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Abstract

Background Yams (Dioscorea spp.) are significant food security crops especially in West Africa. With the increasing
tuber demand and climate change challenges, it is pertinent to strengthen breeding programs for developing high-
yielding cultivars with climate resilience. The current study aimed at deciphering the genetic basis of leaf traits related
to stress responses in a diverse panel of Dioscorea alata genotypes.

Results Phenotypic characterization of 12 traits, including leaf dry matter content, mean leaf area, net
photosynthesis, transpiration rate, transpiration use efficiency, stomatal density, stomatal index, preformed node
count, leaf thickness, competitor, stress-tolerator, ruderal ecological strategies emphasized significant variations
among the genotypes and across two planting locations. Weak correlations were observed among most of traits,
suggesting that breeding simultaneously for some of these stress response-related traits would be possible.
Heritability was highest for transpiration rate, leaf area and stomatal density, while it was lowest for stress-tolerator,
ruderal ecological strategies. Genome-wide association study (GWAS) using high-quality single nucleotide
polymorphism (SNPs) identified 24 significant associations on 11 chromosomes, where the association signals were
consistent across two locations for traits with high heritability, viz,, stomatal density (Chr18) and transpiration rate
(Chr3). Further characterization of the significant signals and their related alleles identified advantageous alleles
contributing positively to the studied traits. Moreover, 44 putative candidate genes were identified. Dioal.18G049300 (3
keto acyl-coenzyme A synthase) was identified as a strong candidate gene for stomatal density, while Dioal.12G033600
(Phosphatidyl inositol monophosphate 5 kinase 4) was identified for net photosynthesis.

Conclusion Taken together, GWAS and allele segregation analysis for key SNPs provided significant insights into the
marker-trait associations, which can be further utilized in breeding programs to improve climate resilience in greater
yam.

*Correspondence:
Komivi Dossa
komivi.dossa@cirad.fr
Denis Cornet
denis.cornet@cirad.fr

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s12870-025-07595-3
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-025-07595-3&domain=pdf&date_stamp=2025-10-29

Dossa et al. BMC Plant Biology (2025) 25:1586

Page 2 of 16

[Keywords Yam, Marker-trait association, Physiology, Breeding, Climate resilience ]

Background

Crop improvement involves population development,
identification of key traits, phenotyping, deciphering
the genetics, and combining the traits of interest [1-3].
Although classical breeding is still an effective way
for crop improvement, modern technologies such as
marker-trait associations have fast-tracked the under-
standing of natural variation pertaining phenotypic and
genotypic diversities for further utilization in breeding
programs [4-7]. Screening phenotypes with genotypic
differences that can be manipulated is of fundamental
interest in crop improvement. The inherited relationship
between phenotypic and genotypic differences has been
extensively studied in plants to understand the complex
genetic architecture underlying agronomically impor-
tant traits [8—10]. Phenotypic variation can be traced
back to causative loci using quantitative trait loci (QTLs)
and association mapping approaches [11]. Genome-wide
association studies (GWAS) enable us to overcome some
limitations of the QTL mapping approach and provide a
relatively high resolution to comprehend allelic diversity
[12]. GWAS have been extensively employed to identify
the causative variations underlying specific traits in many
crops, such as wheat [13, 14], rice [15, 16], cotton [17,
18], maize [19, 20], potato [21, 22] and yams [23-26]. For
instance, Gatarira et al. [27] identified several putative
candidate genes associated with dry matter accumulation
and oxidative browning in Dioscorea alata using GWAS.
Cormier et al. [28] conducted GWAS to decipher the
genetic regulators of flowering control and sex determi-
nation in greater yam. Recently, Dossa et al. [29] located
the genomic regions controlling tuber flesh color, oxida-
tive browning and culinary traits in D. alata.

Yams (Dioscorea spp.) are considered major food secu-
rity crops in Africa and other regions in the world [30,
31]. Dioscorea rotoundata, D. cayenensis, and D. alata
are the most important yam species in West and Cen-
tral Africa [32]. Dioscorea alata L., commonly known as
greater yam or water yam, is widely distributed world-
wide and significantly contributes to food security [27,
33]. In West Africa, greater yam is mainly cultivated in
three ecological zones, including rainforests, the south-
ern Guinea savanna, and the wetter portion of the north-
ern Guinea savanna [34]. Rainfalls are the primary source
of irrigation in yam-cultivated areas in Africa and 1000
to 1500 mm rainfall during the cropping season favors its
production [34]. Leaf development, tuber initiation, and
bulking are the critical growth stages, and a lack of suf-
ficient water can reduce the yield to critical levels [35].
Diby et al. [36] reported a significant yield decrease in D.
alata under water stress conditions. Moisture stress can

directly impact dry matter accumulation due to low pho-
tosynthetic rate and metabolism, indirectly impacting
tuber initiation and development [37, 38]. There is a con-
sensus on developing drought and heat-tolerant greater
yam cultivars for stable and improved tuber yield perfor-
mance [37]. Climate change, unpredicted rainfalls, and
increasing temperatures constantly threaten yam produc-
tion [39, 40]. Moreover, the lack of studies concerning
abiotic stress tolerance in yam requires attention to cope
with the emerging challenges associated with climate
change and food security [36].

Stress tolerance is a multi-stage phenomenon com-
prising stress sensing, signaling, and recovery [41].
Understanding the mechanisms underlying plant stress
responses is crucial for improving crop resilience to abi-
otic and biotic stresses. Traits such as leaf dry matter
content (LDMC), mean leaf area, net photosynthesis rate,
transpiration rate, transpiration use efficiency (TUE), sto-
matal density, stomatal index, and leaf thickness are vital
for stress adaptation. High LDMC, for instance, is asso-
ciated with drought-resistance, while smaller leaf areas
reduce transpiration and heat load under arid conditions
[42, 43]. Net photosynthesis is critical for energy produc-
tion, but its efficiency can decline under water-limited
or saline conditions [44]. Traits like high TUE enhance
biomass production per unit of water used, an essential
adaptation for drought tolerance [45]. Meanwhile, sto-
matal density and index regulate gas exchange and water
loss, balancing carbon fixation with water conservation
[46]. Ecological strategies such as competitor, stress-
tolerator, and ruderal (CSR) also provide insights into
resource allocation and survival strategies across varying
environmental conditions [47]. These traits and strategies
collectively interact to mitigate stresses such as drought,
salinity, extreme temperatures, nutrient deficiencies, her-
bivory, and pathogen attacks. While these relationships
have been extensively studied in crops like rice, corn,
wheat, soybean, and cowpea, they remain underexplored
in yams.

Research to unravel the genetic basis of major agro-
nomic traits associated with stress response will have
far-reaching implications for the genetic improvement of
D. alata. This is the first such study aimed at decipher-
ing the genetic architectures of leaf morpho-physiologi-
cal attributes related with stress response in D. alata. To
achieve this objective, a diversified panel of D. alata was
assembled and phenotyped for the studied traits at two
locations. Thanks to the reference genome of D. alata
v2.1 [48], we conducted GWAS to detect the genomic
variations and putative candidate genes associated with
the studied traits. The results provide a framework for
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further improvement in breeding programs concerning
the development of climate-resilient D. alata cultivars.

Results

Leaf morpho-physiological characterization

Summary statistics showed significant variation for the
12 traits in the association panel, which is useful for deci-
phering their genetic architectures (Table 1 and Fig. S1).
The broad-sense heritability (H?) computed for the dif-
ferent traits ranged from 0.48 stress-tolerator ecological
strategy (S) to 0.94 transpiration rate (E).

Furthermore, comparisons of these traits at the two
planting locations suggested the planting sites signifi-
cantly affected transpiration use efficiency (TUE), E,
leaf thickness (LT), S, and ruderal ecological strategy (R)
variations within the panel (Fig. 1). Pearson’s correlation
between traits was estimated, where negative and strong
correlations were observed between E and TUE; S and R
(Fig. 2A). Mean leaf area (LA1) was positively correlated
with competitor ecological strategy (C), while negatively
correlated with R (Fig. 2A). Interestingly, we observed
weak correlations between most of traits, suggesting
that breeding simultaneously for some of these stress
responses-related traits would be possible.

