tensile strength and water absorption respectively, were
positively correlated (r = 0.48), validating the methodology to mea-
sure the softening and mealiness properties. Despite our efforts to
analyze starch traits, we did not observe any significant correlation
between these traits with either SAT or WAB, indicating that starch
characteristics are not involved in the softening and mealiness prop-
erties of cassava roots in our population. Surprisingly, we found neg-
ative correlations between SAT versus xylan (—0.32), un-esterified
HG (—0.30), and cellulose (—0.34) and between WAB versus methyl-
esterified HG (—0.25) and cellulose (—0.23). Furthermore, SAT was
correlated with both uronic and neutral sugars of the TFA fraction
(—0.25 and —0.27, respectively), and WAB was correlated with the
neutral sugars of the TFA fraction (—0.25). Although the levels of
correlation of these traits were moderate (0.23-0.34), they demon-
strate that these cell wall components can have an impact on cooking
quality in this population. This finding indicates that the softening
properties based on the SAT test are associated with lower amounts
of xylan, un-esterified HG, and cellulose, whereas those based on
WAB are associated with lower amounts of methyl-esterified HG
and cellulose.

Besides the cooking properties, the total starch was correlated to
the resistant and digestible starch (0.43 and 0.33, respectively), but neg-
atively correlated to de-starched materials (—0.53). Indeed, amylose
was positively correlated with the resistant starch (0.28) and negatively
correlated with digestible starch (—0.18), and these relationships, as
expected, are inverse with amylopectin. Furthermore, the starch granule
size also plays a role in the starch recalcitrance, as the size is positively
correlated with resistant starch (0.22). The de-starched material is nega-
tively correlated to the resistant starch (—0.35), meaning that the highly
resistant starch associates with less de-starched materials or those with
higher amounts of starch. For cell wall composition, de-starched mate-
rials are highly correlated with most of the cell wall parameters, except
xyloglucan and degree of methylation, and negatively correlated with
RG-Il, suggesting that the de-starched materials were enriched in cell
wall components. De-starched materials are highly correlated to the
amount of cellulose, indicating that cellulose is the key determinant for
the cell wall material in cassava roots. Taken together, these results indi-
cate that SAT and WAB (representing cooking quality) are associated
with the cell wall components including cellulose, xylan, and both un-

esterified and methyl-esterified HG.
3.4 | Impact of cell wall components on cassava
cooking quality

A multiple regression analysis was conducted to investigate the
influence of key cell wall components on cassava cooking quality,

People P

specifically SAT and WAB. Our analysis focused on the four critical
parameters based on their correlation with SAT and WAB, namely cel-
lulose, xylan, un-esterified HG, and methyl-esterified HG. We also
included adjustments for the interplay between un-esterified and
methyl-esterified HG within the same molecule, calculated as a per-
cent methylation of HGA. The test models and the best-fitted regres-
sion, selected based on their Akaike Information Criterion (AIC)
values, are presented in Supporting Information Table S3. Our results
revealed that the best models could explain 17.96-20.37% of the var-
iation in SAT and 12.34-14.45% of the variation in WAB. Detailed
statistical analysis of these selected regression models is provided in
Supporting Information Figures S1 and S2. ANOVA tests showed that
the selected best regression models were not significantly different
from the full testing models (P > 0.05), indicating that the best-
reduced model did not perform significantly worse than the full
model. While the multiplication terms remain challenging to interpret,
the main terms are discernible as indicated in coefficient plots
(Figure 5). For SAT, un-esterified HG, methyl-esterified HG, and
degree of methylation are more efficient in determining both SAT1
and SAT2 models than xylan and cellulose. Conversely, for WAB, cel-
lulose exhibits a larger contribution to both WAB1 and WAB2 models
compared to the other four terms.

