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Abstract: Cassava (Manihot esculenta Crantz) is a key industrial crop in Southeast Asia and a staple

for food security in Africa, owing to its resilience and efficiency in starch production. This study

aims to unravel the genetic determinants of specific cassava root crown traits, utilizing 3D modeling

for yield-related attributes and root crown morphology. Phenotypic analysis of 130 partially inbred

lines and their six parental lines from Thai commercial varieties revealed a range of root traits within

populations showcasing robust correlations among various traits, particularly root size parameters

and root weight. Genotyping-by-sequencing yielded a total of 29,361 SNP markers identified within

the nuclear genome of cassava and shared across all genotypes. Genome-Wide Association Studies

(GWAS) of these 136 genotypes identified 23 significant SNPs for six out of 11 root crown traits,

including 3D root angle, 3D surface area, root number, 3D crown diameter, root weight, and 3D

volume. We found one shared significant SNP between 3D crown diameter and root weight, and

another shared SNP between root weight and 3D volume. Two closely linked SNPs were identified

for 3D volume, root weight, and 3D surface area. Linkage disequilibrium (LD) analysis for each pair

of SNP markers indicated the linkage decay point at approximately 60 kb. Based on LD decay and

available transcriptome data, candidate gene identification highlighted 29 genes associated with five

traits, providing an understanding of the genetic basis of cassava root crown traits. Our findings offer

novel insights into cassava storage root traits as well as data for marker development and candidate

gene identification.

Keywords: cassava; root crown traits; 3D modeling; genome-wide association studies; genetic

improvement; phenotypic variability

1. Introduction

Cassava (Manihot esculenta Crantz) is an important industrial crop in tropical and
subtropical regions, serving as a primary source of starch for various industries, including
food, feed, and manufacturing sectors [1]. Is it also a fundamental food security staple for
Africa [2]. Southeast Asia, in particular, relies heavily on cassava for industrial purposes
due to its resilience under challenging environmental conditions, offering tolerance to
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drought and low fertility soils, thereby ensuring food security in the region [2]. Successful
cassava production in this region stems from strategic breeding efforts that have resulted
in varieties well-adapted to local soil and climate conditions, with high yields from the root
crown system to enhance overall production efficiency [3]. Despite these advancements,
cassava breeding remains largely reliant on traditional methods, involving inter-varietal
crossing and phenotypic selection for clonal propagation, with limited use of genetic
markers due to challenges posed by the heterozygous nature of progenitors [4].

Efforts to enhance cassava performance have traditionally focused on root yield, a
quantitative trait involving the assessment of root weight, dry matter content, and occa-
sionally the counting of roots per plant. However, the complexity of root yield, influenced
by diverse genetic controls and non-additive effects, has made it challenging to pinpoint
specific genes responsible for root size [4,5].

Our previous work on 3D modeling of the cassava root crown contributed to dissecting
the root structure, offering insights into root size definition [6]. This work underlined the
necessity to understand the genetic controls for storage root crown traits, including root
volume, surface area, crown diameter, root number, root angle, and parameters related to
soil area such as (cylinder) soil volume and compactness. By dissecting the combined root
structure, this approach holds the key to identifying key genetic factors contributing to root
yield and shape of root crowns, thus facilitating genetic improvement through breeding.

Genome-wide association studies (GWAS) have emerged as a transformative tool,
enabling the exploration of the genetic diversity within cassava populations to identify
associations between specific genomic regions and agronomic traits [7]. While agronomic
traits such as root weight, dry matter content, and starch content have been studied in a
number of populations across continents; studies focusing on specific root traits based on
morphology have primarily relied on individual root measurements [8±12]. The parameters
shaping root crown structure have been overlooked, mainly due to limited tools based
on direct measurements and 2D photographic data. The 3D model phenotyping offers an
opportunity to identify key genetics loci governing various root crown traits.

In this study, we aimed to identify the genetic loci associated with cassava root crown
traits, focusing on yield and root crown morphology attributes. Utilizing 3D modeling,
we quantified parameters related to root crown morphology and size. Our study focused
on 136 lines including partially inbred populations at S1 and S2 generations and their six
parental varieties. This panel was grown and the root crown data were collected using 3D
modeling. We analyzed 11 yield-related traits and 3D modeling parameters using GWAS
to identify association loci within the cassava genome and explored potential candidate
genes. Our goal is to unravel the genetic architecture of cassava root crown traits, providing
insights for cassava breeding.