Figure 2B represents the ecological strategy of yam
genotypes as classified by Grime [49] into competitive
ability (C), physiological tolerance to stress (S) and ruder-
ality, i.e., adaptation to disturbance (R). There is quite a
large diversity of physiological tolerance to stress (S-R
axes) and the genotypes exhibited an important pheno-
typic plasticity illustrated by different behaviors in the
two environments with contrasting climatic conditions
(Fig. 2B and Fig. S2).
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Genotyping and genome-wide association studies

A total of. 1.9 million high-quality SNPs were used for
genome-wide association study (GWAS). The advanced
multiple loci statistical model “Bayesian-information and
linkage-disequilibrium iteratively nested keyway” imple-
mented in the R package GAPIT3 [50] was employed. It
has been proven more robust than the traditional Mixed
Linear Model [51]. In this study, GWAS was indepen-
dently conducted using phenotypic data from each loca-
tion to identify environment-specific QTLs as well as
stable QTLs across locations. The threshold for signifi-
cant associations was set at log;, P=6.

At the two locations, we identified significant associa-
tions for all the traits, except for ruderal ecological strat-
egy. We observed that for traits with high H? similar
genomic regions were stably identified at the two loca-
tions. For example, for stomatal density, which has an
H?=0.87, a strong SNP rs1744535 at position 22,836,023
on Chromosome (Chr) 18 was identified at Godet
(Fig. 3A, B and Table 2) while a close SNP rs1737071 at
position 22,259,955 on Chrl8 was detected at Duclos
(Fig. 3C, D). Likewise, for transpiration rate, which has a
very high H?=0.94 in our panel, GWAS resulted in a sig-
nificant SNP rs205735 at position 326,438 on the Chr3 at
Duclos and a close SNP rs202363 at position 346,038 on
Chr3 at Godet (Fig. 3E-H).

However, this is not true for traits with lower H”. For
instance, for leaf dry matter content we identified sig-
nificant SNPs from different genomic regions (Chr5
and Chrl3) at Godet and Duclos (Fig. 4A-D). Similarly,
two SNPs on Chrl5 (rs1436584) and Chr3 (rs264342)
were identified for stomatal index at Godet and
Duclos, respectively (Fig. 4E-G). Overall, 24 significant

Table 1 Summary statistics for leaf morpho-physiological traits associated with stress response in greater yam

Traits Unit Min Max Average  SE v SD cv G GxE H?

LDMC % 0.10 0.27 0.18 2,25E-03 0.00136 369.00 2043 HxX * 0.58
LAT cm? 7.32 85.67 32.37 1.04 288.21 16.98 5244 o ns 0.92
A umO|COZM72 s 0.95 2333 12.65 0.20 19.63 443 35.04 R ns 0.81
E mol m~2s™! 048 445 2.66 374.00 0.60 0.77 29.00 Hxx Hxx 0.94
TUE pmoICOmeo\" H,0 0.38 9.15 4.83 0.06 1.81 134 27.82 Hx x 0.76
IS % 8.89 37.14 22.74 0.22 23.22 4.82 21.19 HxE ns 0.77
DS mm~2 5044 353.10 170.69 262 3366.38 58.02 33.99 Hxx ns 0.87
NN NA 3.00 15.00 942 0.15 6.07 246 26.16 e ns 0.74
LT mm 0.2000 0.6000 0.3600 0.0048 0.0058 0.0759 20.80 HxX ** 0.72
S % 0 64.95 24.54 1.65 137.01 11.46 47.02 Hex o 0.48
C % 35.05 71.6 51.90 0.94 4242 6.49 1249 o o 0.77
R % 0 459 23.56 149 108.73 10.32 44.09 Hxx ** 0.49

LDMC Leaf dry matter content, LAT Mean leaf area, A Net photosynthesis, E Transpiration rate, TUE Transpiration use efficiency, IS Stomatal index, DS Stomatal density,
NN Preformed node count, LT Leaf thickness, C Competitor, S Stress-tolerator, R Ruderal. Nb Number of values, Min Minimum, Max Maximum, SE Standard error, V
Variance, SD Standard deviation, CV Coefficient of variation, H? Broad sense heritability, G Genotype, GxE Genotype-Environment interaction, ns Non-significant

difference

" significant difference at P<0.05

" significant difference at P<0.01
" significant difference at P<0.001
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Fig. 1 Leaf morpho-physiological trait characterization at two planting sites, Duclos and Godet. Where LDMC = leaf dry matter content, LA1=mean leaf
area, A=net photosynthesis, E=transpiration rate, TUE=transpiration use efficiency, IS=stomatal index, DS=stomatal density, NN =preformed node
count, LT=leaf thickness, C=competitor, S = stress-tolerator, R=ruderal ecological strategies. * significant difference at P< 0.05, ** significant difference at
P<0.01, ***significant difference at < 0.0001, and ns refers to statistically non-significant difference
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correlation estimates among studied traits; (B) Position of yam genotypes of the D. alata diversity panel on Grime's CSR triangle. Turquoise dots corre-
spond to dryer site (Godet) and Salmon dots from wetter site (Duclos); Where LDMC=leaf dry matter content, LA1=mean leaf area, A=net photosyn-
thesis, E=transpiration rate, TUE =transpiration use efficiency, IS=stomatal index, DS =stomatal density, NN = preformed node count, LT =leaf thickness,
C=competitor, S=stress-tolerator, R=ruderal ecological strategies; * significant difference at P<0.05, ** significant difference at P<0.01, *** significant
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Fig. 3 GWAS for stomatal density (DS) and transpiration rate (E) in D. alata. A Manhattan plot for DS at Duclos, with the peaks indicating significant
GWAS signals and the dotted horizontal lines indicating the genome-wide significance threshold, (B) The QQ-Plot associated with DS at Duclos shows
the -log; 4P of the expected vs. observed P values of each SNP (blue dots). The red line is a guide for the perfect fit to -log,,P. The shaded area shows the
95% confidence interval for the QQ-plot under the null hypothesis of no association between the SNP and the trait, (C) Manhattan plot for DS at Godet,
(D) The QQ-plot associated with the DS at Godet. E Manhattan plot for transpiration rate at Duclos, with the peaks indicating significant GWAS signals,
and the dotted horizontal lines indicating the genome-wide significance threshold, (F) The QQ-Plot associated with transpiration rate at Duclos shows
the -log, P of the expected vs. observed P values of each SNP (blue dots). G Manhattan plot for transpiration rate at Godet, (H) The QQ-plot associated
with the transpiration rate at Godet
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Table 2 Significant SNPs and their effect on stress response-related leaf traits in D. alata
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Location Traits SNP Chr Position Allele p-value (-log,,) Effect (R?)
Godet LMDC rs1185429 Chr13 7,719,492 G/A 6.18E+00 9.39%
Godet IS 1264342 Chr3 12,192,098 T/C 6.07E+00 15.89%
Godet E rs205735 Chr3 1,346,038 T/C 6.83E+00 25.28%
Godet DS rs1744535 Chr18 22,836,023 A/G 6.96E+00 38.36%
Godet A rs1298027 Chri4 6,889,304 aT 6.10E+00 23.84%
Godet C rs35673 Chrl 9,542,330 G/A 747E+00 31.44%
rs1938821 Chr20 11,950,212 T/C 6.52E+00 10.82%
rs1570714 Chr17 1,304,546 A/G 6.34E+00 10.49%
rs214171 Chr3 2,944,668 C/T 6.00E+00 12.85%
Duclos TUE rs304565 Chr3 19,525,040 A/G 6.14E+00 12.11%
15185442 Chr2 18,993,473 G/A 6.11E+00 19.56%
rs1894629 Chr20 1,613,539 G/A 6.06E+00 9.60%
Duclos NN rs1587198 Chr17 4,889,485 G/A 6.40E+00 19.89%
151254341 Chr13 24,382,368 T/C 6.26E+00 16.32%
rs1414555 Chr15 13,757,209 T/C 6.12E+00 14.68%
rs1330927 Chri4 14,848,380 AT 6.07E+00 10.05%
Duclos LT rs1091838 Chr12 5,760,157 G/A 1.21E+01 31.32%
Duclos LDMC rs450349 Chr5s 9,839,496 G/A 6.25E+00 11.36%
Duclos LA1 rs401519 Chr5 80,613 C/T 7.19E+00 22.84%
Duclos IS rs1436584 Chr15 19,347,003 T/A 6.20E+00 15.80%
Duclos E rs202363 Chr3 326,438 G/A 6.84E+00 9.23%
Duclos DS rs1737071 Chr18 21,259,955 G/A 1.24E+01 36.09%
Duclos S rs1610426 Chr17 9,692,719 AT 6.28E+00 22.19%
rs1111390 Chri12 10,073,121 T/G 6.13E+00 24.42%