Furthermore, we performed a principal component analysis (PCA)
to gain insights into the individual effects of these cell wall parameters
on SAT and WAB (Figure 6). Remarkably, SAT and WAB gave different
patterns in the PCA analysis. For SAT, the vectors indicated that cellu-
lose, xylan, and un-esterified HG exhibited opposite directions to the
SAT vector, showing a strong negative relationship with
SAT-related cooking properties. In contrast, the vector for methyl-
esterified HG suggested a positive effect on SAT, albeit less pronounced
compared to the aforementioned three parameters. In the case of
WAB, the vectors suggested that methyl-esterified HG had a strong
negative effect on water absorption during boiling, as indicated by the
opposite direction, while cellulose, xylan, and un-esterified HG had
comparatively less influence on WAB. Taken together, our results sug-
gest that approximately 20% of SAT variability and 14% of WAB vari-
ability can be attributed to cellulose, xylan, and un-esterified and
methyl-esterified HG. Notably, un-esterified HG, methyl-esterified HG,
and the degree of methylation are primary factors affecting SAT, while
cellulose emerges as the primary factor for WAB. Pearson's correlation
and PCA reveals that xylan, cellulose, and un-esterified HG exert nega-
tive effects on SAT, while methyl-esterified HG positively affects SAT
but negatively affects WAB. Importantly, our data indicates the pres-
ence of other, as yet unidentified parameters, contributing significantly
to cooking properties, potentially explaining up to 80% of SAT variabil-
ity and 86% of WAB variability. These findings underscore the complex
nature of cassava cooking quality and highlight the need for further

exploration to uncover the remaining factors.

FIGURE 3 Data distribution of 22 traits obtained from the cassava F1 population. X-axis presents data units, and the Y-axis presents data
frequency. Lines indicate the data for HNT and C33 progenitors within the distribution data. CDTA,; trans-1,2-Diaminocyclohexane-N,N,N’,N’-
tetraacetic acid, DMC; dry matter content, ELISA; the enzyme-linked immunosorbent assay, RG-Il; Rhamnogalacturonan-Il. SAT; sensory

assessment of texture, TFA; Trifluoroacetic acid, WAB; water absorption.
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FIGURE 4 Correlation analysis of cassava cooking quality. A scatter plot between SAT and WAB illustrates the segregated F1 population

(n = 98). Data points of the parental lines (HNT and C33) are indicated. Pearson's correlation matrix of 22 traits of cassava storage roots including
cooking properties, starch properties, and cell wall compositions from the F1 population. Only correlation coefficients with statistical significance
are shown (P < 0.05). CDTA,; trans-1,2-Diaminocyclohexane-N,N,N’,N’-tetraacetic acid, DMC; dry matter content, ELISA; the enzyme-linked
immunosorbent assay, RG-Il; Rhamnogalacturonan-Il, SAT; sensory assessment of texture, TFA; Trifluoroacetic acid, WAB; water absorption.

3.5 | GWAS of cell wall traits

To uncover insights into the cooking quality with regard to SAT and
WAB, as well as their association with cell wall components including
cellulose, xylan, un-esterified HG, and methyl-esterified HG, we con-

ducted GWAS utilizing a comprehensive set of genome-wide SNP

markers obtained through genotyping-by-sequencing. This analysis
was conducted on 184 individuals after filtering for ungenotyped
SNPs and SNPs located on unplaced contigs. We identified a total of
12,567 SNP markers within the nuclear genome, with a mean SNP
density of 1 SNP per 17.97 kb across the 18 chromosomes of the cas-
sava genome sequence v6.1 (Supporting Information Figure S3). The
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FIGURE 5 Coefficient plots of the best models for SAT and WAB traits of the cassava storage roots. Each point represents the estimate of
the coefficient of that term with the 95% confidence interval. The vertical dashed line indicates the value of the coefficient at zero. HG;
homogalacturonan, SAT; sensory assessment of texture, WAB; water absorption.
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lowest and highest number of SNPs per chromosome were 496 on
chromosome 7 and 1,313 on chromosome 1. The mean minor allele
frequency was 0.11, with minimum and maximum frequencies of
0 and 0.5. The PIC values, indicating SNP diversity, ranged from 0.38
to 0.99 with an average of 0.68, underscoring the reliability of our
GWAS. Heterozygosity estimates, both observed and expected, ran-
ged from 0.00007 to 0.01 and 0.005 to 0.5, respectively, across the
genome. To account for population structure, we utilized PCA, though