2. Materials and Methods

2.1. Germplasm, Experimental Design and Cultivation Conditions

There were six S0 progenitors. Two were landraces: Rayong 1 and Hanatee (R1 and
HNT, respectively), and the remaining four were the released cultivars Rayong 5, Rayong 90,
Huay Bong 80, and Kasetsart 50 (R5, R90, HB80, and KU50, respectively) (Table 1). S1 and
S2 partial-inbred lines were generated by controlled self-pollination, and the botanical seeds
were germinated in soil contained in plastic bags for two months, and then transplanted in
the experimental field. Seedlings that showed stunted growth or were small were discarded.
The S1 and S2 lines were pre-selected from an earlier single-row yield trial, representing a
spectrum of high, medium, and low root yields to be included in this study. There were
99 S1 and 31 S2 genotypes. At ten months of age, stems were harvested and cut into 20-cm
cuttings for cloning and planting in the field. Planting followed a single-row trial with
1.5 × 1.5 m spacing (within and between rows). An augmented randomized complete block
design (augmented RCBD) with nine blocks and non-replicated samples was employed.
Each block contained six commercial varieties as checks. In each row, eight stem cuttings
were planted, and the middle six plants were used for data collection and analysis. Border
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rows were used in the experimental field. The experiment was conducted in the Photharam
District, Ratchaburi, Thailand (location coordinates: 13.653699 and 99.821265) from April
2019 to March 2020 without irrigation. The soil type is fine-sandy loam. Fertilizer was
added 4 months after planting. The roots were hand-harvested 11 months after planting.

Table 1. Parental varieties and sizes of the S1 and S2 families obtained from them.

Progenitor Remarks S1 Family S2 Family

R1 Landrace 24 1
R5 Released by RFCRC 1 34 16
R90 Released by RFCRC 11 7

KU50 Released by KU 2, DOA 3, and CIAT 4 18 7

HB80 Released by TTDI 5 and KU 10 -
HNT Landrace 2 -

Total 99 31
1 RFCRC; Rayong Field Crops Research Center, Department of Agriculture, Ministry of Agriculture and Coopera-
tives, Thailand. 2 KU; Kasetsart University, Thailand. 3 DOA; Department of Agriculture, Ministry of Agriculture
and Cooperatives, Thailand. 4 CIAT; Centro International de Agricultura Tropical, Colombia. 5 TTDI; Thai Tapioca
Development Institute.

2.2. Data Collection and 3D Analysis

Cassava root crowns (CRCs) were manually extracted from the soil (using a leverage
tool with an attached grip) and weighed on the field. The harvest index (HI), the ratio
of CRC weight to the whole plant weight, was determined. Three-dimensional CRC
analysis was performed as outlined in [6]. Briefly, CRCs were photographed on the field
using a DSLR, a green background (120 × 120 cm), and a reference object (W × L × H:
12.5 × 12.5 × 34 cm). Approximately, 25±40 images per CRC were used for 3D image
construction. Agisoft Metashape 1.6.5 standard edition with an educational license (Agisoft
LLC., St. Petersburg, Russia) and Blender 2.90.1 [13] were used to construct and analyze 3D
models, respectively. Prior to 3D analysis, models were rescaled using the reference object.
Measurements of 3D surface area, 3D crown diameter, and 3D cylinder soil volume were
obtained using the built-in analysis tools. Root angles were averaged from the three lowest
angles within each CRC. Three-dimensional density was calculated using root weight and
3D volume. The 3D surface-to-volume ratio was calculated using 3D surface area and 3D
volume. Additionally, 3D CRC compactness was calculated using 3D root crown volume
and 3D cylinder soil volume.

2.3. DNA Isolation and Sequence Analysis

Cassava gDNA was isolated from young leaves using a modified CTAB method and
FavorPrep™ Plant Genomic DNA Extraction Mini Kit (Favorgen Biotech Corp, Ping Tung,
Taiwan). The quantity and purity of gDNA were verified by agarose gel electrophoresis
and Nanodrop. Genotyping-by-sequencing was performed with pair-end reads on the
Illumina® HiSeq/MiSeq platform (Illumina Inc., San Diego, CA, USA), with a read length
of 31±144 bp at each end. The sequenced reads were assigned to accessions using unique
barcode sequences and aligned to the reference genome (Manihot_esculenta_v8) through
the BWA software 0.7.17. The BAM files were handled by SAMTools 1.10 [14], and vari-
ants were called using Freebayes [15]. The average read depth on the reference genome
(639.6 Mb) is in the 2.03X to 3.06X range. A total of 2,078,599 bi-allelic SNPs were detected
across 18 nuclear chromosomes, two organelle genomes, and 25 unplaced contigs. These
variants were filtered for minor allele frequency (MAF) of 0.01 and SNPs missing rate of 0%
by bcftools [16]. A total of 29,733 bi-allelic SNP markers (29,361, 260 and 112 SNPs in the
nuclear genome, organelle genomes, and unplaced contigs, respectively) were found in
136 samples. Only the 29,361 SNPs distributed across the 18 cassava nuclear chromosomes
were used for population structure, genomic kinship estimation, and GWAS analysis. The
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observed heterozygosity and polymorphic information criteria (PIC) were calculated for
polymorphic sites.