LDMC Leaf dry matter content, LAT Mean leaf area, A Net photosynthesis, E Transpiration rate, TUE Transpiration use efficiency, IS Stomatal index, DS Stomatal density,
NN Preformed node count, LT Leaf thickness, C Competitor, S Stress-tolerator ecological strategies

The alleles in bold letters correspond to the favorable alleles

marker-trait associations were detected in this study (Fig.
S3 and Table 2).

Characterization of peak SNPs for their allelic effects on the
traits

The favorable alleles at each significant locus were iden-
tified and the phenotypic variance explained was com-
puted (Table 2). For example, the SNP (Chr18: rs1737071)
could explain 36% of the stomatal density variation in
our panel at Duclos (Table 2). We observed that the het-
erozygote accessions (GA) at this locus had significantly
higher stomatal density than the homozygous accessions
(GG) (Fig. 5). Hence the accessions with the GA genotype
could better control water loss rate and CO, uptake [52].
Similarly, SNP (Chr5: rs450349) explained 11.36% of the
variation with the allele GA associated with higher leaf
dry matter content compared to GG (Fig. 5). High stoma-
tal density and leaf dry matter content have been linked
to improved photosynthetic induction and biomass
production in plants [53]. Moreover, other peak SNPs
detected at Duclos, and the nine peak SNPs detected at
Godet were characterized for their favorable alleles (Figs.
5and 6).

Identification of candidate genes associated to the stress
response leaf traits

We searched for candidate genes controlling the studied
traits around the associated significant SNPs in a window
size of 5 kb [7]. Overall, 44 genes with diverse biologi-
cal functions were extracted. Sixteen genes with known
functions were identified as putative candidates for
physiological attributes associated with stress response.
For the stomatal density trait at Duclos, the peak SNP
was located between two genes (Dioal 18G049200
and Dioal.18G049300) (Table 3). There was no func-
tional annotation for Dioal. 18G049200, but the gene
Dioal. 18G049300 was annotated as a 3-keto acyl-coen-
zyme A synthase. At Godet, the peak SNP were identified
downstream of Dioal.18G055600 annotating Glutathione
S-transferase. We speculate that Dioal. 18G049300 and
Dioal. 18G055600 could be the potential regulators of
stomatal density in D. alata.

Net photosynthesis showed one association signal
rs1298027 on Chrl14, accounting for 23.84% of the phe-
notypic variance (Table 2). The peak SNP was located
between Dioal.12G033500 and Dioal.12G033600,
annotated as ABC-2 type transporter family protein
and Phosphatidyl inositol monophosphate 5 kinase
4, respectively. Moreover, three putative candidate
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Fig. 4 GWAS for leaf dry matter content and stomatal index in D. alata. A Manhattan plot for leaf dry matter content at Duclos, with the peaks indicating
significant GWAS signals, and the dotted horizontal lines indicating the genome-wide significance threshold, (B) The QQ-Plot associated with leaf dry
matter content at Duclos shows the -log; P of the expected vs. observed P values of each SNP (blue dots). The red line is a guide for the perfect fit to
-log,oP. The shaded area shows the 95% confidence interval for the QQ-plot under the null hypothesis of no association between the SNP and the trait,
(C€) Manhattan plot for leaf dry matter content at Godet, (D) The QQ-plot associated with the leaf dry matter content at Godet. (E) Manhattan plot for
stomatal index at Duclos, with the peaks indicating significant GWAS signals, and the dotted horizontal lines indicating the genome-wide significance
threshold, (F) The QQ-Plot associated with stomatal index at Duclos shows the -log, P of the expected vs. observed P values of each SNP (blue dots). G
the Manhattan plot for stomatal index at Godet, and (H) The QQ plot associated with the stomatal index at Godet

genes  (Dioal.03G019500, Dioal.03G019600, and
Dioal.03G004300)  for  transpiration rate, five
(Dioal.03G073900, Dioal.03G074000, Dioal.02G062100,

Dioal.20G005200, and Dioal.20G005300) for tran-
spiration efficiency, and four (Dioal.03G049700,
Dioal.03G049800, Dioal. 15G069300, and

Dioal. 15G069400) for stomatal index were identified,
some containing exonic and intronic SNPs.

For leaf morphological traits and preformed node
count, 13 putative candidate genes were identified on
different chromosomes. Retrotransposon protein, Nepro-
sin_AP, and Chloroplast sensor kinase were identified
as putative candidate genes for leaf dry matter content.
Dioal.17G048200, Dioal.17G048300, Dioal.13G076500,
Dioal.15G047700, Dioal.15G047800, Dioal.14G073400,
and Dioal.14G073500 were identified for preformed
node count (Table 3). Domain of unknown function
(DUF4228), Non-specific serine/threonine protein kinase,
and DNA/RNA helicase protein were identified as candi-
date genes for mean leaf area and leaf thickness.

For competitor and stress-tolerator ecological strate-
gies, we identified 11 genes around the significant SNPs
with some genes (Iron/ascorbate oxidoreductase, F-box
domain and S-adenosylmethionine) well known to be
involved in stress responses in plants (Table 3) [54—57].

Gene ontology enrichment analysis of the candidate
genes highlighted several terms related to leaf morpho-
genesis and stress response, including regulation of gene
expression, regulation of photosynthesis, wax biosyn-
thetic process, response to water deprivation, cuticle
development, stomatal movement, cellular response to
starvation, auxin - activated signaling pathway (Fig. 7).
All these results suggest that the candidate genes
detected in this study have potential for enhancing stress
response in D. alata genotypes.

Discussion
In this study, we investigated the genetic basis for several
leaf traits related to stress response through genome-
wide association studies (GWAS). Although QTL map-
ping and GWAS have been successfully implemented for
various traits in yams [23, 25-28, 58, 59], stress-related
traits have not yet been characterized using GWAS or
other genetic approaches [7].

In this study, GWAS resulted in the identification of
24 significant associations with a stringent threshold

(log,,P=6), which was much higher than previously
published reports [23, 25, 28]. A stringent threshold
increased the significance of identified SNPs and can-
didate genes but may have reduced the number of sig-
nificant associations [7]. Despite successfully identifying
genetic variants associated with these traits, the phe-
notypic variation explained are much lower relative
to heritability estimates. This has been reported to be
related to the presence of structural variations, genotype-
environment interactions, epistasis, origin, and errors
in heritability estimates [60, 61]. However, we identified
consistent associations at two locations where trait heri-
tability estimates were high (E and DS). These results are
consistent with previous reports suggesting the identifi-
cation of stable QTLs for traits with high heritability [62,
63].

