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Editorial on the Research Topic

Advances and applications of cost-effective, high-throughput geno-
typing technologies for sustainable agriculture
Rapid breakthroughs in next-generation sequencing (NGS) technology have greatly aided

crop improvement. It became a powerful tool for the production of genomic data, and various

other integrated techniques have considerably expanded and deepened our understanding of

living organisms’ molecular systems. NGS technologies bring novel tools and concepts that

can enhance the precision and efficiency of plant breeding, such as the development of cost-

effective, high throughput genotyping technologies and its various applications in sustainable

agriculture. These technologies enable plant breeders to genotype a large number of samples

in a short time span. It is used to implement genomic selection (GS) as a routine practice in

breeding programs for fast-track development of superior crop breeds that are stress-resistant

while still having a high nutritional value. In conventional plant breeding approaches, it takes

a much longer time to create new, improved varieties because this relies on phenotypic

selection and breeder experience. Moreover, complex quantitative traits have low heritability

and are therefore difficult to select. Modern breeding procedures are advantageous because

they are more reliable and efficient. Anand et al. explain that it is more feasible and

sustainable to use cutting-edge technology to power agronomic development.

The application of genomic technologies such as genome-wide association studies

(GWAS) and genomic prediction analysis (GPA) to durum wheat landrace resources paves

the way for next-generation breeding programs to overcome the knowledge gap of these

underexplored resources and to identify advantageous alleles lost in modern varieties.

Therefore, to address the challenges of climate change, food, and nutritional security,

Broccanello et al. emphasized the significance of durum wheat landraces as a valuable
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genetic resource for improving the sustainability of Mediterranean

agroecosystems, with a focus on resilience to environmental stresses.

GS approaches have proven beneficial for assessing breeding

values and phenotypic prediction using data from genome-wide

molecular markers. To evaluate individual breeding value, the link

between an individual genotype and a phenotype has been

simulated using a variety of parametric approaches. To overcome

the constraints of distinct parametric and nonparametric models,

an integrated model for genomic prediction under additive and

non-additive genetic architectures was developed by Budhlakoti

et al. It can simultaneously handle both additive and epistatic effects

by minimizing their error variance. Standard evaluation criteria

such as prediction ability and error variance are used to evaluate the

proposed integrated model. In the past few years, there has been an

immense advancement in high-throughput phenotyping,

phenomics, and computational biology, which has made it

possible to explore such enormous datasets.

The significance of high-throughput sequencing and gene

editing technologies for molecular breeding applications and trait-

related genes in orchids is comprehensively explored by Song et al.

This information will facilitate a scientific reference and theoretical

basis for orchid genome studies. Yasir et al. used high-density single

nucleotide polymorphism (SNP) arrays and DNA sequencing to

disclose the bulk of the genotypic space for several crops, including

cotton. The importance of GWAS and its various applications is

emphasized. It was developed and first used in the field of human

disease genetics. It connects the dots between a phenotype and its

underlying genetics across population genomes and provides

thoughtful insight into GWAS studies in cotton crop. Fiber yield

and quality traits, GWAS status, prospects, and bottlenecks are

discussed through case studies on both biotic and abiotic tolerance,

a thought-provoking discussion. Exploring GWAS for dissecting

competitive traits in major legume crops is well described by

Susmitha et al. The study shed further light on advancements in

biotechnology, sequencing, and several bioinformatics tools to

estimate linkage disequilibrium (LD)–based associations. By

computing genomic estimated breeding values (GEBVs), GWAS

markers could be used for GS to forecast superior lines. However, it

is yet to be employed in minor legumes where germplasm/

population is available. Upadhyay et al. used a GWAS approach

to evaluate the association for the acid phosphatase activity at

various phosphorus levels in 280 mustard genotypes in two

environmental conditions. A total set of 44 SNPs was identified

that were significantly associated with two traits at three Pi

(inorganic phospate) levels, for acid phosphatase (Apase) activity

in the root (RApase) and leaf (LApase).These findings laid a solid

foundation to improve the phosphorus use efficiency (PUE) of

Indian mustard using marker-assisted selection in the future. This

will redeem the crop by increasing the yield in the face of limited Pi

reserves and deteriorating agro-environments.

