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1International Institute of Tropical Agriculture, Ibadan, Nigeria, 2Department of Biotechnology, Faculty
of Science, University of Kisangani, Kisangani, Democratic Republic of Congo, 3University of
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Introduction: Landrace accession of yam species in the Democratic Republic of

Congo (DRC) represents a valuable genetic resource for yam breeding programs.

These accessions possess traits such as stress resilience and desirable food

quality attributes that can be introduced into modern yam varieties. By analyzing

the genetic diversity, identifying quantitative trait loci (QTLs) linked to key traits,

and the genetic merits of these landraces, we can identify promising genetic

markers for breeding programs aimed at improving yam production in DRC.

Materials and methods: We analyzed 181 yam accessions from the Democratic

Republic of Congo (DRC), representing six species commonly cultivated by

farmers and their wild relatives. These accessions were genotyped using 10,621

DArTseq SNP markers and characterized for key productivity and food

quality traits.

Results and discussion: Population structure analysis revealed six distinct

genetic groups within the yam accessions. Genome-wide association studies

(GWAS) identified 14 SNP markers associated with five key traits, suggesting the

accessions’ potential as a valuable genetic resource. Further dissection of their

genetic merits in yam breeding using the Genomic Prediction of Cross

Performance (GPCP) allowed the identification of several accessions with high

crossing merit for multiple traits. Genomic Prediction of Cross Performance

(GPCP) identified 20 accessions with high crossing merit (>2).

Conclusions: These accessions demonstrate favorable genetic combinations for

multiple traits, making them promising progenitors for developing segregating

populations with improved characteristics. These findings highlight the potential

of these accessions to contribute to genetic improvement in yam breeding

programs in the DRC, focusing on traits such as productivity and food quality.
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Introduction

Yam (Dioscorea spp.) is a monocotyledonous vine cultivated in

the tropics and subtropics for its starchy tubers and aerial bulbils.

With about 600 species, this genus is the most important within the

Dioscoreaceae family (Asiedu and Sartie, 2010; Bassey, 2017;

FAOSTAT, 2022). Eleven species are primarily grown for food

and income globally, while others have potential pharmaceutical

applications due to their bioactive compounds (Adejumobi et al.,

2022a; Asiedu and Sartie, 2010; Bukatuka et al., 2016). Of the

globally cultivated species, the white Guinea yam (D. rotundata),

water yam (D. alata), and yellow yam (D. cayenensis) dominate

global yam production (over 95%) (Adejumobi et al., 2023a). In the

Democratic Republic of Congo (DRC), yam is crucial for food

security, especially for people living in rural areas of the DRC. In

addition to the three species that dominate global yam production,

bitter yam (D. dumetorum), aerial yam (D. bulbifera), bush yam (D.

praehensilis), and wild yam (D. burkilliana) have also been

documented as cultivated species in DRC (Adejumobi et al.,

2022b; Bukatuka et al., 2016; Jeancy et al., 2021).

Yams propagate mainly vegetatively but can also flower and

produce seeds. Many yam varieties have separate male and female

flowers (dioecious) and are highly heterozygous due to outcrossing

(Adejumobi et al., 2022a; Egesi et al., 2007). Ploidy levels vary

within and between species, with a basic chromosome number of

x=20 (Agre et al., 2022). Although yams are a vital food source for

rural communities in the DRC, Landraces, with diverse origins and

adaptations, form the core of cultivated yam diversity in DRC and

the production faces several challenges throughout the growing

season. These include pests, diseases, poor soil fertility, and limited

access to improved varieties. These constraints have consistently

reduced the productivity of many traditionally cultivated varieties,

increased genetic erosion, and ultimately decreased interest in yam

farming in many parts of the country.

To mitigate these challenges, a systematic collection and

evaluation of yam landraces would be crucial for the conservation

and identification of valuable genes in the available yam gene pool

in DRC. Morphological markers, like the above soil characteristics

(plant vigor, leaf type, etc.), tuber size, and tuber shape, are common

parameters used to assess yam diversity but can be misleading

(Darkwa et al., 2020; Mulualem et al., 2018; Schulman, 2007; Ude

et al., 2019). These markers are limited in number, influenced by the

environment, and may not accurately reflect genetic variation (Agre

et al., 2021a; Pachakkil et al., 2021). Molecular markers provide a

more accurate way to identify yam genotypes and assess genetic

diversity (Loko et al., 2017; Mignouna et al., 2002; Pachakkil et al.,

2021). Various marker types have been successfully employed,

including Restriction Fragment Length Polymorphism (RFLP)

(Terauchi et al., 1991), Simple Sequence Repeats (SSR) (Adewumi

et al., 2020; Loko et al., 2017), and Single Nucleotide Polymorphism

(SNP) markers from Next-Generation Sequencing (NGS)

techniques (Adejumobi et al., 2023b; Bhattacharjee et al., 2013;

Onyilagha and Lowe, 1986; Saski et al., 2015; Tamiru et al., 2017

These markers have been explored to assess yam diversity and its

evolution. While previous studies explored yam diversity, few have

linked it to breeding value for addressing current and future
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challenges (Agre et al., 2019; Agre et al., 2021b) and Darkwa et al.