Identification and characterization of alleles associated
with key SNPs enable us to understand the effect of sig-
nificant associations on the leaf traits [7, 64]. Response
to abiotic stress is a complex mechanism [65]. Dur-
ing stress, photosynthesis is mainly affected, and plants
tend to close their stomata, simultaneously restricting
the inflow of CO, and reducing the photosynthesis rate
[66]. We identified 24 advantageous alleles with posi-
tive contributions to the studied traits. It is important to
mention that although the traits studied are known to be
involved in stress response in plants, further studies are
needed to check how the favorable alleles at the marker-
trait associations influence stress response in greater yam
genotypes. Hence, abiotic stress experiments can be car-
ried out using selected genotypes in our diversity panel
to confirm the relationship between the leaf traits, the
alleles at the associated SNPs and stress response. Gen-
otypes with advantageous alleles (associated with trait
performance) could be further utilized in breeding pro-
grams to accumulate the desirable variation for develop-
ing resilient cultivars [67, 68]. Genomic-assisted breeding
which has been successful in the development of resilient
crops against stress, such as wheat [69, 70] and rice [71,
72] could be applied in greater yam.

The gene Dioal.18G049300 annotated as 3-keto acyl-
coenzyme A synthase (KCS) enzyme was identified as a
putative candidate gene for DS, which is involved in syn-
thesizing very long-chain fatty acids. It has been dem-
onstrated that the Arabidopsis thaliana KCS gene (hic)
controls stomatal development through CO, perception,
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and the mutant plants displayed a 42% increase in sto-
matal density in response to elevated CO, [73]. Another
gene Dioal.18G055600 was identified, annotated as Glu-
tathione s-transferase (GST). GST has been shown to
control plant response to a wide range of biotic and abi-
otic stress conditions [74—-76].

Similarly, Dioal.12G033500 (ABC-2 type transporter
family protein) was identified as a putative candidate
gene for net photosynthesis. A previous report sug-
gests that disruption of ATP-binding cassette trans-
porters causes deregulation of stomatal opening and
increases drought susceptibility [77]; therefore, varia-
tion in Dioal. 12G033500 function or expression could
explain the photosynthesis variation in the GWAS panel
and could be an excellent candidate for further functional
verification in D. alata. Retrotransposon protein [78],
Domain of unknown function (DUF4228) [79, 80], Non-
specific serine/threonine protein kinase [81, 82], DNA/
RNA helicase protein [83, 84] have also been character-
ized for their potential role in coping with stress condi-
tions and maintaining the plant growth. Gene expression
data facilitate the identification of candidate genes from
GWAS projects since genetic variants falling in genic or

intergenic regions often lead to non-functional genes or
altered gene expression. There is no transcriptome data
related abiotic stress response available in greater yam.
Therefore, we recommend that a future study can gener-
ate gene expression data under various stresses to sup-
port the ongoing genetic studies.

Conclusions

We successfully employed GWAS to detect genomic sig-
nals (24) and candidate genes (44) linked to leaf traits
related to stress response in Dioscorea alata. Traits with
high heritability estimates, stomatal density, and transpi-
ration rate, were identified with consistent GWAS sig-
nals on Chr18 and Chr3. Nonetheless, additional efforts
are needed to enlarge the diversity panel to improve the
GWAS power and detect more marker-trait associations.
Accessions accumulating favorable alleles at the different
significant loci will be used as genitors in our breeding
programs. Moreover, developing allele-specific markers
for the strong and stably detected significant marker-
trait associations will improve marker-assisted selection,
introgression, and the pyramiding of favorable alleles/
genes in greater yam cultivars.
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Methods

Plant material and leaf morpho-physiological
characterization

Plant materials used in this study include 53 genotypes of
Dioscorea alata L. [28] (Table S1). This panel comprises
genotypes from nine countries of the yam belt countries
of west Africa, the Caribbean, and the Pacific islands. The
plant materials were obtained from the germplasm col-
lection of the Centre de coopération Internationale en
Recherche Agronomique pour le Développement, Gua-
deloupe and the Biological Resource Centre for tropi-
cal plants in the West Indies. The plant materials were
planted at two locations, Duclos (16°120" N, 61°39’ O,
125 m above sea level (a.s.l.)), and Godet (16°20’ N, 61°30’
0.10 m a.s.l.), in Guadeloupe. The two locations have con-
trasting climatic conditions (Fig. S2). A total of 10 seed-
lings of each cultivar were planted in three replicates
(30 seedlings per genotype in total). These plants were
spread over three ridges (65 m long) spaced 30 cm apart
within the ridges. Cane straw was used as mulch over the
entire plot to limit weeds at Godet, while paper mulch
was used at Duclos. The plot was drip irrigated, and
planting started in March 2021. Genotypes were planted
from harvested seeds at year n-1 when 50% of the tubers

of the genotype germinated in the storage shed. All the
genotypes were characterized for 12 morpho-physiolog-
ical traits associated with stress response, including leaf
dry matter content (LDMC), mean leaf area (LA1), net
photosynthesis (A), transpiration rate (E), transpiration
efficiency (TUE), stomatal index (IS), stomatal density
(DS), preformed node count (NN), leaf thickness (LT),
C=competitor, S=stress-tolerator, R =ruderal ecological
strategies as classified by Grime.

Traits were characterized prior to tuber initiation,
between 45 and 60 days after emergence, to ensure the
presence of enough mature leaves. LDMC was mea-
sured using three fully mature leaves collected from each
genotype. Fresh leaf samples were always taken in the
early morning hours, between 6 and 8 am, when relative
humidity was still high (70-95%) and temperatures were
around 25 °C. The leaves were wrapped in similarly-sized
wet papers to avoid drying and transported to the labo-
ratory in a cooler. Fresh weight was measured immedi-
ately after collection, while dry weight was determined
after drying the leaves in an oven at 60 °C for three days.
LDMC was calculated using the formula.
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Table 3 List of candidate genes associated with stress response-related leaf traits in greater yam

Traits SNP Upstream the gene/ Localization Function
downstream the gene
Godet_LMDC rs1185429 Dioal.13G049900 intergenic Retrotransposon protein
Dioal.13G050000 Neprosin_AP
Godet_IS 1s264342 Dioal.03G049700 intergenic SHR-BD
Dioal.03G049800 Major facilitator superfamily protein
Godet_E rs205735 Dioal.03G019500 intergenic Fatty acid hydroxylase superfamily
Dioal.03G019600 Nodulin MtN21/EamA-like transporter family protein
Godet_DS rs1744535 Dioal.18G055600 downstream GLUTATHIONE S-TRANSFERASE
Godet_A rs1298027 Dioal.12G033500 intergenic ABC-2 type transporter family protein
Dioal.12G033600 Phosphatidyl inositol monophosphate 5 kinase 4
Godet_C rs35673 Dioal.01G024000 intergenic IRON/ASCORBATE OXIDOREDUCTASE
Dioal.01G024100 RNA-directed DNA polymerase
rs1938821 Dioal. 20G032000 intergenic NA
Dioal.20G032100 PROTEASE DO-LIKE 1
rs1570714 Dioal 17G018200 upstream S-ADENOSYLMETHIONINE CARRIER 2
rs214171 Dioal.03G033700 intergenic Leucine Rich Repeat
Dioal.03G033800 F-box domain and LRR containing protein
Duclos_TUE rs304565 Dioal.03G073900 intergenic Ankyrin repeat family protein
Dioal.03G074000 Seed imbibition 2
rs185442 Dioal.02G062100 exonic Non-specific serine/threonine protein kinase
rs1894629 Dioal. 20G005200 intergenic Protein phosphatase 2 C family protein
Dioal. 20G005300 Non-specific serine/threonine protein kinase
Duclos_NN rs1587198 Dioal.17G048200 intergenic CCT motif family protein
Dioal.17G048300 UDP-D-glucose/UDP-D-galactose 4-epimerase 5
rs1254341 Dioal.13G076500 intergenic Exostosin family
Dioal.13G076600 NA
rs1414555 Dioal 15G047700 intergenic Lipid transfer protein 12
Dioal 15G047800 Non-specific serine/threonine protein kinase
rs1330927 Dioal.14G073400 intergenic S-adenosyl-L-methionine-dependent methyltrans-
ferase protein
Dioal. 14G073500 pentatricopeptide
Duclos_LT rs1091838 Dioal.12G033000 intergenic NA
Dioal.12G033100 Domain of unknown function (DUF4228)
Duclos_LDMC rs450349 Dioal.05G072500 intergenic Chloroplast sensor kinase
Dioal.05G072600 NA
Duclos_LA1 rs401519 Dioal.05G000800 intergenic Non-specific serine/threonine protein kinase
Dioal.05G000900 DNA/RNA helicase protein
Duclos_IS rs1436584 Dioal.15G069300 intergenic Bifunctional inhibitor/lipid-transfer protein/seed
storage 2S albumin superfamily protein
Dioal.15G069400 ARM repeat superfamily protein
Duclos_E rs202363 Dioal.03G004300 intronic Heavy metal ATPase 4
Duclos_DS rs1737071 Dioal.18G049200 intergenic NA
Dioal.18G049300 Very-long-chain 3-ketoacyl-CoA synthase
Duclos_S rs1610426 Dioal.17G055400 intergenic NA
Dioal.17G055500 Tetratricopeptide repeat domain containing protein
rs1111390 Dioal.12G035200 intergenic WD domain, G-beta repeat (WD40)
Dioal 12G035300 Retrotransposon gag protein