we did not detect any subpopulations in our reference population, as

our population was generated from a biparental cross. Linkage dis-
equilibrium (LD) was evaluated for each pair of SNP markers, and a
midpoint r? value of 0.15 was chosen as the linkage decay point,
roughly corresponding to 60 kb.

Our GWAS analysis was carried out using three distinct
methods: MLM, FarmCPU, and BLINK, with a focus on SAT, WAB,
and correlated cell wall attributes. Unfortunately, we obtained match-
ing phenotype-genotype only for 77 and 75 individuals for SAT and
WAB, respectively, and did not identify any significant SNPs for
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these cooking traits. This may be attributed to the limited statistical
power resulting from the sample size. However, our study revealed
significant SNPs associated with the four cell wall traits: cellulose,
xylan, un-esterified HG, and methyl-esterified HG (15, 7, 13, and
1 SNPs, respectively) (Figure 7). A detailed summary of the identified
significant SNPs is provided in Supporting Information Table S4.
These significant SNPs, as identified by the MLM method, accounted
for approximately 13-37% of the phenotypic variances, consistently
exhibiting either positive or negative effects on the traits. Moreover,
our investigation showed two shared significant SNPs between cellu-
lose and xylan traits. In this particular, two genomic regions repre-
sented by SNP_9,574 and SNP_12,624 on chromosomes 13 and
18, exhibited negative and positive effects, respectively, on cellulose
and xylan, underpinning their multifaceted influence on these traits.
The SNPs related to HG did not overlap with other polysaccharides.
To explore genes surrounding SNP positions, we examined the
60 kb upstream and downstream regions of the identified SNPs. All
associated gene loci, along with annotations, are detailed in Support-
ing Information Dataset S1. Candidate genes were selected based on
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annotations for their potential functions related to cell wall traits
(Table 1). Cellulose content in roots was found to be associated with
genes encoding various cell wall-related proteins, including cell wall
integrity and stress response component 1, cell wall invertase, and
Expansin A8. Rho GTPase-activating protein 5, which regulates vesicle
packages related to cell wall biosynthesis (Lauster et al., 2022), also
showed associations with cellulose. Notably, WRPK and NAC tran-
scription factors were identified in association with xylan, cellulose,
and un-esterified HG. While a number of WRKY and NAC gene fami-
lies have been shown to play roles in plant cell wall biosynthesis, fur-
ther detailed characterization of these specific genes is needed to
confirm their involvement in the traits related to cell wall components.
Intriguingly, genes related to sugar metabolism were identified, includ-
ing cell wall invertase and UDP-glucose 4-epimerase 5 (catalyze the
conversion of UDP-galactose to UDP-glucose) for cellulose trait, and
D-xylose-proton symporter-like 2 for methyl-esterified HG trait. Gly-
cosyl hydrolases were associated, including polygalacturonate for
xylan and rhamnogalacturonate lyase B for un-esterified HG, suggest-
ing their role as polysaccharide-modifying enzymes during wall
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FIGURE 7 Circular Manhattan plots present SNPs associated with four cell wall components analyzed from 184 F1 lines. SNP locations on
chromosomes and P values are plotted on the x-axis and y-axis, respectively. The dotted red line presents the Bonferroni correction at P < 0.05
the quantile-quantile (QQ) plots for observed and expected P values are presented based on MLM, FarmCPU, and BLINK methods.
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TABLE 1 Selected candidate genes located within 120 kb of significant SNPs associated with cellulose, xylan, un-esterified, and methyl-

esterified homogalacturonans (HGs) in cassava, identified through genome-wide association studies (GWAS) aimed at understanding the genetic

basis of cell wall composition.