(2020) used combined genomic and phenotypic data to identify

breeding groups for yam improvement. However, limited genomic

and agronomic data exist for popular landraces, which are the

major cultivated yam diversity in DRC. Local landraces are

potential sources of genes for stress resistance, adaptation, and

quality traits (Adejumobi et al., 2022a; Magwé-Tindo et al., 2018;

Scarcelli et al., 2019). Therefore, understanding their genetic

diversity and agronomic value is critical for the efficient

utilization, management, and conservation of yam landraces in

DRC. This study aimed to assess the genetic diversity, identify

Quantitative Trait Nucleotides (QTN) linked to key agronomic and

quality traits, and evaluate the genetic merits of cultivated landraces

in DRC using DArT-derived SNP markers.
Materials and methods

Plant materials

A panel of white 192 yam accessions distributed across six

species (D. rotundata, D. alata, D. cayenensis, D. bulbifera, D.

praehensilis, and D. dumetorum) was collected from three of the

major yam provinces in the Democratic Republic of Congo

(Supplementary Table 1). During the collection, local names and

origins of yams were documented and yam accessions with the

same name were differentiated by the location.
Field establishment and phenotypic
data analysis

The 192 yam accessions underwent a two-year evaluation (2021

and 2022) at the University of Kisangani’s research field. Located at

0°33′05.9”N latitude and 25°05′17.3”E longitude, the site sits at an

elevation of 396 meters above sea level (m a.s.l.) and experiences a

dense, humid forest climate. Rainfall is irregular throughout the

year, averaging 3156 mm annually. The soil is primarily classified as

Oxisols (ferralsols in the FAO system), and the average temperature

ranges from a minimum of 21°C to a maximum of 35°C. A 12 x 16-

lattice design with two replicates was used to establish the yam

accessions. Each experimental plot consisted of a five-meter ridge

with five plants spaced one meter apart within and between planting

ridges. Traits phenotyping for tuber yield, dry matter content, tuber

oxidative browning, tuber flesh texture, plant vigor, yam mosaic

virus disease severity, yam anthracnose disease, and set

multiplication ratio follow the recommendations of Asfaw (2016)

detailed in Supplementary Table 2 and Supplementary Figure 1. To

analyze the phenotypic data, we curated the phenotypic data

collected using box and whisker plots in bioflow software

(bioflow.ebsproject.org) to eliminate outliers and ensure quality

phenotypic data for further analysis in R statistical computing

environment (R Core Team, 2017). This analysis involved several

steps. including estimating the Best Linear Unbiased Estimates

(BLUEs), which act as proxies for the genetic value of each yam

accession using the lme4 package (Bates et al., 2015). Comparing
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the mean values of each trait across the different yam accessions,

and identifying trait relationships using the pairs.panels function in

the Psych R package (Revelle, 2015) to understand how these traits

influence each other. Finally, various genetic parameters were

estimated including genotypic and environmental variances,

broad-sense heritability, and genotypic and phenotypic

coefficients of variation in the formula below to help quantify the

contribution of genetic factors to the observed variations in the

traits.

Broad − sense   heritability   (H2) =  
d2g

d2g + d2gl
l   + d2e

rl

 �100

Phenotypic   coefficient   of   variation   (PCV) = (
√ d2p
μ

)  �100

Genotypic   coefficient   of   variation   (GCV) = (
√ d2g
μ

)  �100

Where; d2p = phenotypic variance, d2g = genotypic variance, d2gl
= genotype by environment interaction variance; d2e: residual

variance, r = number of replications; l = number of environments;

µ: grand mean of the trait.
Genotypic data assessment

Yam leaves were collected from 181 yam genotypes that

emerged and got established successfully on the soil at 8 weeks

after planting using Dry silica gel and sent to the Diversity array

technology (DArT, Australia) where the DNAs were sequenced

using DArTSeq 1.2 Mln. At DArT, high-throughput genotyping

was performed using their 96-plex DArTseq protocol. Single

Nucleotide Polymorphisms (SNPs) were identified and analyzed

using DArT’s proprietary software, DArTSoft, as described by

Kilian et al (2016). Finally, the generated sequencing reads were

aligned with theWhite Guinea yam (Dioscorea rotundata) reference

genome of version 2 (Sugihara et al., 2020).
Analysis of molecular data

The Hapmap file containing 20,275 SNPmarkers obtained from

the DArT sequencing platform was first converted into a Variant

Call Format (VCF) file in Tassel software (Bradbury et al., 2007). To

ensure high-quality data for further analysis, filtering steps were

applied. Markers with a minor allele frequency (MAF) below 0.05,

and missing values exceeding 20% were excluded from the raw data

generated by DArT. This resulted in a final set of 10,620 reliable

SNP markers. Missing data points within these markers were

imputed using Beagle software v4.0 (Browning and Browning,

2013). Expected (He) and observed (Ho) heterozygosity, minor

allele frequency, and polymorphism information content (PIC)

(MAF) were estimated using VCFtools and PLINK software

(Danecek et al., 2011; Purcell et al., 2007). The CMplot function

in the CMplot package (Yin, 2022) was used to determine the SNP
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density across the 20 yam chromosomes. Admixture was used to

access the population structure implemented in the df2genind

function in the adegenet package (Jombart, 2008) in R. The

optimal number of clusters was determined based on posterior

probability. Membership probabilities (MP) were then estimated for

each landrace within each cluster, with a threshold of 60% set for

assignment. Landraces exceeding this threshold were assigned to a

specific cluster, while those with lower MP (<60%) were considered

admixt (having genetic contributions from multiple clusters). To

further explore genetic relationships, a distance matrix was

calculated using the IBS method implemented in PLINK 2.0 using

the ibs-matrix function. This matrix was used for hierarchical

cluster analysis using the upgma function in the ape package

(Paradis and Schliep, 2019) in R.
Genome-wide association study analysis
for target traits

The association between SNP markers and the measured traits

was determined using two models: the K+Q and Naïve Mixed

Linear Model (MLM) using the GAPIT function implemented in

the GAPIT (Genome Association and Prediction Integrated Tool) –

R package (Lipka et al., 2012).