LDMC Leaf dry matter content, LA7 Mean leaf area, A Net photosynthesis, E Transpiration rate, TUE Transpiration efficiency, IS Stomatal index, DS Stomatal density, NN
Preformed node count, LT Leaf thickness, C Competitor ecological strategy, S Stress-tolerator ecological strategy
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Fig. 7 Gene ontology enrichment for the candidate genes detected around the significant SNPs associated with stress response-related leaf traits in

greater yam
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Leaf dry weight

LDMC =
leaf fresh weight

Leaf area estimation was performed using the LiCor
3100c planimeter (LI-COR Biosciences, Lincoln, NE,
USA). Leaf thickness was measured using a digital
micrometer (Mitutoyo, Kawasaki, Japan). Each leaf was
gently placed between the micrometer jaws, and mea-
surements were taken at three different points along the
leaf to ensure accuracy and consistency.

The estimation of the CSR ecological strategy was
conducted using the methodology developed by Pierce
et al. [85]. This approach involves assessing plant traits
that correspond to the competitive, stress-tolerant, and
ruderal strategies in plants. NN was recorded for 3 plants
of each genotype and corresponds to the number of juve-
nile phytomers from the stem apex to the first node car-
rying a mature leaf.

Determination of stomatal density and index

Samples were collected in the morning before 9 am. The
stomata are present on the abaxial surface of the leaf
[86]. To estimate the stomatal density, the procedure
was adapted from Paul et al. [87] to prepare the slides
for microscopic observations using suitable replica fluid/
adhesive. The slides were then observed under a micro-
scope with 40 x magnification, and 60 images were saved
for each genotype with ZEN software (Carl Zeiss micro-
scope, GmbH, version 2.3, blue version, 2011). ZEN
allows us to directly convert the number of pixels to met-
ric units and get the scale of the captured image. We cal-
culated DS and IS by the following formula.

Nb stomata

=" %108
Image sur face

DS

Nb stomata

I =
s Nb stomata + Nb cellular

x 100

where Nb stomata is the number of stomata per unit
area, and Nb cellular is the number of epidermal cells per
unit area.

Gas exchange measurement

To estimate the gaseous exchange (A, E, TUE), we used
ADC LCPro +infrared gas exchange analyzer (ADC bio-
science, Hodstone UK Limited). All measurements were
taken from 7 to 9 am in the morning. The parameters
were set as follows: temperature 30 °C, saturation bright-
ness is 1400 p mol photon m™ s, while relative humid-
ity was stable (80%). We estimated A and E and then
calculated transpiration use efficiency by the following
formula
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TUE = —

Genome-wide association studies

Dossa et al. [29] fully detailed the DNA extraction,
sequencing and data processing steps. GWAS was per-
formed with all 1.9 million SNPs using the advanced mul-
tiple loci model statistical model Bayesian-information
and linkage-disequilibrium iteratively nested keyway
(BLINK) implemented in the R package “GAPIT3” [50].
BLINK provides an efficient platform with increased
power compared to other methods, while reducing the
calculation time. The Manhattan plots were also gener-
ated in R4.0.23 with the “CMplot” package [88]. SNPs
having a significant association with traits were deter-
mined by the adjusted p-value. The threshold of P<1078
(0.05/n, with n=number of SNPs) was set to report a
significant association. The quantile—quantile (QQ)
plots were generated by plotting the negative logarithms
(-log,,) P-values relative to their expected p-values to fit
model relevance GWAS with the null hypothesis of no
association and to determine to what extent the models
considered the structure of the population.

Putative candidate gene identification

To inventory potential genes near associated SNP mark-
ers for target traits, we used ANNOVAR version 2.4 to
identify genes downstream and upstream of the signifi-
cant SNPs based on linkage disequilibrium (LD =5 Kb)
[29]. The identified candidate genes were screened for
their putative functional attributes. Subsequently, we
extracted the related genes and conducted a Gene Ontol-
ogy (GO) enrichment analysis using the KOBAS-i tool.
The significantly enriched GO terms were then visualized
using the “ggplot” package from the R4.0.23 software.

Statistical analysis

The effect of alleles at significant SNPs was assessed by
comparing phenotyping data for haplotype groups. A
Student's t-test was used to compare the groups of haplo-
types (P<0.05) in the R4.0.23 software with the “ggpubr”
and “rstatix” packages.

Using the LME4 package [89] available on R4.0.23, we
considered the genotype as a random effect to obtain the
variance components of all the traits: Trait~ (1|geno-
type) + (1|location) + (1|location:genotype). We then cal-
culated phenotypic variance share of genetic source as
broad sense heritability (H?) according to Falconer and
Mackay [90]:

0'2g

H?2 —
- 2 2
029+ 9*6/E+” e/N+025
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where o%g is genotype variance, 02g e is Genotype-by-
environment interaction variance, o2e is Environmental
variance, o%¢ is Residual variance, E is Number of envi-
ronments and N is Number of replicates per genotype in
each environment.

The basic descriptive analysis of the stress response-
related leaf traits was performed by statistix 8.1. Pear-
son’s correlation analysis between different stress
response-related traits was performed by R4.0.23 using
the “corrplot” package [91]. The differences in two plant-
ing sites for each trait were estimated using analysis of
variance according to Steel et al. [92]. AOV-function in
R4.0.23 was employed to perform analysis of variance.
P-value <0.05 was regarded as significant.

Abbreviations

GWAS  Genome wide association studies
SNP Single nucleotide polymorphism
QTL Quantitative trait loci

LDMC  Leaf dry matter content

LA1 Mean Leaf area

A Net photosynthesis

E Rate of transpiration

TUE Transpiration use efficiency

IS Stomatal index

DS Stomatal density

NN Preformed node count

T Leaf thickness

C Competitor ecological strategy

S Stress-tolerator ecological strategy

R Ruderal ecological strategy

SD Standard deviation

cv Coefficient of variation

H’ Broad sense heritability

BLINK  Bayesian-information and linkage-disequilibrium iteratively nested
keyway

GO Gene ontology

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/512870-025-07595-3.

Supplementary Material 1.
Supplementary Material 2.
Supplementary Material 3.

Supplementary Material 4.

Acknowledgements
We thank Angélique Morel for helping in data processing.

Authors’ contributions

Conceptualization: K D, D C. Data collection: J-L I, D C, AP, BYT. Data
curation and Formal analysis: KD, M E H, D C. Funding acquisition: D C, H C.
Writing + original draft: K D. Writing + review & editing: D C, H C. All authors
have read and approved the final version of this manuscript.