Trait SNP.ID Chr Position (bp)
Cellulose 3,476 4 24,267,025
Cellulose 5,846 8 2,382,714
Cellulose 6,348 8 33,102,354
Cellulose 6,351 33,224,659
Cellulose 1,353 871,030
Cellulose 7,629 10 24,506,348
Cellulose 9,948 14 6,148,152
Xylan 9,017 12 31,366,360
Xylan 10,849 15 8,339,152
Xylan 9,574 13 27,023,046
Cellulose

Xylan 12,624 18 7,357,832
Cellulose

Un-esterified HG 806 1 27,368,982
Un-esterified HG 5,141 6 25,603,721
Un-esterified HG 8,728 12 7,323,821
Un-esterified HG 9,198 13 5,301,200
Un-esterified HG 9,403 13 22,479,336
Methyl-esterified HG 6,319 8 32,431,982

Manes ID candidates

MANES_04G108000

MANES_08G027300, MANES_08G027200,

MANES_08G026700

MANES_08G170600
MANES_08G172000
MANES_02G009300
MANES_10G132800
MANES_14G075800
MANES_12G156100
MANES_15G110400
MANES_13G141600

MANES_18G084335

MANES_01G170600
MANES_06G152300
MANES_12G072800
MANES_13G049900
MANES_13G102800
MANES_08G162600

Description

Cell wall integrity and stress response

component 1

Beta-fructofuranosidase (cell wall
invertase),
Beta-fructofuranosidase (cell wall
invertase),
Rho GTPase-activating protein 5

WRKY transcription factor 70
Expansin-A8

UDP-glucose 4-epimerase 5
WRKY transcription factor 9
WRKY transcription factor 72A
Probable polygalacturonase
WRKY transcription factor 50

NAC domain-containing protein 73

Wall-associated receptor kinase 3

Laccase-2

SPIRAL1-like 5

WRKY transcription factor 31
Galacturonosyltransferase 8
Rhamnogalacturonate lyase B

D-xylose-proton symporter-like 2

biosynthesis. The identification of Galacturonosyltransferase 8, a pri-
mary enzyme for HG biosynthesis, suggested a direct link to HG con-
tent in the roots. Furthermore, genes encoding Laccase-2 and
SPIRAL1-like 5 were associated with un-esterified HG. While Laccase
is involved in lignin biosynthesis (Dixon & Barros, 2019) and SPIRAL1
is related to actin (Sedbrook et al., 2004), establishing a direct relation-
ship with un-esterified HG requires further investigation. These find-
ings underscore the intricate genetic landscape governing cell wall
traits in cassava roots, revealing potential candidate genes with roles
in cell wall biosynthesis and modification. Further research will vali-
date the specific functions of these candidate genes in shaping cas-
sava root properties related to cooking quality.

4 | DISCUSSION

In this study, we investigated the cellular and molecular composition
that determines the cooking quality of cassava storage roots. Previous
reports have highlighted the substantial variation in cooking quality
among different cassava varieties (Sajeev et al, 2008; Tran
et al,, 2021; Uchendu et al., 2022). While the impact of overall DMC
and major components, such as starch and amylose, is evident for

yams, plantains, and sweet potatoes, establishing a direct

physicochemical characteristic of starch linked consistently to the tex-
ture and mealiness of boiled cassava has remained elusive (Asaoka
et al.,, 1991; Charoenkul et al., 2006; Padonou et al., 2005; Kouadio
et al., 2013). Additionally, there were no discernible differences in cell
arrangement or cell condition between mealy and non-mealy cassava
varieties (Safo-Kantanka & Owusu-Nipah, 1992). Our work, which
examines cooking quality within a biparental population using SAT
and WAB, aligns with previous findings, failing to establish correla-
tions between cell structure, starch parameters, and cassava cooking
quality. Despite an extensive examination of starch-related character-
istics, including amylose and amylopectin content, resistant and
digestible starch, starch granule sizes, and DMC, no definitive links
with cooking properties emerged, as demonstrated in our and previ-
ous studies (Kouadio et al., 2013). These results emphasize the
involvement of other factors within cassava storage roots in determin-
ing cooking quality. The segregation pattern of SAT and WAB within
the F1 population also strongly suggests that cooking quality is a
quantitative trait influenced by multiple attributes.