2.4. Data Analysis

All data analysis was performed in the R 4.2.1 software package [17]. Analysis of
different phenotypic values obtained from S0, S1, and S2 generations was performed
using an augmented RCBD package [18]. Pearson’s correlation analysis was performed by
using the PerformanceAnalytics package [19] using the correlation matrix chart function.
Principal component analysis (PCA) was computed using the FactoMineR and factoextra
R packages. Narrow sense heritability was calculated based on an additive relationship
matrix following published methodologies [20±22]. For association studies, the population
structure was evaluated based on the PCA using function prcomp of the stat package
and plotted using functions in the ggfortify [23] and ggplot [24] packages. The kinship
matrix was calculated using the function A.mat in the rrBLUP package [25]. GWAS was
performed based on the mixed linear model (MLM), the fixed and random effects model
for circulating probability unification (FarmCPU) and Bayesian-information and Linkage-
disequilibrium Iteratively Nested Keyway (BLINK) models using the GAPIT package [26].
The linkage disequilibrium (LD) values (r2) and physical distance (bp) were calculated
using PopLDdecay [27]. The r2 and physical distance (bp) were plotted, and the LOESS
method was applied to summarize the relationship between these values using the ggplot
package. The genomic region potentially linked to the statistically associated SNPs was
identified using the GALLO package [28].

3. Results

3.1. Phenotypic Variability of Cassava Root Traits in Partially Inbred Populations

We analyzed a total of 136 cassava genotypes, comprising 99 S1 lines, 31 S2 lines, and
6 progenitors (elite Thai commercial varieties). Our phenotypic analysis involved on-field
measurements and 3D cassava root crown (CRC) modeling. To evaluate root yield, we
conducted a comprehensive yield trial, recording root weight and harvest index (HI) at
the time of harvest. Furthermore, we employed 3D CRC modeling to collect the details of
CRC traits (Figure 1). Table 2 provides a summary of the details of the 11 traits considered,
and Figure S1 illustrates the data distributions of these traits within the population. The
data show the variability of root traits in the population. Notably, the 3D root density and
3D root surface-to-volume ratio display relatively limited variation, while 3D cylinder soil
volume and 3D CRC compactness showed skewed distributions towards lower values.
Despite expectations of inbreeding depression, the preselection process from previous years
likely mitigated the impact of inbreeding in yield.

To gain insights into the genetic effects on the variation observed in the 11 root traits,
we examined the narrow-sense heritability (h2) of these traits (Table 2). Most of the h2 of
the root traits were moderate ranging between 0.307 and 0.455, except HI and 3D density,
which showed very low heritability. It is noteworthy that all these h2 values fall below
the threshold of 0.5, indicating a significant impact of environmental factors on shaping
the observed phenotypic variation. These data also suggested that the phenotypes may
be influenced by non-additive genetic factors. This finding aligns with previous studies
on cassava root yield, particularly emphasizing the role of non-additive genetic effects,
such as dominance and epistasis, governing cassava root weight, while certain traits, like
starch content, were suggested to be primarily influenced by additive genetic effects [4].
These results underline the intricate genetic basis of cassava root traits, where genetic and
environmental factors determine the potential for root yield.
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Figure 1. Three-dimensional CRC modeling for root crown measurement. (a) 3D root crown

model in Blender, illustrating measurement parameters associated with root crown sizes and angles.

(b) Top-down perspective of the root crown, indicating the circled area designated for measuring root

crown diameter. (c) Quantification of 3D cylinder soil volume achieved by establishing a cylindrical

space extending from the top to the bottom of the root crown. Three-dimensional CRC compactness

(CompP) was calculated as a percentage of a 3D volume in a 3D cylinder soil volume.

Table 2. Overview of 11 phenotypic traits with abbreviations, detailed trait descriptions, measurement

units, data ranges, and narrow-sense heritability are presented.