Funding

This work was supported by the Bill and Melinda Gates Foundation (BMGF)
through the AfricaYam project (grant opportunity INV-003446, formerly
OPP1112307).

Page 14 of 16

Data availability

The Illumina NovaSeq 6000 sequencing raw data are available in the NCBI
Sequence Read Archive, under the BioProject number: PRINA918625 (https
//www.ncbi.nlm.nih.gov/bioproject/?term=PRINA918625). The phenotypic
datasets are available from the corresponding author upon request.

Declarations

Ethics approval and consent to participate

All relevant institutional, national, and international guidelines and legislations
were followed while conducting this experiment. The plant materials

are available at the germplasm collection of the Centre de coopération
Internationale en Recherche Agronomique pour le Développement (CIRAD),
Guadeloupe.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'CIRAD, UMR AGAP Institut, Petit Bourg, Guadeloupe 97170, France
2UMR AGAP Institut, CIRAD, INRAE, Univ Montpellier, Institut Agro,
Montpellier 34398, France

3CIRAD, UMR AGAP Institut, Montpellier 34398, France

“UR1321 ASTRO Agrosystémes Tropicaux, INRAE, Petit Bourg

97170, France

AGIR, Univ Toulouse, INRAE, Castanet-Tolosan 31326, France
6Formerly From SOS Biodiversité, , Orléans, Centre-Val de Loire, France

Received: 25 June 2024 / Accepted: 15 October 2025
Published online: 17 November 2025

References

1. Araus JL, Slafer GA, Royo C, Serret MD. Breeding for yield potential and stress
adaptation in cereals. Crit Rev Plant Sci. 2008;27(6):377-412.

2. Bhanu A, Singh M, Srivastava K, Hemantaranjan A. Molecular mapping and
breeding of physiological traits. Adv Plants Agric Res. 2016;3(00120):10.15406.

3. XuY, Crouch JH. Marker-assisted selection in plant breeding: from publica-
tions to practice. Crop Sci. 2008;48(2):391-407.

4. Hasan N, Choudhary S, Naaz N, Sharma N, Laskar RA. Recent advancements
in molecular marker-assisted selection and applications in plant breeding
programmes. J Genet Eng Biotechnol. 2021;19(1):1-26.

5. KumarJ, Choudhary AK, Solanki RK, Pratap A. Towards marker-assisted selec-
tion in pulses: a review. Plant Breed. 2011;130(3):297-313.

6. Varshney RK, Dubey A. Novel genomic tools and modern genetic and
breeding approaches for crop improvement. J Plant Biochem Biotechnol.
2009;18(2):127-38.

7. Nazir MF,He S, Ahmed H, Sarfraz Z, Jia Y, Li H, et al. Genomic insight into the
divergence and adaptive potential of a forgotten landrace G. hirsutum L.
purpurascens. J Genet Genomics. 2021,48(6):473-84.

8. Wang M-Z, Li H-L, Li J-M, Yu F-H. Correlations between genetic, epigen-
etic and phenotypic variation of an introduced clonal herb. Heredity.
2020;124(1):146-55.

9. Boyles RE, Brenton ZW, Kresovich S. Genetic and genomic resources of
sorghum to connect genotype with phenotype in contrasting environments.
Plant J. 2019,97(1):19-39.

10.  Luo X,Wang B, Gao S, Zhang F, Terzaghi W, Dai M. Genome-wide association
study dissects the genetic bases of salt tolerance in maize seedlings. J Integr
Plant Biol. 2019,61(6):658-74.

11. Liu HJ,Yan J. Crop genome-wide association study: a harvest of biological
relevance. Plant J. 2019,97(1):8-18.

12. Yasir M, He SP. Sun GF, Geng XL, Pan ZE, Gong WF, et al. A genome-wide
association study revealed key SNPs/genes associated with salinity stress
tolerance in upland cotton. Genes. 2019;10(10) :1-12.

13. TsaiH-Y, Janss LL, Andersen JR, Orabi J, Jensen JD, Jahoor A, et al. Genomic
prediction and GWAS of yield, quality and disease-related traits in spring
barley and winter wheat. Sci Rep. 2020;10(1):1-15.


https://doi.org/10.1186/s12870-025-07595-3
https://doi.org/10.1186/s12870-025-07595-3
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA918625
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA918625

Dossa et al. BMC Plant Biology

20.

22.

23.

24,

25,

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

(2025) 25:1586

Yang Y, ChaiY, Zhang X, Lu S, Zhao Z, Wei D, et al. Multi-locus GWAS of quality
traits in bread wheat: mining more candidate genes and possible regulatory
network. Front Plant Sci. 2020;11:1091.

Yano K, Morinaka Y, Wang F, Huang P, Takehara S, Hirai T, et al. GWAS with
principal component analysis identifies a gene comprehensively controlling
rice architecture. Proc Natl Acad Sci U S A. 2019;116(42):21262-7.

Wang Q Tang J, Han B, Huang X. Advances in genome-wide association stud-
ies of complex traits in rice. Theor Appl Genet. 2020;133(5):1415-25.

Sarfraz Z, Igbal MS, Geng X, Igbal MS, Nazir MF, Ahmed H, He S, Jia Y, Pan Z,
Sun G. GWAS mediated elucidation of heterosis for metric traits in cotton
(Gossypium hirsutum L.) across multiple environments. Front Plant Sci.
2021;12:566.

Nazir MF, Jia Y, Ahmed H, He S, Igbal MS, Sarfraz Z, et al. Genomic insight into
differentiation and selection sweeps in the improvement of upland cotton.
Plants. 2020;9(6):711.

Sitonik Ca, Suresh L, Beyene Y, Olsen MS, Makumbi D, Oliver K, et al. Genetic
architecture of maize chlorotic mottle virus and maize lethal necrosis
through GWAS, linkage analysis and genomic prediction in tropical maize
germplasm. Theor Appl Genet. 2019;132(8):2381-99.

Ma L, Zhang M, Chen J, Qing C, He S, Zou C, et al. GWAS and WGCNA uncover
hub genes controlling salt tolerance in maize (Zea mays L) seedlings. Theor
Appl Genet. 2021;134(10):3305-18.

Prodhomme C, Vos PG, Paulo MJ, Tammes JE, Visser RG, Vossen JH, et al.
Distribution of P1 (D1) wart disease resistance in potato germplasm and
GWAS identification of haplotype-specific SNP markers. Theor Appl Genet.
2020;133(6):1859-71.

Okada Y, Monden Y, Nokihara K, Shirasawa K, Isobe S, Tahara M. Genome-wide
association studies (GWAS) for yield and weevil resistance in sweet potato
(Ipomoea batatas (L) Lam). Plant Cell Rep. 2019;38(11):1383-92.

Mondo JM, Agre PA, Asiedu R, Akoroda MO, Asfaw A. Genome-wide associa-
tion studies for sex determination and cross-compatibility in water yam
(Dioscorea alata L.). Plants. 2021;10(7):1412.

Oluwole O, Olomitutu O, Paliwal R, Oyatomi O, Abberton M, Obembe O.
Preliminary assessment of the association between DArT-SEQ SNP and
some nutritional traits in African yam bean. Tropical J Natural Product Res.
2020;4:877-9.

Agre PA, Norman PE, Asiedu R, Asfaw A. Identification of quantitative trait
nucleotides and candidate genes for tuber yield and mosaic virus tolerance
in an elite population of white guinea yam (Dioscorea rotundata) using
genome-wide association scan. BMC Plant Biol. 2021;21(1):1-16.

Asfaw A, Mondo JM, Agre PA, Asiedu R, Akoroda MO. Association mapping
of plant sex and cross-compatibility related traits in white Guinea yam
(Dioscorea rotundata Poir.) clones. BMC Plant Biol. 2022;22(1):1-12.