Breeding parthenocarpic lines based on molecular markers is a

faster and more efficient method. In cucumber, since selection may

be based on genotypes rather than phenotypes, the identification of
Frontiers in Plant Science 026
gynoecious traits and sex expression in cucurbitaceous vegetable

crops has greatly aided the hybrid breeding program and has

improved production, as reported by D. et al. The study of F2

progenies of PVGy-201 Pusa Do Mousami indicated that the

genotype’s gynoecious sex expression is governed by a single

recessive gene. The gynoecious sex expression is shown to be

related to 1.31 Mb areas located on chromosome 1. A large

number of variants were discovered in the QTL-region, which

will aid in the precise mapping of the gynoecious characteristic.

Moreover, the parthenocarpic fruit set is a crucial characteristic

in cucumbers, enabling large-scale, protected farming on a global

scale. Devi et al. provide insight into genomic regions, closely

associated markers, and possible candidate genes associated with

parthenocarpy in Pusa Parthenocarpic Cucumber-6 (PPC-6), which

will be instrumental for functional genomics study and better

understanding of parthenocarpy in cucumber. The authors

identified a major QTL, Parth6.1, associated with parthenocarpic

fruit development in the slicing cucumber genotype PPC-6 using

QTL-seq analysis in combination with conventional mapping using

the F2:3 population.

The information gathered about genetic links and QTLs will be

extremely beneficial for mango breeding and for increasing our

understanding of the genetics of these traits. This insight was

investigated by Srivastav et al. to enable mango breeders to

develop trait-specific breeding methods. An 80K high density

genic SNP chip array was used for genotyping to construct high

resolution mapping of QTLs for fruit color and firmness in

Amrapali/Sensation mango hybrids. This cross-produced 92 bi-

parental offspring was utilized to create a high-density linkage map

and to identify QTLs.

Systematic evaluation and cataloging of genetic variation at the

morphological and phytochemical levels is particularly beneficial

for effective conservation, utilization, and optimal genetic

improvement of allelic and genotypic variability. There is a dearth

of detailed information on genetic diversity in Kalmegh. Chaturvedi

et al. identified 91 metabolic pathway-specific EST-SSR markers, of

which, 32 EST-SSR primer pairs were chosen randomly for genetic

diversity analysis within the six populations (ecotypes) of 24

kalmegh accessions (Andrographis paniculata (Burm. f.) Nee) for

genetic improvement, germplasm conservation, and maximizing

genetic gain.

In conclusion, this Research Topic focuses on recent

advancements in NGS-related technologies, mainly the

development of cost-effective, high-throughput genotyping

platforms with a wide range of bioinformatics tools, and possible

translational multi-omics applications in crop breeding programs

for sustainable agriculture. We included a total of 13 publications in

this Research Topic, which comprised of both original research and

review papers. The Research Topic provides insights into cutting-

edge research on various facets of emerging NGS, high-throughput

genotyping technologies, GWAS, GS, and QTL mapping for

identification and molecular breeding applications in a diverse

array of crops such as cereals, legumes, and horticultural and
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medicinal plants. It is well proven that, over the last two decades,

scientists have been able to uncover most of the genotypic space for

diverse crops by using high-density SNP arrays and DNA

sequencing. In this context, GWAS is considered a very powerful

tool to identify key genes to unravel the mechanisms that will help

devise efficient strategies for crop improvement and breeding

programs. Furthermore, this will facilitate the investigation of the

relationship between natural genetic variations and trait mapping in

large populations. This Research Topic highlights the most recent

genetic tools and statistical approaches ideal for the discovery of

beneficial genes/alleles and associated with the most important

traits in diverse crops for marker-assisted selection. The

information gathered about genetic links and QTLs will be

extremely beneficial for crop breeding and for increasing our

understanding of the genetics of key agronomically important traits.
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High-throughput sequencing technology has been facilitated the development

of new methodologies and approaches for studying the origin and evolution of

plant genomes and subgenomes, population domestication, and functional

genomics. Orchids have tens of thousands of members in nature. Many of

them have promising application potential in the extension and conservation of

the ecological chain, the horticultural use of ornamental blossoms, and the

utilization of botanical medicines. However, a large-scale gene knockout

mutant library and a sophisticated genetic transformation system are still

lacking in the improvement of orchid germplasm resources. New gene

editing tools, such as the favored CRISPR-Cas9 or some base editors, have

not yet been widely applied in orchids. In addition to a large variety of orchid

cultivars, the high-precision, high-throughput genome sequencing technology

is also required for the mining of trait-related functional genes. Nowadays, the

focus of orchid genomics research has been directed to the origin and

classification of species, genome evolution and deletion, gene duplication

and chromosomal polyploidy, and flower morphogenesis-related regulation.