Trait Unit S0 Data Range S1 Data Range S2 Data Range h2

1 Root weight (RW) Kg 0.87±12.10 0.067±12.45 0.10±7.50 0.325
2 3D volume (Vol3D) cm3 779±12,573 268±9678 340±8050 0.434
3 3D density (Den3D) kg/L 0.57±1.66 0.049±1.94 0.22±1.42 0.046
4 3D surface area (RS Area) cm2 983±7333 556±7122 451±5888 0.438
5 3D surface-to-volume ratio (SV Ratio) non-unit index 0.53±1.62 0.07±2.07 0.69±1.50 0.334
6 3D crown diameter (RCrD) cm 27.79±105.11 23.61±113.89 19.30±88.74 0.303
7 Root number (Nb) Root 4.60±12.20 2.00±13.40 3±13.40 0.320
8 3D root angle (RAng) Degree 0±49.00 0.20±45.80 1.6±48 0.307
9 Harvest index (HI) non-unit index 0.4±0.72 0.03±0.70 0.02±0.75 0.149
10 3D cylinder soil volume (SV) cm3 42,125±277,043 12,796±288,618 34,133±94,025 0.392
11 3D CRC compactness (CompP) % 2.33±12.35 1.69±13.24 4.45±7.01 0.455

3.2. Correlation Analysis of the 11 Root Traits in Partially Inbred Populations

To explore potential correlations among these 11 traits, we conducted a Pearson’s
Correlation analysis (Figure 2). The result revealed robust correlations (r2 ≥ 0.87) between
root weight, 3D surface area, and 3D volume further confirming earlier findings [6]. These
size-related parameters also showed correlations with HI, root number, 3D crown diameter,
and 3D cylinder soil volume. The 3D surface-to-volume ratio, which is an indicator for
root shape, displayed negative correlations with parameters relating to root sizes. Within
this population, as root sizes increase (weight, 3D surface area, and 3D volume), the roots
become thicker and proportionally shorter. Furthermore, root number demonstrated cor-
relations with the 3D crown diameter and 3D soil volume. Notably, no correlation was
observed between the root angle and the other parameters. This dataset highlights the
phenotypic diversity within the partially inbred population derived from the six parental
varieties, providing valuable materials for genetic studies. Moreover, the varied charac-
teristics of cassava storage roots offer an approach to understanding root yield, beyond
traditional weight-centric assessments, considering factors such as crown volume, shape,
and size.
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Figure 2. Pearson correlation analysis of 11 traits. Significant correlation levels are denoted by

asterisks (*, **, *** for p < 0.05, p < 0.01, p < 0.001, respectively). The trait abbreviations are described

in Table 2.

3.3. GWAS of Yield and 3D Root Crown Phenotypes

GWAS analysis relied on genotyping-by-sequencing on our set of 130 partially inbred
genotypes and their six parental lines. After filtering, we identified a total of 29,361 SNP
markers within the nuclear genome of cassava sequence v8.1. These SNPs were shared
across all 136 genotypes with a zero-missing rate. The mean SNP density was 1 SNP
per 21.91 kb across the 18 chromosomes (Figure 3). Chromosome 4 displayed the lowest,
with 1257 SNPs, while chromosome 8 had the highest, with 2036 SNPs. The mean minor
allele frequency was 0.21, ranging from 0 to 0.5. PIC values, indicating SNP diversity,
ranged from 0.38 to 0.98, with an average of 0.66, indicating the reliability of our GWAS.
Heterozygosity estimates, both observed and expected, span across the genome from 0 to
1 and 0.03 to 0.5, respectively. This is because we found no heterozygous genotypes for
6658 SNPs and only heterozygous genotypes for 2 SNPs. Linkage disequilibrium (LD) for
each pair of SNP markers was assessed, and a midpoint r2 value of 0.04, corresponding
to approximately 60 kb, was chosen as the linkage decay point. For population structure
assessment, principal component analysis (PCA) did not reveal distinct subpopulations.
Whereas hierarchical cluster analysis on the identity-by-descent values showed three main
subgroups despite the population being generated by inbreeding.



Agronomy 2024, 14, 591 7 of 15

ff

ff

ff

tt

Figure 3. Genome-wide SNP analysis of 136 cassava genotypes. (a) Overview of SNP density

across 18 chromosomes of the cassava association mapping panel. (b) The blue line shows a decay

pattern of linkage disequilibrium between pairs of SNPs of all chromosomes. (c) Population structure

of 136 genotypes including S0, S1, and S2 generations based on PCA. Color codes were assigned

based on S0 parental lines. (d) Hierarchical cluster analysis on the identity-by-descent values of

136 genotypes.