Gatarira C, Agre P, Matsumoto R, Edemodu A, Adetimirin V, Bhattacharjee R,
et al. Genome-wide association analysis for tuber dry matter and oxidative
browning in water yam (Dioscorea alata L.). Plants. 2020;9(8):969.

Cormier F, Martin G, Vignes H, Lachman L, Cornet D, Faure Y, et al. Genetic
control of flowering in greater yam (Dioscorea alata L.). BMC Plant Biol.
2021;21(1):1-12.

Dossa K, Morel A, Houngbo E, Mota Z, Malédon E, Irep L, et al. Genome-wide
association studies reveal novel loci controlling tuber flesh color and oxida-
tive browning in Dioscorea alata. J Sci Food Agric. 2024;104(8):4895-906.
Sugihara Y, Darkwa K, Yaegashi H, Natsume S, Shimizu M, Abe A, et al.
Genome analyses reveal the hybrid origin of the staple crop white Guinea
yam (Dioscorea rotundatay). Proc Natl Acad Sci U S A. 2020;117(50):31987-92.
Siadjeu C, Pucker B, Viehdver P, Albach DC, Weisshaar B. High contiguity de
novo genome sequence assembly of trifoliate yam (Dioscorea dumetorum)
using long read sequencing. Genes. 2020;11(3):274.

Mignouna HD, Abang MM, Asiedu R. Harnessing modern biotechnology for
tropical tuber crop improvement: yam (Dioscorea spp.) molecular breeding.
Afr J Biotechnol. 2003;2(12):478-85.

Sharif BM, Burgarella C, Cormier F, Mournet P, Causse S, Van KN, et al.
Genome-wide genotyping elucidates the geographical diversification and
dispersal of the polyploid and clonally propagated yam (Dioscorea alata). Ann
Bot. 2020;126(6):1029-38.

Odoh N. Response of yam (Dioscorea spp.) accessions to drought and arbus-
cular mycorrhizal fungi. Uinersity of Ibadan: University of Ibadan, Nigeria;
2016.

Srivastava AK, Gaiser T, Paeth H, Ewert F. The impact of climate change on
yam (Dioscorea alata) yield in the savanna zone of West Africa. Agric Ecosyst
Environ. 2012;153:57-64.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Page 15 of 16

Diby L, Hgaza V, Tié T, Assa A, Carsky R, Girardin O, et al. How does soil fertility
affect yam growth? Acta Agriculturae Scandinavica, Section B-Soil & Plant
Science. 2011,61(5):448-57.

Thiele G, Khan A, Heider B, Kroschel J, Harahagazwe D, Andrade M, et al.
Roots, tubers and bananas: planning and research for climate resilience.
Open Agric. 2017;2(1):350-61.

Agre PA, Mondo JM, Edemodu A, Matsumoto R, Asiedu R, Akoroda M,
Bhattacharjee R, Gedil M, Adebola P, Asfaw A. Breeding for Abiotic Stress
Resistance in Yam (Dioscorea Spp.) Using Biotechnology Approaches: Present
Practices and Prospects. In: Genomic Designing for Abiotic Stress Resistant
Technical Crops. Springer; 2022:429-457.

Kangalawe RY, Mung'ongo CG, Mwakaje AG, Kalumanga E, Yanda PZ. Climate
change and variability impacts on agricultural production and livelihood
systems in western Tanzania. Clim Dev. 2017,9(3):202-16.

Cobbinah PB, Anane GK. Climate change adaptation in rural Ghana: indig-
enous perceptions and strategies. Clim Dev. 2016;8(2):169-78.

Mahmood T, Khalid S, Abdullah M, Ahmed Z, Shah MKN, Ghafoor A, et al.
Insights into drought stress signaling in plants and the molecular genetic
basis of cotton drought tolerance. Cells. 2019;9(1):105.

Poorter H, Niinemets U, Poorter L, Wright 1J, Villar R. Causes and conse-
quences of variation in leaf mass per area (LMA): a meta-analysis. New Phytol.
2009;182(3):565-88.

Wright IJ, Reich PB, Westoby M, Ackerly DD, Baruch Z, Bongers F, et al. The
worldwide leaf economics spectrum. Nature. 2004;428(6985):821-7.

Flexas J, Medrano H. Drought-inhibition of photosynthesis in C3 plants:
stomatal and non-stomatal limitations revisited. Ann Bot. 2002;89(2):183-9.
Blum A. Effective use of water (EUW) and not water-use efficiency (WUE) is
the target of crop yield improvement under drought stress. Field Crops Res.
2009;112(2-3):119-23.

Hetherington AM, Woodward FI. The role of stomata in sensing and driving
environmental change. Nature. 2003;424(6951):901-8.

Grime JP. Evidence for the existence of three primary strategies in

plants and its relevance to ecological and evolutionary theory. Am Nat.
1977;111(982):1169-94.

Bredeson JV, Lyons JB, Oniyinde |0, Okereke NR, Kolade O, Nnabue |, et al.
Chromosome evolution and the genetic basis of agronomically important
traits in greater yam. Nat Commun. 2022;13(1):1-16.

Grime JP.The CSR model of primary plant strategies—origins, implications
and tests. Plant Evol Biol. Springer. 1988;1:371-93.

Wang J, Zhang Z. GAPIT version 3: boosting power and accuracy for
genomic association and prediction. Genomics Proteomics Bioinformatics.
2021;19(4):629-40.

Cui Z, Dong H, Zhang A, Ruan Y, Jiang S, He Y, et al. Denser markers and
advanced statistical method identified more genetic loci associated with
husk traits in maize. Sci Rep. 2020;10(1):1-10.

Hepworth C, Doheny-Adams T, Hunt L, Cameron DD, Gray JE. Manipulating
stomatal density enhances drought tolerance without deleterious effect on
nutrient uptake. New Phytol. 2015;208(2):336.

Sakoda K, Yamori W, Shimada T, Sugano SS, Hara-Nishimura |, Tanaka Y. Higher
stomatal density improves photosynthetic induction and biomass produc-
tion in Arabidopsis under fluctuating light. Front Plant Sci. 2020;11:589603.
Yang Q-S, Wu J-H, Li C-Y, Wei Y-R, Sheng O, Hu C-H, et al. Quantitative
proteomic analysis reveals that antioxidation mechanisms contribute to cold
tolerance in plantain (Musa paradisiaca L.; ABB Group) seedlings. Mol Cell
Proteomics. 2012;11(12):1853-69.

Xiao M, Li Z, Zhu L, Wang J, Zhang B, Zheng F, et al. The multiple roles of
ascorbate in the abiotic stress response of plants: antioxidant, cofactor, and
regulator. Front Plant Sci. 2021;12:598173.

Lv G, ShiJ, Li J, Liu G, Yang C, Jiang J. Characterization of the F-box gene fam-
ily and its expression under osmotic stress in birch. Plants. 2023;12(23):4018.
Yang L, Wang X, Zhao F, Zhang X, Li W, Huang J, et al. Roles of S-adeno-
sylmethionine and its derivatives in salt tolerance of cotton. Int J Mol Sci.
2023;24(11):9517.

Ehounou AE, Cormier F, Maledon E, Nudol E, Vignes H, Gravillon MC, et al.
Identification and validation of QTLs for tuber quality related traits in greater
yam (Dioscorea alata L.). Sci Rep. 2022;12(1):1-14.

Olomitutu OE, Paliwal R, Abe A, Oluwole OO, Oyatomi OA, Abberton MT.
Genome-wide association study revealed SNP alleles associated with seed
size traits in African yam bean (Sphenostylis stenocarpa (Hochst ex. A. Rich.)
Harms). Genes. 2022;13(12):2350.



Dossa et al. BMC Plant Biology

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

(2025) 25:1586

Eichler EE, Flint J, Gibson G, Kong A, Leal SM, Moore JH, et al. Missing herita-
bility and strategies for finding the underlying causes of complex disease. Nat
Rev Genet. 2010;11(6):446-50.