The first model (K+Q) considers each SNP marker individually

and accounts for the influence of other factors like genetic

background. This analysis was based on the previously established

method of Yu et al. (2006) as described below.

Y   =  Xb   +  Wa   +  Qv  +  Zu  +  e

Where; Y is the observed vector of means; b is the fixed effect

vector (p × 1) other than molecular marker effects and population

structure (from the principal component); a is the fixed effect vector

of the SNP markers; n is the fixed effect vector from the population

structure; u is the random effect vector from the polygenic

background effect; X, W, and Z are the incidence matrices from the

associated b, a, n, and u parameters; ∈ is the residual effect vector.

To detect reliable associations, a threshold (>5) was set and

calculated as follows: -log10 (0.05/m), where m is the number of the

total SNPmarkers. The secondmodel (NaïveMLM) focuses solely on

the SNP markers’ effect. The marker effect or SNP contribution was

estimated for the significant SNPs using multiple regression analysis

using lme4package (Bates et al., 2015),where the traitwas considered a

response variable while the SNP markers above the Bonferroni

threshold for the trait were used as the independent variable.
Estimation of multi-trait index

The total genetic values (BLUP) were used to calculate a multi-

trait index based on the factor analysis and ideotype-design (FAI-

BLUP) (Rocha et al., 2018) index using the waasb and fai_blup

functions in the Metan package (Olivoto and Nardino, 2021)

implemented in R. The FAI-BLUP index was used to identify the

best yam accessions (ideotype) based on multi-traits and free from

multicollinearity. Tuber yield, dry matter content, tuber
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multiplication ratio, plant vigor, tuber oxidative browning, tuber

flesh texture, yam anthracnose severity score, and yam mosaic virus

severity score were used to identify the best yam accessions. A radar

chart was generated to visualize the selected yam accession using the

radar chart function implemented in the Metan R package. The

weaknesses and strengths of the selected yam ideotypes were also

visualized using the radar chart function (Olivoto and

Nardino, 2021).
Estimation of genomic prediction and
cross-performance

For estimation of genomic prediction and cross performance,

we chose to focus our analysis on the white Guinea yam (D.

rotundata) for two key reasons: D. rotundata made up over 60%

of the yam accessions selected by the multi-traits index. This focus

allowed for more accurate and relevant results. A statistical method

was implemented in ASReml-R software (Butler et al., 2017)

following the formula given by Falconer and Mackay (1996) as

shown below was employed to estimate how well different yam

accessions might perform if crossed together.

MF1  =  a (p  −  q  –  y)  +  d ½2pq  +  y (q  −  p)�
Where MF1 is the predicted mean genotypic value of the cross

(F1), a and d are additive and dominant effects of the SNP marker, p

and q represent the allele dosage in one parent and y=pp’=q-q’

represents the gene frequency difference between two parents.

Using this formula,weproceeded to estimate the predicted average

genetic value for the offspring of each potential cross between the

chosen yam accessions. It is important to note that only compatible

crosseswere considered, as yamspecies likeD. rotundata typicallyhave

separate male and female plants (dioecious).
Results

Phenotypic profiles of the 181
yam accessions

The phenotypic profiling of the assessed yam accessions is

presented in Table 1. Based on the species of yam used in the
Frontiers in Horticulture 04
study, tuber yield per plant ranged from 0.32 Kg translating to 3 t/ha

(D. bulbifera) to 2.87 Kg translating to 29 t/ha (D. cayenensis). The

dry matter content varied from 26% in D. bulbifera to 37% in D.

rotundata. The seed multiplication ratio was highest in yam

accessions from D. alata (14 setts/tuber) and lowest in D.

bulbifera (2 setts/tuber). Tuber oxidative browning was highest in

yam accessions from D. praehensilis (~ 2) while lowest in yam

accessions from D. alata and D. dumetorum (-0.01 and -0.12,

respectively). Tuber flesh texture varied from smooth (~ 1) in D.

bulbifera and D. dumetorum to highly grainy (> 2) in accessions of

D. alata. Yam accessions from D. bulbifera displayed the lowest

AUPDC score for yam mosaic severity while accessions from D.

rotundata displayed the highest. For yam anthracnose severity,

accessions from D. praehensilis displayed the lowest AUDPC

score while accessions from D. alata displayed the highest

severity score. Accessions from D. alata, D. bulbifera, and D.

dumetorum were more vigorous than other species. The traits

correlation revealed a positive and significant relationship

between tuber yield and tuber flesh texture (0.24, p< 0.01), plant

vigor (0.41, P< 0.001), and seed multiplication ratio (0.80, p< 0.001).

Dry matter content negatively and significantly correlated with

plant vigor and yam anthracnose severity score (Figure 1). High

phenotypic variations were observed for most of the measured

traits. Broad-sense heritability ranged from 0.69 for plant vigor to

0.91 for tuber flesh texture. Tuber yield recorded a broad-sense

heritability estimate of 0.74 (Table 2). The estimated breeding

values of the genotypes for traits assessed are presented in

Supplementary Table 3. In these results, tuber yield per plant

ranged from -1.82 (TDb21_023) to +5.36 (TDr21_053), dry

matter varied from -15.78 (TDd21_094) to 9.40 (TDr21_187),

tuber flesh oxidation varied from -0.41 (TDr21_162) to +1.56

(TDr21_187) and plant vigor was lowest in TDp21_026 (-1.25)

and highest in TDr21_175 (+0.65).
Marker diversity and summary statistic

A total of 10,621 SNP markers were identified across the 20 yam

chromosomes (Table 3). Marker distribution varied across

chromosomes, with chromosome 3 containing the fewest (520)

and chromosome 10 the most (540) markers. Genetic diversity

assessments revealed an average observed heterozygosity of 0.25
TABLE 1 Mean variability in the traits performance of yam germplasm based on species evaluated across two seasons.