Our GWAS analysis utilized three distinct methods: MLM, FarmCPU, and BLINK
across 11 parameters. Three different datasetsÐmean, median, and augmentedÐwere
used for each parameter to reflect data collected based on the augmented RCBD design in
the field trial. A total of 33 datasets were employed, resulting in significantly associated
SNPs for 10 datasets of 6 parameters. Datasets with the highest number of significant SNPs
for each parameter are presented in Figure 4. A detailed summary of SNPs is presented in
Table 3. Significant SNPs were identified for 3D root angle (1 SNP), 3D surface area (3 SNPs),
root number (2 SNPs), 3D crown diameter (9 SNPs), root weight (5 SNPs), and 3D volume
(8 SNPs). For the other parameters, no significant SNPs could be identified, possibly due to
the limitation of our sample sizes. These significant SNPs explained phenotypic variances
ranging from below 1% to the highest at 38.99%, exhibiting either positive or negative
effects on the traits. For root number, two closely linked SNPs (22,998 and 23,002; 18 bp
distance) were identified from two datasets (mean and augmented). Notably, we identified
two shared significant SNPs between 3D crown diameter and root weight (SNP_28919
on chromosome 18) and root weight and 3D volume (SNP_3559 on chromosome 3), both
exhibiting negative effects. Additionally, two closely linked SNPs (3559 and 3560: 11 bp)
were identified for 3D volume/root weight and 3D surface area, in agreement with what
was observed in the correlation analysis. Other significant SNPs were found distributed
across the genome.
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Figure 4. Manhattan plots and QQplots of root traits. The threshold line (solid line) indicates the

cutoff based on the Bonferroni correction at p < 0.05. The dashed lines represented the locus-specific

threshold calculated for each chromosome. These lines are overlapped in most cases above, except

for the 3D crown diameter.
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Table 3. Summary of SNPs significantly associated with agronomic and root crown traits.