Zuk O, Hechter E, Sunyaev SR, Lander ES. The mystery of missing heritability:
genetic interactions create phantom heritability. Proc Natl Acad Sci U S A.
2012;109(4):1193-8.

Pace J, Gardner C, Romay C, Ganapathysubramanian B, Libberstedt T.
Genome-wide association analysis of seedling root development in maize
(Zeamays L.). BMC Genomics. 2015;16(1):1-12.

Song X, Zhu G, Hou S, Ren Y, Amjid MW, Li W, et al. Genome-wide association
analysis reveals loci and candidate genes involved in fiber quality traits under
multiple field environments in cotton (Gossypium hirsutum). Front Plant Sci.
2021;12:695503.

LiuY, Nazir MF, He S, Li H, Pan Z, Sun G, et al. Deltapine 15 contributes to the
genomic architecture of modern upland cotton cultivars. Theor Appl Genet.
2022;135(4):1401-11.

Bhargava S, Sawant K. Drought stress adaptation: metabolic adjustment and
regulation of gene expression. Plant Breed. 2013;132(1):21-32.

Smékalova V, Doskocilova A, Komis G, Samaj J. Crosstalk between secondary
messengers, hormones and MAPK modules during abiotic stress signalling in
plants. Biotechnol Adv. 2014;32(1):2-11.

Flowers T, Yeo A. Breeding for salinity resistance in crop plants: where next?
Funct Plant Biol. 1995,22(6):875-84.

Varshney RK, Bohra A, Yu J, Graner A, Zhang Q, Sorrells ME. Designing

future crops: genomics-assisted breeding comes of age. Trends Plant Sci.
2021,26(6):631-49.

Kuraparthy V, Sood S, See DR, Gill BS. Development of a PCR assay and
marker-assisted transfer of leaf rust and stripe rust resistance genes Lr57 and
Yr40 into hard red winter wheats. Crop Sci. 2009;49(1):120-6.

Vasistha NK, Balasubramaniam A, Mishra VK, Srinivasa J, Chand R, Joshi

AK. Molecular introgression of leaf rust resistance gene Lr34 validates
enhanced effect on resistance to spot blotch in spring wheat. Euphytica.
2017;213(12):1-10.

Ellur RK, Khanna A, Yadav A, Pathania S, Rajashekara H, Singh VK, et al.
Improvement of Basmati rice varieties for resistance to blast and bacte-

rial blight diseases using marker assisted backcross breeding. Plant Sci.
2016;242:330-41.

Khanna A, Sharma V, Ellur RK, Shikari AB, Gopala Krishnan S, Singh U, et al.
Development and evaluation of near-isogenic lines for major blast resistance
gene (s) in Basmati rice. Theor Appl Genet. 2015;128(7):1243-59.

Gray JE, Holroyd GH, Van Der Lee FM, Bahrami AR, Sijmons PC, Woodward Fl,
et al. The HIC signalling pathway links CO2 perception to stomatal develop-
ment. Nature. 2000;408(6813):713-6.

Xu J, Xing X-J, Tian Y-S, Peng R-H, Xue Y, Zhao W, et al. Transgenic Arabidop-
sis plants expressing tomato glutathione S-transferase showed enhanced
resistance to salt and drought stress. PLoS ONE. 2015;10(9):e0136960.
George S, Venkataraman G, Parida A. A chloroplast-localized and auxin-
induced glutathione S-transferase from phreatophyte Prosopis juliflora confer
drought tolerance on tobacco. J Plant Physiol. 2010;167(4):311-8.

Rezaei MK, Shobbar Z-S, Shahbazi M, Abedini R, Zare S. Glutathione S-trans-
ferase (GST) family in barley: identification of members, enzyme activity, and
gene expression pattern. J Plant Physiol. 2013;170(14):1277-84.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9.

92.

Page 16 of 16

Klein M, Geisler M, Suh SJ, Kolukisaoglu HU, Azevedo L, Plaza S, et al. Disrup-
tion of AtMRP4, a guard cell plasma membrane ABCC-type ABC transporter,
leads to deregulation of stomatal opening and increased drought suscepti-
bility. Plant J. 2004,39(2):219-36.

Grandbastien M-A. Activation of plant retrotransposons under stress condi-
tions. Trends Plant Sci. 1998:3(5):181-7.

Zaynab M, Khan KA, Li S. Identification and Expression Analysis of DUF4228
Domain Containing (DDP) Genes in Potato Under Abiotic and Phytohormone
Stress. Research Square. 2021. https://doi.org/10.21203/rs.3.rs-902964/v1.
Leng Z-X, Liu Y, Chen Z-Y, Guo J, Chen J, Zhou Y-B, Chen M, Ma Y-Z, Xu Z-S, Cui
X-Y. Genome-wide analysis of the DUF4228 family in soybean and functional
identification of GmDUF4228-70 in response to drought and salt stresses.
Front Plant Sci. 2021;12:680.

Saddhe AA, Mishra AK, Kumar K. Molecular insights into the role of plant
transporters in salt stress response. Physiol Plant. 2021;173(4):1481-94.
Romeis T, Ludwig AA, Martin R, Jones JD. Calcium-dependent protein
kinases play an essential role in a plant defence response. EMBO J.
2001,20(20):5556-67.

Pandey S, Prasad A, Sharma N, Prasad M. Linking the plant stress responses
with RNA helicases. Plant Sci. 2020;299:110607.

Owttrim GW. RNA helicases and abiotic stress. Nucleic Acids Res.
2006;34(11):3220-30.

Pierce S, Negreiros D, Cerabolini BE, Kattge J, Diaz S, Kleyer M, et al. A global
method for calculating plant CSR ecological strategies applied across biomes
world-wide. Funct Ecol. 2017;31(2):444-57.

Ayensu ES. Anathomy of the monocotyledons: Dioscoreales. VI: Clarendon
Press; 1972.

Paul V, Sharma L, Pandey R, Meena R. Measurements of stomatal density
and stomatal index on leaf/plant surfaces. Manual of ICAR Sponsored
Training Programme for Technical Staff of ICAR Institutes on——Physiologi-
cal Techniques to Analyze the Impact of Climate Change on Crop Plants.
2017;27:1-122.

Yin L. CMplot: circle manhattan plot. CMplot: Circle Manhattan Plot 2020. htt
ps://github.com/YinLiLin/CMplot.

De Boeck P, Bakker M, Zwitser R, Nivard M, Hofman A, Tuerlinckx F, et al. The
estimation of item response models with the Imer function from the Ime4
package in R. J Stat Softw. 2011,39(12):1-28.

Falconer D, Mackay T. Introduction to quantitative genetics. Longman. Essex:
England; 1996. p. 254-6.

WeiT, Simko V, Levy M, Xie Y, Jin Y, Zemla J. Package ‘corrplot! Statistician.
2017;56(316):e24.

Steel RGD, Torrie JH. Principles and procedures of statistics, a biometrical
approach. New York: McGraw-Hill Kogakusha, Ltd.; 1980.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.21203/rs.3.rs-902964/v1
https://github.com/YinLiLin/CMplot
https://github.com/YinLiLin/CMplot

	﻿Identification and analysis of genomic regions influencing leaf morpho-physiological traits related to stress responses in greater yam (﻿Dioscorea alata﻿ L﻿.﻿)
	﻿Abstract
	﻿Background
	﻿Results
	﻿Leaf morpho-physiological characterization
	﻿Genotyping and genome-wide association studies
	﻿Characterization of peak SNPs for their allelic effects on the traits
	﻿Identification of candidate genes associated to the stress response leaf traits

	﻿Discussion
	﻿Conclusions
	﻿Methods
	﻿Plant material and leaf morpho-physiological characterization
	﻿Determination of stomatal density and index
	﻿Gas exchange measurement
	﻿Genome-wide association studies
	﻿Putative candidate gene identification
	﻿Statistical analysis

	﻿References