Species Yield/Plant DM SMR Oxid Text YMD YAD Vigor

TDa 2.52a 35.17bc 13.90a -0.01d 2.41a 138.62c 216.26a 2.22b

TDb 0.32c 28.56d 1.62c 0.71bc 0.90d 122.70d 187.66c 2.76a

TDc 2.87a 36.89ab 11.73a 1.07b 1.20bc 147.52b 163.91cd 2.53a

TDd 1.82b 25.84e 7.98b -0.12d 0.94d 130.05c 205.76b 2.59a

TDp 1.98b 34.94c 8.23b 1.48a 1.37b 134.80c 154.96d 2.26b

TDr 1.87b 37.00a 8.15b 0.48c 1.20c 155.89a 164.33d 2.26b
TDa, Tropical Dioscorea rotundata; TDb, Tropical Dioscorea bulbifera; TDc, Tropical Dioscorea cayenensis; TDd, Tropical Dioscorea dumetorum; TDp, Tropical Dioscorea praehensilis; TDr,
Tropical Dioscorea rotundata. Yield/Plant, tuber yield per plant; DM, dry matter; Oxid, tuber flesh oxidation; Text, tuber flesh texture; Vigor, plant vigor; YMD, yammosaic virus disease severity;
YAD, yam anthracnose disease; SMR, set multiplication ratio.
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(range: 0.00-0.58) and an expected heterozygosity of 0.32 (range:

0.10-0.50). The minor allele frequency averaged 0.23 (range: 0.05-

0.50), while polymorphic information content (PIC) averaged 0.26

(range: 0.09-0.38).
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Genetic variability and population structure

The population structure analysis based on Bayesian Criteria

Information (BIC) indicated six distinct clusters of accessions. The
FIGURE 1

Phenotypic traits relationship among the traits assessed for the evaluation of 181 yam accessions. * represents a significant association at 0.05, **
represents a significant association at 0.01, and *** represents a significant association at 0.001.
TABLE 2 Genetic parameter estimates in the yam germplasm evaluated across two seasons.

Trait H2 Vg Ve Vp CVg (%) CVp (%) Mean GA GG (%)

Yield 0.74 0.90 1.01 1.21 47.13 54.64 2.02 1.69 83.73

DM 0.86 21.00 10.89 24.49 12.97 14.00 35.35 8.74 24.73

Oxid 0.86 0.30 0.09 0.35 38.68 41.76 1.41 1.04 73.80

Text 0.91 0.35 0.09 0.39 42.30 44.24 1.40 1.17 83.30

Vigor 0.69 0.16 0.13 0.23 17.09 20.58 2.31 0.68 29.25

YMD 0.82 441.72 218.13 535.43 14.26 15.70 147.40 39.32 26.68

YAD 0.71 674.15 489.38 951.42 14.65 17.41 177.20 45.02 25.41

SMR 0.72 22.43 31.33 31.02 51.47 60.53 9.20 8.30 90.15
H2, broad-sense heritability; Vg, genotypic variance; Ve, environmental variance; Vp, phenotypic variance; CVg (%), genotypic coefficient of variation; CVp (%), phenotypic coefficient of
variation; mean: overall experiment mean for the considered trait; GA, genetic advance; GG, genetic gain. Yield; tuber yield per plant; DM, dry matter; Oxid, tuber flesh oxidation; Text, tuber flesh
texture; Vigor, plant vigor; YMD, yam mosaic virus disease severity; YAD, yam anthracnose disease; SMR, set multiplication ratio.
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largest cluster (Cluster 5, purple) comprised 18% of the yam accessions,

followed by Cluster 6 (cyan) at 16%, followed by Cluster 3 (Orange) at

14%, followed by Cluster 4 (green) at 11%, followed by Cluster 2 (blue)

at 8%, and lastly Cluster 1 (red) at 7%. Forty-nine yam accessions

(27%) were not assigned to a definite cluster due to mixed ancestry

(Figure 2). Clusters 1 and 2 included yam accessions from D. alata

(85%) and D. bulbifera (15%), Clusters 2 to 5 included yam accessions

from D. rotundata, and Cluster 6 included yam accessions from D.

dumetorum (43%), D. cayenensis (36%), and D. praehensilis (21%)

(Supplementary Table 4).

Genetic relationships among landraces were assessed using

Identity-by-State (IBS) distances. Based on these distances observed

in the hierarchical clustering, the 181 yam accessions were grouped

into six distinct clusters (Figure 3). The largest cluster (group 4)

comprised 44 yam accessions (24%), followed by 40 yam accessions

(22%) in cluster 1, followed by 32 yam accessions (18%) in cluster 6,

followed by 28 yam accessions (16%) in cluster 3, followed by 26

yam accessions (14%) in cluster 5, and a smaller cluster of 12 yam
Frontiers in Horticulture 06
accessions (7%) in cluster 2. The distribution of landraces across

these clusters did not correspond to yam species adequately.

Genetic distances among landraces spanned from 0.006 to 0.378.