Here, the progressing achieved in orchid molecular biology and genomics over

the past few decades have been discussed, including the evolution of genome

size and polyploidization. The frequent incorporation of LTR retrotransposons

play important role in the expansion and structural variation of the orchid

genome. The large-scale gene duplication event of the nuclear genome

generated plenty of recently tandem duplicated genes, which drove the

evolution and functional divergency of new genes. The evolution and loss of

the plastid genome, whichmostly affected genes related to photosynthesis and

autotrophy, demonstrated that orchids have experienced more separate

transitions to heterotrophy than any other terrestrial plant. Moreover, large-

scale resequencing provide useful SNP markers for constructing genetic maps,

which will facilitate the breeding of novel orchid varieties. The significance of

high-throughput sequencing and gene editing technologies in the

identification and molecular breeding of the trait-related genes in orchids

provides us with a representative trait-improving gene as well as some
frontiersin.org01
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mechanisms worthy of further investigation. In addition, gene editing has

promise for the improvement of orchid genetic transformation and the

investigation of gene function. This knowledge may provide a scientific

reference and theoretical basis for orchid genome studies.
KEYWORDS

third-generation sequencing, orchid, genome assembly, polyploidy, functional
genomics, molecular breeding
Introduction

The Orchidaceae family of monocotyledonous plants have

the second-largest members after Compositae. This family

contains over 750 genera and nearly 28,000 species (Zhang

et al., 2017). Conventional orchids could be classified into five

subfamilies (Apostasioideae, Vanilloideae, Cypripedioideae,

Epidendroideae, and Orchidoideae) by their morphology and

anatomy (Lu et al., 2019). The habitat of wild orchids has been

gravely affected by natural and manmade factors. Many

endangered species are on the edge of extinction due to

indiscriminate gathering. The current protection efforts for

orchids include the construction of nature reserves and genetic

resource nurseries, as well as seed-preservation and in vitro

tissue culture (Williams et al., 2018). Although this act ensures a

huge number of original germs, the seedlings degenerate and

eventually lose their ability to differentiate during the subculture

processes, which makes it difficult to maintain the original

genetic background. Besides, most orchids are cross-pollinated,

and artificial pollination is considered essential in most cases

(Suetsugu, 2015). Because of their huge species diversity and

significant economic value, orchids have been the focus of study

in botany and ecology for many years. China has a long history

of cultivating orchids and has bred numerous varieties. So far,

187 genera and 1500 species of wild orchids have been recorded,

including some subspecies and varieties (Chase et al., 2015).

There are still several ornamental wild orchids to be created,

preserved, and exploited in nature. In addition to its high

economic and ornamental value, the orchid also has

a profound historic origin. In Chinese traditional culture, the

orchid referred to be one of the “four gentlemen among the

flowers,” the others being the Prunus mume, Chrysanthemum

morifolium, and Sasa pygmaea (Li et al., 2021).

Before the emergence of molecular-assisted breeding, distant

hybridization was one of the most commonly used methodology

for fertilizing orchids. In recent years, high-throughput

sequencing technology and gene editing have been widely

applied in the molecular biology, genomics, and discovery of

trait-related genes in orchids, as well as modern genetic
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engineering breeding (Paun et al., 2010; Hsiao et al., 2021; Hsu

et al., 2022; Li et al., 2022a). Whole genome sequencing of non-

model organisms is now common due to the rapid advancement

and lower cost of next-generation sequencing. The draft genome

of Phalaenopsis equestris, a tropical epiphytic orchid that is

normally utilized as a parent species in orchid breeding, was

the first real achievement (Cai et al., 2015). Due to the fast

development of ultralong sequencing and new assembly

algorithms, whole-genome shotgun sequencing and single

molecule sequencing have been done on even more orchid

species, such as Dendrobium officinale , Dendrobium

catenatum, Dendrobium huoshanense, Phalaenopsis ‘KHM190,

Phalaenopsis aphrodite, Gastrodia elata, Vanilla planifolia,

Apostasia shenzhenica, etc. (Yan et al., 2015; Huang et al.,

2016; Zhang et al., 2016; Zhang et al., 2016; Zhang et al., 2017;

Chao et al., 2018; Yuan et al., 2018; Hu et al., 2019; Han et al.,

2020; Niu et al., 2021). The growing number of orchid species

with high-quality genomes and the use of advanced genetic

analysis tools make it much easier to study the functional genes,

especially those that are of interest for molecular breeding. The

new advancement of genome editing technologies, such as the

CRISPR/Cas9 system, is beneficial to this continuing endeavor

(Wang et al., 2021). Depending on many defined gene

transformation systems in orchids, the CRISPR/Cas9 tool has

been effectively implemented in P. equestris by having to take

tiny insertion/deletion or reversal mutations into target genes or

perhaps the establishing kilobase-scale deletions of genes of

interest. (Kui et al., 2017; Tong et al., 2020; Li et al., 2022b).