Pectin, the primary component of the middle lamella, is widely
recognized for its role in cell-cell adhesion and, hence, for the crisp-
ness or mealiness of vegetables and fruits (Parker et al., 2001). Our
results support this proposition in the same line as Favaro et al.

(2008), who observed significantly higher uronic acid levels in cell
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walls extracted from hard-cooking cassava varieties than in soft-
cooking counterparts. Moreover, specific pectin fractions appear to
correlate with vegetable and fruit crispness and mealiness, with harder
cassava roots and/or ripe fruits exhibiting elevated chelate-insoluble
pectin levels and reduced chelate-soluble pectin levels (Favaro
et al.,, 2008; Xin et al., 2010; Zhang et al., 2008). Additionally, cooking
rate, cell disruption level, and firmness of cassava roots are directly
linked to divalent cations that promote pectin gelation and crosslink-
ing (Eggleston & Asiedu, 1994; Favaro et al, 2008; Mestres
et al.,, 2023). These findings underscore the pivotal role of pectins,
especially un-esterified HG, in shaping cassava cooking quality. Never-
theless, other pectin components like RG-I and RG-Il may also influ-
ence cooking properties, and their role warrants further exploration.
Uchendu et al. (2021) conducted a GWAS study of root mealiness and
other texture-associated traits in cassava, identifying 80 SNPs signifi-
cantly associated with various attributes, including root mealiness,
fiber, adhesiveness, taste, aroma, color, and firmness. Notably, the
gene Manes.13G026900 (Plant invertase/pectin methylesterase
inhibitor), known for its role in cell adhesion and the mealiness or
crispness of vegetables and fruits, was associated with the cassava
mealiness trait. This finding is particularly intriguing given the
acknowledged role of pectin in influencing cell adhesion, mealiness,
and crispness of vegetables and fruits (Jarvis et al., 2003; Parker
et al, 2001). Moreover, various studies have reported evidence of
PME activity in cooked potato texture (Ross et al., 2010; Ross, Morris,
et al., 2011; Ross, Wright, et al., 2011).

The role of cell wall components, particularly pectins and their
interaction with divalent cations, in determining the cooking quality of
cassava roots has garnered significant attention (Eggleston &
Asiedu, 1994; Favaro et al., 2008). Mestres et al. (2023) indirectly
demonstrated the involvement of pectins in determining cooking
quality by showing that cassava roots boiled in calcium chloride solu-
tions exhibited reduced water absorption, as seen across several
genotypes with varying cooking quality. The increased Ca* concen-
tration was anticipated to strengthen the pectin network through
crosslinking between Ca?" and the carboxyl groups of un-esterified
HG (Braccini & Pérez, 2001; Grant et al., 1973), resulting in reduced
water absorption and firmer texture. A similar trend has been
observed in potatoes (Murayama et al., 2019). Although most previous
work on pectin in cassava was conducted by quantifying uronic acid
or GalA content following acid hydrolysis (Franck et al., 2011), this
method did not provide insights into methylation and its influence on
crosslinking potential. Our use of ELISA with LM19 and LM20, which
specifically recognize un-esterified and methyl-esterified HG, respec-
tively, has shed light on the relationship between pectin and cooking
properties. The correlation analysis, mathematical modeling, and PCA
of cell wall components and cooking quality (SAT and WAB) pre-
sented here, revealed that both methyl-esterified and un-esterified
HG, as well as xylan and cellulose, contribute to cooking quality. For
SAT, higher levels of un-esterified HG may enhance the rigidity of the
cell wall structure through calcium crosslinks, resulting in a firmer tex-
ture. Conversely, increased methyl-esterified HG content reduces the

potential for calcium bridges to form, yielding a softer texture.