Notably, two D. praehensilis accessions exhibited the lowest

distance, suggesting potential synonymy. The characteristics of

the cluster members showed that cluster 1 comprised landraces

with a wide genetic distance range (0.006-0.304), characterized by

high yield, moderate YMD severity, grainy texture, high dry matter,

and rapid multiplication. Cluster 2 exhibited a narrower genetic

distance range (0.008-0.04) with lower yield, reduced YMD, smooth

texture, and vigorous plants. Cluster 3 showed a similar narrow

genetic distance range (0.006-0.02) and was characterized by higher

yield, slight oxidation, smooth texture, and reduced YMD. Cluster 4

had a broad genetic distance range (0.008-0.373) with low yield,

high dry matter, and moderate disease severity. Cluster 5 was

homogenous (0.007-0.030) with low yield, high dry matter, and

no oxidation. Finally, Cluster 6 displayed a narrow genetic distance

range (0.006-0.027), combining high yield, high dry matter, and

smooth texture (Table 4).

Analysis of molecular variance (AMOVA) revealed substantial

genetic differentiation within the six clusters (53%), while among-

cluster variation was relatively low (47%). Similarly, substantial

genetic differentiation exists within the species (69%) than among-

species variability (31%) (Table 5). Genetic differentiation (FST)

among some species is high, indicating distinct genetic structures

for some species while some species show high levels of shared

alleles (Table 6).
Genome-wide association results for
key traits

Association mapping analysis showed 14 SNP markers in

significant association with five traits (tuber yield, tuber dry

matter content, tuber flesh texture, yam anthracnose, and yam

mosaic severity scores), out of the eight traits phenotyped for this

study (Table 7 and Figure 4). Tuber fresh yield was linked to seven

SNPs located on four distinct chromosomes, explaining over 60% of

the phenotypic variance with LOD scores exceeding four. All the

SNPs associated with this trait have negative marker effects. One

SNP was associated with dry matter content on chromosome 11,

with a negative marker effect, explaining a substantial portion of the

phenotypic variance (74%). Similarly, a single SNP was linked to

tuber flesh texture on chromosome 15, with a negative marker

effect, explaining 67% of the phenotypic variance. For yam

anthracnose severity, a single SNP on chromosome 16,

accounting for 51% of the phenotypic variance with a negative

marker effect was associated with this trait. Lastly, four SNPs

located on four distinct chromosomes were associated with yam

mosaic severity. Three of these SNPs on chromosomes 1, 7, and 18

have negative marker effects, and that on chromosome 15 has a

positive marker effect. The markers explained over 80% of the

phenotypic variance. Notably, chromosome 7 harbored SNPs

associated with both yield and yam mosaic severity, and

chromosome 15 harbored SNPs associated with both yam mosaic

severity and tuber flesh texture (Table 7).
TABLE 3 Summary statistics of SNP markers across the 20
chromosomes of Dioscorea species.

Chromosome SNP Ho He MAF PIC

Chr1 532 0.26 0.34 0.24 0.27

Chr2 531 0.26 0.33 0.24 0.27

Chr3 520 0.25 0.32 0.23 0.26

Chr4 538 0.25 0.32 0.23 0.26

Chr5 534 0.26 0.33 0.23 0.27

Chr6 535 0.25 0.32 0.22 0.26

Chr7 529 0.25 0.33 0.23 0.27

Chr8 528 0.27 0.33 0.24 0.27

Chr9 533 0.25 0.32 0.23 0.26

Chr10 540 0.25 0.32 0.23 0.26

Chr11 537 0.26 0.33 0.23 0.27

Chr12 523 0.26 0.32 0.23 0.26

Chr13 526 0.25 0.32 0.23 0.26

Chr14 529 0.25 0.33 0.24 0.27

Chr15 523 0.25 0.32 0.23 0.26

Chr16 528 0.26 0.32 0.23 0.26

Chr17 535 0.25 0.32 0.23 0.26

Chr18 536 0.25 0.32 0.23 0.27

Chr19 532 0.25 0.32 0.23 0.26

Chr20 532 0.26 0.33 0.24 0.27

Total 10621

Average 0.25 0.32 0.23 0.26

Minimum 0.00 0.10 0.05 0.09

Maximum 531.05 0.58 0.50 0.50 0.38
Chr, chromosome; Ho, observed heterozygosity; He, expected heterozygosity; MAF, minor
allele frequency; PIC, polymorphic information contest.
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FIGURE 3

Phylogeny relationship of 181 yam accessions based on species relatedness.
FIGURE 2

Graphical representation of yam accessions population structure based on admixture analysis. Populations were set at k = 6. The colors represent
the six groups: group 1 (red), group 2 (blue), group 3 (orange), group 4 (green), group 5 (purple), and group 6 (cyan) based on a membership
coefficient of ≥ 60%.
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Genetic merits and cross performance of
the landraces

The exploratory factor analysis identified the first three factors

(FA) (Eigenvalue >1) that explained 66.44% of the total variation

among the eight traits as the most discriminative (Supplementary

Table 5). After the varimax rotation, the comunalit (proportion of

variance in a specific trait explained by the three FAs) ranged from

0.46 for tuber flesh oxidation to 0.87 for sett multiplication ratio.