Trait SNP ID Chr Position Major/Minor MAF Method p Value
Phenotype
Variance

Explained

Root angle_aug 15531 10 13,042,872 A/T 0.177 BLINK 1.96 × 10−9 38.99

RS Area_aug 3560 3 1,556,906 A/G 0.288 BLINK 1.70 × 10−7 11.05

RS Area_aug 8401 6 7,187,383 A/C 0.333 BLINK 7.66 × 10−9 24.77

RS Area_mean 411 1 12,282,357 G/A 0.153 BLINK 2.18 × 10−7 37.91

Nb_aug 23002 15 13,707,725 G/A 0.304 BLINK 1.68 × 10−8 30.32

Nb_mean 22998 15 13,707,707 A/G 0.383 BLINK 4.47 × 10−8 36.48

RCrD_aug 22 1 78,953 C/T 0.038 FarmCPU 1.21 × 10−8 10.20

RCrD_aug 4647 3 19,714,017 G/A 0.441 FarmCPU 2.05 × 10−7 0.90

RCrD_aug 3863 3 8,392,427 G/A 0.064 FarmCPU 2.27 × 10−8 9.98

RCrD_aug 8343 6 6,490,768 T/G 0.076 FarmCPU 9.67 × 10−9 10.74

RCrD_aug 9751 7 6,638,776 C/T 0.025 FarmCPU 7.73 × 10−8 7.07

RCrD_aug 19334 13 918,716 A/T 0.462 FarmCPU 2.93 × 10−8 1.99

RCrD_aug 24488 16 14,895,032 G/A 0.267 BLINK 1.47 × 10−6 10.37

RCrD_aug 24488 16 14,895,032 G/A 0.267 FarmCPU 7.46 × 10−8 2.63

RCrD_aug 24235 16 7,411,599 G/A 0.220 FarmCPU 1.40 × 10−6 0.99

RCrD_aug 28919 18 24,956,060 A/G 0.208 FarmCPU 4.20 × 10−11 7.42

RCrD_aug 28919 18 24,956,060 A/G 0.208 BLINK 9.47 × 10−9 16.37

RW_mean 3559 3 1,556,895 C/T 0.286 BLINK 1.59 × 10−6 9.93

RW_mean 22840 15 11,311,049 G/A 0.339 BLINK 1.63 × 10−11 18.46

RW_median 1674 1 38,467,214 T/A 0.395 BLINK 1.06 × 10−6 9.87

RW_median 22840 15 11,311,049 G/A 0.339 BLINK 1.34 × 10−11 18.46

RW_median 28919 18 24,956,060 A/G 0.198 FarmCPU 2.76 × 10−9 7.42

Vol3D_aug 3425 2 38,192,800 G/C 0.233 BLINK 1.38 × 10−11 8.98

Vol3D_aug 3559 3 1,556,895 C/T 0.275 BLINK 1.31 × 10−7 9.93

Vol3D_aug 15263 10 5,847,582 G/T 0.237 BLINK 1.68 × 10−9 6.91

Vol3D_aug 25301 16 27,856,247 C/T 0.064 BLINK 4.71 × 10−8 15.24

Vol3D_mean 4986 3 25,180,853 T/C 0.314 BLINK 8.85 × 10−7 13.09

Vol3D_mean 411 1 12,282,357 G/A 0.153 BLINK 7.60 × 10−9 18.51

Vol3D_median 411 1 12,282,357 G/A 0.153 BLINK 8.94 × 10−8 8.61

Vol3D_median 25301 16 27,856,247 C/T 0.064 BLINK 4.86 × 10−9 24.55

Vol3D_median 26510 17 16,630,621 G/A 0.051 BLINK 8.48 × 10−7 16.78

3.4. Candidate Gene Identification

We examined the 60 kb upstream and downstream regions of the SNPs identified to
explore genes associated with those SNPs. Detailed information on all associated gene loci,
along with annotations, is provided in Supplementary File S1. While numerous gene loci
were identified, establishing a direct link between these genes and the analyzed traits based
on SNP positions posed a challenge. We cross-referenced our gene list with reports on
cassava GWAS for yield and related traits but found no matching loci [8±10,29±31]. Given
the traits’ specificity to the storage roots, we used transcriptome data [32] and single-cell
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transcriptome data [33] for cassava storage roots to refine our gene list, focusing on those
functioning during root development. From an initial pool of 93 candidate genes, we
identified 29 genes exhibiting a differential expression pattern or expression in the storage
root (Table 4). Four genes have already been reported in cassava, though their functions
were not directly related to storage root shapes or yield.

Table 4. Cross-reference of GWAS candidate genes and transcriptome data of cassava storage root.

Genes co-identified in different traits are in bold. Gene expression of candidate genes was identified

based on two reports in specific organs including leaf (L), fibrous root (F), and storage root (S) and

specific tissues in storage roots including vascular tissue (V), cortical tissue (C), and meristematic

tissue (M).

Traits Loci Description Wilson et al. [32] Zang et al. [33]

Root number Manes_15G164200 ras-related protein Rab7 V, C, M

3D crown
diameter

Manes_06G028100
probable 1-deoxy-D-xylulose-5-phosphate

synthase 2, chloroplastic
F V

Manes_13G003500 ER membrane protein complex subunit 10 M

Manes_13G003400 calreticulin-3-like V

Manes_13G003300 acyl carrier protein 2, mitochondrial V, C, M

Manes_16G044600 probable Galacturonosyltransferase 10 isoform X1 V

Manes_16G048700 18.1 kDa class I heat shock protein-like S V

3D area Manes_03G018100 probable histone H2A variant 3 V

Manes_03G018400 V-type proton ATPase subunit c′′1 V, C, M

Manes_03G018600 pleiotropic drug resistance 12 F -

Manes_03G018800 probable protein phosphatase 2C 22 V

Manes_03G018900 Acetylesterase V, C

Root weight Manes_01G214700 monothiol glutaredoxin-S9-like F C

Manes_01G215300 Phototropic-responsive NPH3 family protein F, L -

Manes_01G215100 monothiol glutaredoxin-S1 F -

Manes_01G215500 peptide chain release factor APG3, chloroplastic F -

Manes_01G215600 PREDICTED: CW-type C

Manes_01G214800 Thioredoxin superfamily protein L -

Manes_01G215800 potassium transporter 5-like V

Manes_01G214400 zinc finger protein CONSTANS-LIKE 13 F -

Manes_01G215700 nuclear factor Y, subunit B5 L -

Manes_03G018100 probable histone H2A variant 3 V

Manes_03G018400 V-type proton ATPase subunit c′′1 V, C, M

Manes_03G018600 pleiotropic drug resistance 12 F -

Manes_03G018800 probable protein phosphatase 2C 22 V

Manes_03G018900 Acetylesterase V, C

Manes_15G139400
non-functional NADPH-dependent codeinone

reductase 2-like
S V, M

Manes_15G139600 transmembrane 9 superfamily member 2 L -

3D volume Manes_03G018100 probable histone H2A variant 3 V

Manes_03G018400 V-type proton ATPase subunit c′′1 V, C, M

Manes_03G018600 pleiotropic drug resistance 12 F -
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Table 4. Cont.