The market for orchids has expanded in size and diversity as

a result of economic globalization, driving scientists and

biologists to develop new varieties with distinctive looks,

improved adaptability, and premium features (Li et al., 2021).

Traditional breeding, despite being time- consuming, is always

the predominant means of orchid cultivation. Because of the

limitations and inefficiencies of the traditional approaches,

hybridization and mutagenesis can not be used to get some

desirable traits, like the spotted blooms and foliage of a single

plant. Agrobacterium-mediated transformation and particle

bombardment methods have been routinely used in transgenic
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molecular breeding, leading to significant progress in

horticultural development (Liau et al., 2003; Men et al., 2003;

Hsing et al., 2016; Khumkarjorn et al., 2017; Lin et al., 2018;

Kayika Febryanti et al., 2020; Setiawati et al., 2020). Our

understanding of orchid reproductive biology will undoubtedly

change as a result of these efforts to enhance orchid genome-

editing tools and the power of large-scale genome sequencing,

which will enable us to better understand the inherent roles of

orchid genes and changes to genes of interest for desired

blooming and floral features (Molla and Yang 2019; Nopitasari

et al., 2020; Tong et al., 2020; Guo et al., 2022). Here, we

systematically summarized the studies on orchid genomes,

including plastid genomes, especially the molecular evolution

of orchids based on high-throughput sequencing technology and

the identification and functional studies of trait-related genes. In

addition, the application of gene editing and genetic

transformation technologies in orchids was also discussed

in detail.
Genome size and ploidy analysis of
the orchid

Ten years ago, only bacterial artificial chromosome (BAC)

end sequences were used in genetic investigations of Phalaenopsis

orchids. Short sequences can be used as molecular markers to

assist in gene mapping and the construction of genetic maps.

These sequences contained several repetitive DNA and SSR

markers (Hsu et al., 2011). Cytogenetic evidence is only

available for few orchid species (Felix and Guerra, 2010).

Cattleya, Cymbidium, Dendrobium, Oncidium, Phalaenopsis,

Paphiopedilum , Vanilla, and Vanda are examples of

commercially significant genera that are valuable in floriculture,

medicinal, and food condiments (da Rocha Perini et al., 2016;

Vilcherrez-Atoche et al., 2022). Chromosomal counting and

nuclear DNA content estimation with flow cytometry (FCM)

are the most popular techniques employed for polyploid

identification in these orchids (Younis et al., 2013; Mohammadi

et al., 2021). Using flow cytometry, the genetic traits and types of

endoreplication of 149 orchid species were compared. The

variations in genome size and particularly in GC contents were

inextricably bound with evolutionary transitions from the

conventional mode of endoreplication to partial endoreplication

(Trávnıč́ek et al., 2019). In eukaryotic species, nuclear genome size

is an inherited quantitative feature with both biological and

practical relevance. Genome size, karyotype, and nucleobase

composition vary significantly across angiosperms, with

potential adaptive consequences. A systematic analysis of the

major plant families could help us understand the biological

significance of the huge differences in genome size within

plants. Several studies have assessed C-values in 48 orchid

species in order to analyze the distributions of nuclear DNA
Frontiers in Plant Science 03
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quantities and identify tissues suited for accurate estimations of

nuclear DNA content (Trávnıč́ek et al., 2015; Rewers et al., 2021).

Additional analysis on the size of the genomes of Pleurothallidinae

species showed that those with partial endoreplication (PE) had

much bigger genomes and that the number of genomic repeats

was closely linked to the size of the non-endoreplicated part of the

g enome (Chumov á e t a l . , 2 0 21 ) . Ac co rd i ng t o

previous investigations on the variation of Apostasioideae

genome size, the predicted 1C-values vary from 0.38 pg in

Apostasia nuda to 5.96 pg in Neuwiedia zollingeri var. javanica,

a roughly 16-fold difference. The genome sizes of the two genera

did not overlap. Apostasia had much smaller genomes than

Neuwiedia, which suggested that smaller genomes were

common in the Apostasioideae subfamily (Jersáková et al.,

2013). The genome of Apostasia ramifera showed the

population size histories of many orchid species, as well as a

continual fall in population size in seven orchid genomes (Zhang

W. et al., 2021). Some research had shown that the incorporation

of LTR retrotransposons Orchid-rt1 and Gypsy1 into

Phalaenopsis genomes might be linked to genome size growth

(Hsu et al., 2020). Genome size is also linked to cellular and

developmental characteristics. The evolutionary connection

between genome size, floral lifespan, and labellum epidermal

cell size in Paphiopedilum revealed that genome size was

connected to floral duration but negatively relevant to labellum

epidermal cell size (Zhang and Zhang, 2021).