Additionally, xylan and cellulose provide structural support to the
parenchyma wall, affecting the root's texture. In the case of WAB,
increased methyl-esterified HG reduces pectin's water-absorbing
capacity, while other polymers, including un-esterified HG, xylan, and
cellulose, play less significant roles in water absorption. Thus, we
observe two distinct scenarios concerning methyl-esterified HG:
higher degrees of methylation result in both reduced water absorption
and softer texture, while lower degrees of methylation lead to
increased water absorption but greater firmness. Higher degrees of
pectin methylation contribute to a gradual decrease in the affinity for
Ca?* (Thakur et al., 1997; Tibbits et al., 1998). Consequently, the bal-
ance of methyl-esterified HG is crucial for achieving an optimal tex-
ture based on SAT and WAB, hence enhancing cooking quality.

Studies on potatoes have revealed that cell wall components
play a crucial role in determining tuber textural properties
(Nonaka, 1980). Mealy potato varieties, for example, exhibit higher
levels of pectin branching, methylation, and acetylation compared to
non-mealy varieties (van Marle et al., 1997). Additionally, tubers with
elevated total pectin methylesterase (PME) activity tend to have
reduced pectin methylation in their cell walls. This reduction leads to
increased peak force, indicating a higher abundance of charged HG,
which enhances Ca?" crosslinking and tensile strength (Ross
et al., 2010). Expression profiling of potato varieties with different
textures has also identified genes associated with cell wall modifica-
tion, including those encoding pectin acetylesterase, xyloglucan
endotransglycosylase, and PME (Ducreux et al., 2008). Moreover, the
matrix polysaccharide, particularly RG-I, has been proposed to play a
role in transmitting stresses to load-bearing cellulose microfibrils
(Ulvskov et al., 2005). The hydration properties of potatoes have
been linked to the length and characteristics of arabinan and galactan
side chains within RG-I (Larsen et al., 2011). Reduced galactan and
arabinan negatively impact hydration due to the lower hydrophilic
properties of the rhamnose-galacturonic acid (Rha-GalA) backbone in
RG-I. While the effect of pectin methylation levels in potatoes aligns
with that of cassava, these findings from potato studies may not be
directly applicable to cassava. Despite the presence of galactan and
xyloglucan in cassava cell walls, as demonstrated in this work and by
Staack et al. (2019), we did not find a correlation between galactan
or xyloglucan and the cooking properties of cassava roots (SAT and
WAB). Furthermore, their analysis using LM6 and LM12 indicated no
presence of arabinan and ferulated galactan and is consistent with
our analysis, indicating that these polymers are present in minimal
amounts and are unlikely to be linked to cooking quality. Nonethe-
less, these insights from potato research provide valuable support for
the hypothesis that cell wall components, with a specific focus in this
study on xylan, pectin, and cellulose, influence the textural properties
and cooking quality of cassava roots.

Regression models revealed that up to 20% and 14% of the
variance in SAT and WAB, respectively, could be explained by spe-
cific cell wall components, namely cellulose, xylan, and HG. PCA
provided additional insights, indicating strong negative associations
between cellulose, xylan, and un-esterified HG with SAT, while