The eight traits were grouped into three based on their highest

genetic correlations for the first three factors. The high genetic

correlations for the FA1 were observed with tuber flesh oxidation,

tuber flesh texture, and yam mosaic virus severity score. Those of

FA2 were tuber fresh yield per plant, sett multiplication ratio, and

anthracnose severity score while FA3 were tuber dry matter content

and plant vigor (Table 8).
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The analysis of the FAI-BLUP index ranged from 0.06 to 0.31

and from the 181 yam accessions, 27 yam accessions with FAI-

BLUP index values greater than 0.15 were selected as top ranking

for their high multi-trait performance (Supplementary Table 7 and

Supplementary Figure 5). The predicted selection gain was in the

desired direction for seven of the eight traits considered in this

study. The strengths and weaknesses of the selected 27 yam

accessions were presented in a radar plot that accounted for the

proportion of each factor to the FAI-BLUP index of the yam

accessions (Figure 5). The first factor (FA1) had strength for

tuber flesh oxidation, texture, and mosaic severity score with

communality and uniqueness varying from 0.59 to 0277 and 0.23

to 0.41, respectively. The FA1 has genotypes including TDr21_077,

TDr21_092, TDr21_131, TDr21_134, TDr21_137, TDr21_139,

TDr21_154, TDr21_162, TDr21_187, TDr21_163, TDr21_166,

TDc21_172, TDc21_176, TDp21_159, TDr21_004, TDr21_017,

and TDr21_039. The FA2 had strength for tuber fresh yield,

anthracnose severity score, and sett multiplication ratio with

communality and uniqueness ranging from 0.73 to 0.86 and 0.14

to 0.30, respectively. The FA2 has yam accessions including

TDr21_053 and TDc21_070. The FA3 has strength for dry matter

content and plant vigor with communality and uniqueness ranging

from 0.52 to 0.66 and 0.34 to 0.48, respectively. The third FA has

yam accessions including TDr21_099, TDc21_035, TDc21_138,

TDp21_040, TDp21_063, TDp21_078, and TDp21_182.

Analysis for thegenomicpredictionof cross-performanceof the 17

yamaccessions (12males and 5 females) belonging to theD. rotundata

species from the 27 yam accessions selected by the FAI-BLUP index

resulted in 60 cross combinations with varying cross merit (-3.34 –

3.67).The lowest averagecrossmeritwas found in themaleTDr21_039

(-1.83) and the highest was observed in the male TDr21_053 (2.73)

(Table 9). Among the five females predicted for cross-performance,

TDr21_041 had the highest average cross merit (1.43). The yam

accession has high cross-compatibility with five different males

indicated by > 2 and moderate compatibility with five males
TABLE 5 Analysis of molecular variance (AMOVA) among and within yam
accessions based on population structure and species collected from the
Democratic Republic of Congo and Nigeria.

Source DF SS MS
Est.
Var. % FST

Among Species 5 111470.74 22294.15 880.57 31% 0.312***

Within Species 176 342188.85 1944.25 1944.25 69%

Total 181 453659.59 2824.83 100%

Among
Sub-Population 5 198683.24 39736.65 1292.36 47% 0.471***

Within
Sub-Population 176 254976.34 1448.73 1448.73 53%

Total 181 453659.59 2741.09 100%
DF; degree of freedom, SS; sum of square, MS; mean square, Est. Var.; estimated variance; %;
percentage variance explained, FST; genetic differentiation.*** represents a significant
differentiation at 0.001.
TABLE 4 Agronomic performance of farmers’ landraces and genetic characteristics of clusters generated using SNP markers.

Trait C1 (40) C2 (12) C3 (28) C4 (44) C5 (26) C6 (32)

Tuber yield (kg/plant) 2.25 1.71 2.25 1.80 1.80 2.16

Dry matter (%) 35.40 34.62 31.34 35.81 36.83 37.20

Tuber oxidation Slightly oxidizing No oxidation Slightly oxidizing Slightly oxidizing No oxidation No oxidation

Tuber flesh texture Grainy Grainy Smooth Smooth Smooth Smooth

Plant vigor Medium Vigorous Vigorous Medium Medium Medium

YMD severity (AUDPC value) 142.73 135.53 136.99 145.27 158.80 161.69

YAD severity (AUDPC value) 199.20 193.73 177.49 165.53 162.97 167.57

Sett multiplication ratio 11.85 10.02 9.31 7.81 7.13 9.10

Average GD 0.18 0.02 0.01 0.23 0.01 0.01

Average He 0.25 0.15 0.12 0.28 0.13 0.11

Average Ho 0.28 0.28 0.22 0.28 0.25 0.20
C1—C6; Cluster.
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indicated by > 1 but cross-incompatible (<0) with twomale accessions

(TDr21_039 and TDr21_139). The female accessions TDr21_092,

TDr21_099, and TDr21_134 had somewhat close average cross

merits (0.8, 0.83, and 0.86, respectively). These female accessions

were highly cross-compatible with four male accessions each (>2),

moderately compatible with four male accessions each (>1), and

showed cross-incompatibility with four different accessions (<0).

The female accession TDr21_163 had the least number of cross-

compatibility with only three male accessions showing cross merit of

>2. This female showed cross incompatibility with three male
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accessions, which were lesser when compared to TDr21_092,

TDr21_099, and TDr21_134, which recorded four male accessions

individually (Table 9).
Discussion

We used DArT-SNP markers to assess the genetic diversity of

yam accessions in the Democratic Republic of Congo (DRC). The

10,621 informative SNPs detected were unevenly distributed across
TABLE 7 Genomic regions (SNPs) associated with assessed traits.