Traits Loci Description Wilson et al. [32] Zang et al. [33]

Manes_03G018800 probable protein phosphatase 2C 22 V

Manes_03G018900 Acetylesterase V, C

Manes_03G128000 early nodulin-like protein 9 F -

Manes_03G127800
glucose-6-phosphate/phosphate translocator 1,

chloroplastic-like
L V

Manes_03G127100 protein MOS2-like V

Manes_10G051600 Protein of unknown function (DUF1635) F -

Manes_16G075000 peptidyl-tRNA hydrolase 2, mitochondrial V

Manes_16G075700 carotenoid cleavage dioxygenase 8 S -

Notably, we did not find any candidate gene expressed in the roots for the root angle
trait. For root number, we identified the Ras-related protein Rab7 (Manes15G164200),
which is expressed in various storage root cells, including those in the meristem, vascular
tissues, and cortical tissues. Although its role remains unexplored in cassava, Ras-related
protein Rab7 is known to play a pivotal role in cellular processes. This includes endocytic
trafficking, vesicle transport, and organelle dynamics, particularly in regulating endosomal
maturation and trafficking events in plant roots. For root crown diameter, we found six
candidates located on chromosomes 6, 13, and 16. Among these genes, we identified
a putative 1-deoxy-D-xylulose-5-phosphate synthase 2, ER membrane protein complex
subunit 10, calreticulin-3-like, acyl carrier protein 2, putative Galacturonosyltransferase 10,
and an 18.1 kDa class I heat shock protein-like.

For the three traits reflecting fresh root yield, including root weight, 3D area, and 3D
volume, we identified five candidate genes shared among these parameters on chromosome 3.
Considering the expression data, Manes03G018100, Manes03G018400, Manes03G018600,
Manes03G018800, and Manes03G018900 appeared to be expressed in the vascular tissue
of cassava storage roots. Other candidate genes for each of these traits were also identi-
fied. For root weight, Manes15G139400 was highly expressed in storage roots, meristem,
and vascular tissues, while other candidates were less likely involved in root weight, pre-
dominantly expressed in leaves and/or fibrous roots and cortical tissues. For 3D volume,
Manes03G128000 and Manes10G051600 exhibited high expression in fibrous roots, and
Manes03G127800 and Manes03G127100 were specifically expressed in the vascular tissue of
storage roots. Although Manes16G075700 has high expression in storage roots, its function
related to carotenoid synthesis makes it less likely to be associated with root volume. The
SNPs and genes identified in this work hold promise for the development of selective mark-
ers and warrant further investigation into their functional roles in storage root development
and yield in cassava.

4. Discussion

While studies have extensively explored agronomic traits such as root weight and dry
matter content, those specifically focusing on root crown morphology have been limited.
In this study, we unraveled the genetic determinants of specific cassava root crown traits,
with a particular focus on yield-related attributes and root crown morphology. Using 3D
modeling, we quantified parameters related to root crown sizes and soil space. Based
on 136 genotypes including S1, S2, and their parental lines, we performed GWAS on
11 yield-related and 3D modeling parameters. This approach, centered around dissecting
the composite root crown structure, offers promises for facilitating genetic improvement
through more informed breeding selections. Understanding genetic controls for storage
root crown traits, including root volume, surface area, crown diameter, root number, root
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angle, and parameters related to soil area, provides an opportunity to establish key genetic
factors contributing to root yield.

Detailed collection of root crown data for cassava, especially within inbreeding popu-
lations of elite Thai varieties, has been unexplored. Our phenotypic analysis of 136 cassava
genotypes showed a spectrum of root traits within inbreeding populations. Despite the
anticipated impacts of inbreeding depression, the pre-selection process likely mitigated
its direct influence on yield. The phenotypic data presented variability across different
parameters; robust correlations were observed among various traits, including root weight,
3D surface area, 3D volume, harvest index, root number, root crown diameter, and cylinder
soil volume. This phenotypic diversity within the partially inbred population provided
valuable materials for genetic studies. So far, only a few studies have used this type of
population including those focused on GWAS for provitamin A carotenoid content [34]
and genomic selection [35].