methyl-esterified HG exerted a pronounced negative effect on
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WAB. However, cellulose, xylan, and un-esterified HG exhibited
lesser influence on WAB. Notably, the models suggested that the
remaining 80% and 86% of variation in SAT and WAB, respectively,
might be influenced by unknown components. Contrary to the com-
mon focus on lignins, Silva et al. (2022) demonstrated, that carbohy-
drates (ratio of sucrose, glucose, and starch) played a pivotal role in
distinguishing various cooking genotypes, while lignins (syringes/
guaiacyl ratio) from the cell wall did not differentiate cooking per-
formances. In our work, quantification of pectin crosslinking through
the borate-RG-Il complex via the 42-6 antibody exhibited no corre-
lation with cooking quality. Furthermore, crystalline cellulose analy-
sis in samples with varying cooking textures did not reveal any
correlation with soft- and hard-boiling varieties (Supporting Informa-
tion Figure S4). Whereas analysis of total dietary fiber (soluble and
insoluble) of selected hard- and soft-boiled cassava lines showed
negative correlations of SAT and WAB versus insoluble dietary fiber
and total dietary fiber (P < 0.05) (Supporting Information Figure S5),
and this supports our finding considering the cell wall polysaccha-
rides as the major component of dietary fiber. We also performed
analysis of starch gelatinization using Rapid Visco Analyzer (RVA),
and there was no correlation (P > 0.05) between SAT and pasting
properties of samples with varying cooking textures (Supporting
Information Figure Sé). Although we found positive correlations
(P < 0.05) between WAB versus minimum viscosity (0.62), final vis-
cosity (0.61), and setback (0.58), these associations can be attributed
to the characteristics of the starch granule and other components
such as crude fiber, which results in a more resistant breakdown for
those that absorb a larger amount of water during boiling. Noting
that cassava lines with a high water-absorption capacity are likely to
experience increased retrogradation as a result of their strong corre-
lation with high final viscosity and setback value. Other factors
related to cell wall that we have not explored in this study include
crosslinking through cell wall proteins including AGPs and a
tyrosine-lysine rich protein (TLRP), which was identified by a QTL
for potato cooking type (Kloosterman et al, 2010). Nevertheless,
the softening of tubers and roots during cooking may result from
physicochemical changes in cell wall materials, including reduced
hydrostatic pressure and solubilization of pectic materials (Sajeev
et al., 2008), although these aspects were beyond the scope of our
assessment.

Previous GWAS studies on a cassava diversity panel (Uchendu
et al,, 2021) found associations between cell wall-related genes and
inhibitor)  and

(wall-associated kinase family protein). In our study, while direct asso-

mealiness  (pectin  methylesterase firmness
ciations with SAT and WAB were not identified, we discovered
numerous genes associated with cell wall components correlated with
cooking traits. These genes encompassed various aspects of cell wall
biology, including sugar metabolism, cell wall biosynthesis, and cell
wall-modifying proteins. Although our findings indirectly align with
previous research on the relationship between cell wall genes and
cooking quality, further investigation into the genes identified could
reveal the role of the cell wall in controlling the cooking quality of cas-

sava roots. This could potentially lead to the validation of these genes

People P

as valuable selection markers in breeding programs that satisfy con-
sumer preferences.

In conclusion, our comprehensive analysis of soft and hard-boiling
cassava varieties revealed no significant differences in the root tissue
structure. The examination of 22 traits, encompassing cooking quali-
ties, starch properties, and cell wall composition, highlighted specific
cell wall components, cellulose, xylan, and HGs, as correlated with
cooking properties. SAT is influenced by methyl-esterified and un-
esterified HGs, xylan, and cellulose, impacting the tensile strength of
the cell wall. On the other hand, WAB is regulated by methyl-esteri-
fied HG, potentially altering water absorption properties. Additionally,
GWAS sheds light on genes governing these cell wall components.
Although no significant SNPs were found for SAT and WAB, the cor-
relation between these cooking parameters and cell wall parameters
supports that the SNPs found for cell wall components will also regu-
late cooking quality. This study provides insights into the complex
relationship between cassava root physiology and cooking character-
istics, underscoring the role of cell wall components in determining
the cooking quality of edible cassava. The trait-related genes should
be further validated as the markers for the selection of soft-texture
cassava breeding lines in the early breeding program of cassava for

consumers.
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