Trait SNP Chr Pos (bp) P-value MAF Effect LOD PVE (%)

YIELD chr_7_17982 7 17982 2.58E-07 0.08 -5.97 6.59 59.52

chr_9_1608 9 1608 3.68E-06 0.09 -4.97 5.63 0.00

chr_9_3704 9 3704 1.37E-05 0.08 -5.30 5.43 3.89

chr_12_10244 12 10244 8.84E-05 0.09 -2.99 4.86 8.51E-07

chr_12_65085 12 65085 1.44E-05 0.09 -3.48 4.84 4.52E-08

chr_13_1722 13 1722 8.69E-05 0.09 -3.17 4.06 5.37E-08

chr_13_5671 13 5671 2.36E-06 0.23 -3.25 4.05 0.00

DM chr_11_23591 11 23591 8.67E-05 0.09 -11.17 4.06 74.88

FLSTXT chr_15_72867 15 72867 4.51E-05 0.10 -0.61 4.35 67.40

YAD chr_16_14899 16 14899 1.64E-05 0.11 -41.92 4.79 50.51

YMV chr_1_1994 1 1994 9.31E-05 0.16 -29.66 4.05 1.65

chr_7_56015 7 56015 1.03E-06 0.09 -76.53 6.13 73.32

chr_15_19801 15 19801 1.59E-06 0.21 41.53 5.60 5.07

chr_18_21950 18 21950 6.43E-05 0.09 -40.38 4.39 0.00
Chr; chromosome, Pos; position, bp; base pair, P-value; probability level, MAF; minor allele frequency, LOD; lod of difference, PVE; percentage variance explained, YIELD; fresh tuber yield per
plant, DM; dry matter content, FLSTXT; tuber flesh texture, YAD; yam anthracnose severity, YMV; yam mosaic severity.
TABLE 6 Pairwise differentiation based on population structure and species of yam accessions in the Democratic Republic of Congo.

Cluster Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6

Cluster 1 0.001 0.001 0.001 0.001 0.001

Cluster 2 0.483 0.236 0.001 0.001 0.001

Cluster 3 0.420 0.020 0.001 0.001 0.001

Cluster 4 0.327 0.448 0.385 0.001 0.001

Cluster 5 0.202 0.396 0.318 0.245 0.001

Cluster 6 0.620 0.911 0.780 0.618 0.645

Species D. alata D. bulbifera D. cayenensis D. dumetorum D. praehensilis D. rotundata

D. alata 0.326 0.001 0.001 0.001 0.001

D. bulbifera 0.000 0.001 0.001 0.001 0.003

D. cayenensis 0.534 0.625 0.308 0.009 0.001

D. dumetorum 0.515 0.592 0.000 0.021 0.001

D. praehensilis 0.368 0.370 0.174 0.145 0.001

D. rotundata 0.236 0.206 0.362 0.349 0.238
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the yam genome. Population structure and phylogenetic analyses

revealed a non-random distribution of alleles and genotypes,

classifying the 181 accessions into six distinct groups. The high

genetic variability observed among these accessions suggests their

potential for genetic improvement. The consistency between the

results from population structure analysis and phylogenetic analysis

indicates the effectiveness of both methods. Agre et al. (2021, 2023)
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also reported similar observations with the two methods. While the

yam germplasm exhibits a low level of admixture (27%), a few

accessions from D. cayenensis, D. dumetorum, and D. praehensilis

likely represent the progeny of hybridization events. The admixed

accessions belonging to the D. rotundata species suggest that its

genome has not yet fully stabilized, as it is a hybrid of D. praehensilis

and D. abyssinica.
FIGURE 4

Manhattan and QQ plots displaying the genomic regions significantly associated with natural variation for five of the eight assessed traits targeted in
this study using the K+Q model. YIELD, fresh tuber yield per plant; DM, dry matter (%); FLSTXT, tuber flesh texture (scale); YMD, yam mosaic virus
severity (AUDPC value), YAD, yam anthracnose severity (AUDPC value).
TABLE 8 Factors analysis, communality, and uniqueness of assessed traits.

VAR FA1 FA2 FA3 Communality Uniquenesses

yield_plant 0.05 0.86 -0.34 0.86 0.14

dry_matter -0.14 -0.08 0.80 0.66 0.34

oxidation -0.85 0.19 -0.06 0.77 0.23

flesh_texture -0.79 0.08 0.10 0.64 0.36

vigor 0.11 0.11 -0.71 0.52 0.48

mosaic 0.69 0.20 -0.28 0.59 0.41

anthracnose -0.22 -0.62 -0.52 0.70 0.30

mult_ratio -0.28 0.81 -0.06 0.73 0.27
yield_plant; tuber yield/plant, dry_matter; dry matter content, oxidation; tuber flesh oxidation, flesh_texture; tuber flesh texture, vigor; plant vigor, mosaic; yam mosaic severity score,
anthracnose; yam anthracnose severity score, mult_ratio; sett multiplication ratio.
Bold values indicate a strong correlation between the trait and the identified factor analysis.
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The results of the AMOVA revealed higher genetic variation

within the six clusters compared to the variation observed among

clusters. In addition, higher genetic variation was observed within

species than among species. Contrary to our findings, Agre et al.

(2023) reported low molecular variability within groups and high

between groups of D. rotundata accessions from Nigeria using SNP

markers. In addition, Bakayoko et al. (2021) reported low molecular

variability within groups and high between groups of D. alata

accessions from Côte d’Ivoire using SNP markers. High levels of

genetic variation among clusters of yam landraces in Nigeria

indicated a lack of gene flow, possibly due to low seed-yam (mini

or small whole tubers or portion of tubers used for propagation)

exchange among farmers in geographically distant areas. In

contrast, the low variation within the cluster revealed a low

degree of genetic differentiation, which may be attributed to

regional preferences for some dominant varieties (Bakayoko et al.,

2021). As stated by Stuart et al. (2021), the exchange of tubers as a

gift is a traditional and common practice among farmers of the

same and or different communities.