The narrow-sense heritability of the 11 root traits indicated a significant impact of
environmental factors on the observed phenotypic variation. The results also suggested the
involvement of non-additive genetic effects in shaping cassava root traits, underscoring
the importance of genetic interactions (dominance and epistasis) in governing cassava root
yield [4]. Comparing h2 estimates for 3D traits with root weight to other reports showed a
consistency which was supported by correlation analysis. The estimates of h2 of the root
crown traits showed overall medium narrow-sense heritability, with the exception of HI
and 3D density that had low heritabilities. These h2 estimates for 3D traits are in the same
ranges as those for root weight. Our h2 estimates for root weight and root number are
similar to other reports for broad-sense heritability [8,10,36]. While our 3D surface area had
an h2 estimate of 0.438, previously Yonis et al. [10] reported a value of 0.21 for broad-sense
heritability of root areas based on 2D measurement. However, our h2 estimate for HI was
notably lower than in other reports [9,36].

Zhang et al. [8] performed GWAS for 11 agronomic traits using 158 accessions and
349,827 SNPs which identified 1 SNP for root weight and 3 SNPs for root number.
Hu et al. [12] performed GWAS and genomic variation mapping of 388 accessions by
genome re-sequencing and identified 52 loci for 23 agronomic traits showing allelic varia-
tion in heterozygosity. Among these, 2 SNPs were found for root number and root weight.
Rabbi et al. [9] performed GWAS using 5130 clones and 100,000 SNP markers for biotic
stress, quality (dry matter content and carotenoid content), plant agronomy (harvest index
and plant types) and morphology (leaves, stem, root). This study identified 41 SNPs as-
sociated with those traits. Phumichai et al. [36] performed GWAS for yield-related traits
including fresh root yield, starch content, harvest index and root number, and starch pasting
properties using 276 accessions and 89,934 SNPs; one SNP was associated with root weight,
nine SNPs for HI and 1 SNP for root number. Hohenfeld et al. [29] performed GWAS for
root rot disease and productive traits using 148 genotypes; three genomic regions were
identified for fresh root yield. Our GWAS, based on genotyping-by-sequencing, identified
42,521 SNP markers within the cassava genome, distributed across 18 chromosomes. We
employed three distinct GWAS methods (MLM, FarmCPU, and BLINK) across 11 parame-
ters. We identified significant SNPs for 6 out of 11 traits, including 3D root angle, surface
area, root number, crown diameter, root weight, and 3D volume. These SNPs explained
phenotypic variances with positive or negative effects on the traits. Our work provides a
catalog of favorable alleles based on significant associated SNPs for each trait, offering the
basis for marker development and candidate genes for functional validation.

To narrow down candidate genes associated with these traits, we examined regions
60 kb upstream and downstream of identified SNPs. Cross-referencing with existing
transcriptome [32] and single-cell transcriptome [33] data for cassava storage roots allowed
us to identify potential candidate genes. Out of 11 traits, we identified candidate genes
for 5 traits, contributing to a total of 29 genes. While most of our identified candidates are
associated with root weight and size traits, no matches were found with genes reported
in previous GWAS studies on cassava yield [9±12,37]. Our findings introduce additional
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association candidate genes for these traits, and we identified five candidate genes that
are shared among the major parameters dictating root sizes including root weight, 3D
volume, and 3D surface area. The correlation among root weight, 3D root volume, and 3D
surface area provides promising targets for further functional analysis of cassava storage
root development. Nevertheless, the SNPs and candidate genes identified in this study
require validation through additional approaches, such as gene functional analysis and
assessment of markers in a larger population.

The integration of 3D modeling and GWAS offers novel insights into the genetic
basis of cassava storage roots. The identification of significant SNPs and associated genes
will drive the development of markers and candidate gene validation. This multifaceted
approach to understanding root yield incorporating factors such as crown volume, shape,
and size, offers new avenues for genetic improvement in cassava.

5. Conclusions

We conducted a comprehensive analysis of 11 cassava root yield and 3D root crown
traits, utilizing a set of 136 genotypes, including S1 and S2 partial inbred lines, along with
their six parental varieties. GWAS analysis identified 23 significantly associated SNPs
for six key root traits, including 3D root angle, 3D surface area, root number, 3D crown
diameter, root weight, and 3D volume. Based on LD decay, examination of 60 kb upstream
and downstream genomic regions around SNPs identified 93 candidate genes. Cross-
referencing with transcriptome data allowed the identification of 29 candidate genes with
expression patterns related to storage root yield in cassava.
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