Yam breeding programs usually strive to develop and deploy

superior varieties, which combine traits preferred for production
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and consumption (Darkwa et al., 2020). In regions where the yam

breeding or improvement program is well structured, breeding

efforts have resulted in the development of superior yam varieties

with improved tuber yield, resilience to pests and diseases, reduced

oxidative browning, and better tuber quality attributes

encompassing sensory characteristics mostly preferred by end-

user (Agre et al., 2022; Darkwa et al., 2020). However, In DRC

where the Yam improvement program is still in the infancy stage,

and as such trait profiling becomes essential for identifying

accessions that possess desired traits that could be used as parents

for improvement (Adejumobi et al., 2023a). Through traits

profiling, we have identified yam accessions with combinations of

high tuber yield, dry matter content, vigor, multiplication ratio, low

tuber flesh oxidation, smooth flesh texture, and resilience to mosaic

and anthracnose severity in the Congolese farmers’ accessions. Even

though our study has used accessions from six different species, we

recognize the importance of D. rotundata as a more preferred

species compared to other species in cultivation and consumption

(Adejumobi et al., 2022a). The D. rotundata accessions with high

crossing merit values (>2) from the genomic prediction and crop

performance results identified in our study could be harnessed for
FIGURE 5

Radar chart displaying the strengths and weaknesses of selected yam accessions based on the multi-traits genotype-ideotype index. The dashed line
shows the theoretical value if all three factors had contributed equally.
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trait introgression in the breeding programs to complement

breeding clones and to broaden the genetic variation in breeding

materials for increased genetic gain in DRC.

Moreover, the SNP markers associated with natural variation

for the studied traits would be valuable resources to enhance genetic

gain in yam breeding. With the mixed linear model employed, we

identified 14 SNP markers in significant association with five traits

(tuber yield, dry matter content, tuber flesh texture, mosaic,

anthracnose disease severity) across the genomes of the six

species studied. Several researchers have also reported QTLs on

some of the chromosomes identified in our study (Adewumi et al.,

2024). found QTLs associated with tuber yield on chromosomes 7,

9, 12, and 13 and mosaic severity on chromosome 7 in D.

praehensilis. Agre et al. (2023) found QTLs associated with tuber

yield on chromosome 9 and mosaic severity score on chromosomes

7 and 15 in D. rotundata. In addition to the QTLs identified for dry

matter of chromosome 11 by our study, other researchers have also

reported QTLs on chromosomes 7, 9, 14, and 15 (Adejumobi et al.,

2023a; Agre et al., 2023; Gatarira et al., 2020). Among 14 genomic

regions significantly associated with tuber yield, dry matter content,

tuber flesh texture, mosaic, and anthracnose disease severity, we

found chromosome 7 as the potential regions controlling tuber yield

per plant and mosaic severity resistance and chromosome 15

controlling tuber flesh texture and mosaic severity resistance. Ma

et al. (2022) reported that such a region should be investigated to
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reveal the potentiality of developing a single SNP marker for

multiple trait prediction.

The QTLs identified in this study provided information on the

chromosome regions controlling yam productivity and food quality,

which can be useful genomic resource information for faster and

more efficient breeding, especially in countries like DRC where yam

improvement program is undergoing rapid transformation.
Conclusion

Population structure and hierarchical clustering methods

classified the yam accessions from DRC into six distinct genetic

groups, revealing higher variability within clusters than among

clusters. A similar pattern of variability was observed among the

species of yam. The wide genetic variability among the Congolese

yam accessions suggests their potential as valuable sources of novel

genes for yam breeding and variety development in the country. The

promising accessions identifiedwith good attributes and high crossing

merit values could be exploited for genetic improvement in new and

existingyambreedingprograms inDRC.Thiswill particularly focuson

the introgression of genes controlling high tuber yield, dry matter

content, smooth tuberflesh texture, resilience to yamanthracnose, and

yam anthracnose resistance. This will translate into new, improved

yam varieties with huge food security implications in DRC.
TABLE 9 Genomic prediction cross performance among the accessions of the Dioscorea rotundata among the top ranking 27 yam accessions for
multi-trait performance based on FAI-BLUP index.

Male

Female TDr21_041 TDr21_092 TDr21_099 TDr21_134 TDr21_163
Total

above 2
Average

Cross Merit

TDr21_004 2.78 1.74 0.78 3.46 -1.45 2 1.46

TDr21_017 1.34 -1.45 2.36 0.98 2.48 2 1.14

TDr21_039 -1.34 -2.34 -0.87 -0.23 -0.65 0 -1.08

TDr21_053 3.56 2.56 3.67 2.45 1.45 4 2.73

TDr21_077 2.18 1.34 1.56 2.31 1.32 2 1.74

TDr21_131 0.45 2.34 0.45 0.32 1.74 1 1.06

TDr21_137 1.45 2.14 -0.35 1.23 0.23 1 0.94

TDr21_139 -0.54 -2.56 -3.34 -0.56 2.45 1 -0.91

TDr21_154 1.08 1.23 2.45 1.61 1.19 1 1.51

TDr21_162 1.42 -0.45 -0.18 -2.34 2.49 1 0.18

TDr21_166 2.34 3.18 1.36 2.43 0.46 3 1.95

TDr21_187 2.49 1.87 2.18 -1.25 -2.31 2 0.59

Total above 2 5 4 4 4 3

Average
Cross Merit 1.43 0.8 0.83 0.86 0.78 1.75
Green color indicates parental pairs with high cross performance preference; yellow color indicates parental pairs with moderate cross performance preference; and red color indicates parental
pairs with unfavorable cross performance preference.
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