In addition to flow cytometry, k-mer analysis-based genome

survey sequencing is also a commonmethod for estimating genome

size. It has the advantages of high-throughput sequencing, high

speed, and large amounts of data, which can quickly determine the

size and heterozygosity of the genome (Lee et al., 2017). The k-mer

depth values are often derived from the curves used to estimate

genome size. Through the distribution of the k-mer curve, the

genomic characteristics are estimated, and the ratio of the

heterozygous peak to the homozygous peak is calculated to

obtain the heterozygous rate (Jersáková et al., 2013). For

determining the size of orchid genomes, k-mer analysis based on

the Illumina Hiseq sequencing platform has been widely applied.

The genome of C. ensifolium was evaluated using 17-mer analysis,

which indicated the genome size and heterozygozity to be 3.56 Gb

and 1.40%, respectively (Ai et al., 2021). The estimated genome size

of G. menghaiensis based on k-mers is 0.98 Gb, with 0.1%

heterozygosity and high repeats. The 17-mer distribution is

Poisson-distributed and is dependent on the properties of the

genome (Jiang Y. et al., 2022). Using k-mer distribution analysis,

the genome size, heterozygozity, and repetitive ratio of D. officinale

were determined. The largest peak of 17 k-mer frequency was seen

at a depth of 90, allowing the determination of the genome size,

heterozygosity, and repetitive ratio (Niu et al., 2021).

The development of the orchid industry benefits greatly

from the ploidy identification of orchid germplasm resources.

Chromosomal and cytological investigations revealed that

Cymbidium species contained a prevalence of 40 chromosomes
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along with variations found in C. serratum (41, 43, 60, and 80).

From the earliest polyploids recorded at the beginning of the

20th century, it has been feasible to create a number of

Cymbidium polyploid cultivars through biological and artificial

approaches (Xie et al., 2017). Since then, Cymbidium cultivars

have been known to be diploids, triploids, and tetraploids with

distinct chromosomal morphology (Younis et al., 2013). About

75.8% of C. hybridum cultivars harbor polyploids, indicating a

link between the intentional or unintentional selection of

polyploids instead of diploids for superior features (Vilcherrez-

Atoche et al., 2022). The majority of Dendrobium species

contained 38 chromosomes, with the exception of D. leonis

and D. dixanthum, which both have 40 chromosomes (Zheng

et al., 2018). The majority of Phalaenopsis species have 38

chromosomes, with the exception of the Aphyllae, which has

only 34 or 36 chromosomes (Lee et al., 2017). However, a

significant heterogeneity of genome size was detected among

species and hybrids within this genus (Chang et al., 2006; Lee

et al., 2017). Phalaenopsis cultivars have a wide range of

chromosomal numbers (38, 57, and 76 more), indicating

polyploidy. Flower gardening traditionally employs

Phalaenopsis hybrid cultivars. Only one diploid cultivar has

been documented, whereas over 80% of tetraploid cultivars

have 76 chromosomes (Lee S. Y. et al., 2020). The domination

of commercial tetraploid cultivars demonstrates the relevance of

polyploidy in the development of better Phalaenopsis cultivars.

These tetraploid species are implemented as parentals to create

subgroups of Phalaenopsis cultivars with the goal of achieving

desirable colors for commercial purposes (Bolaños-Villegas and

Chen, 2007; Li et al., 2012). Vanda, like Dendrobium and

Phalaenopsis, has 38 chromosomes and naturally occurs in

tetraploid and hexaploid species (Khan et al., 2019; Liu et al.,

2020). In Oncidium, it is assumed that x = 7 is the basic number

of chromosomes, but unlike other genera, there is a huge
Frontiers in Plant Science 04
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chromosomal variation across species, with the majority

exhibiting polyploidy (Su et al., 2013).
Evaluation of gene duplication
events under high-quality genome
sequencing in orchid

The continuity and integrity of model plant genomes have

also been greatly improved due to the continuous development

of genome research and the improvement of sequencing

technology. The orchid genome has gone through the draft

genome obtained by ordinary next-generation sequencing, to the

chromosome-level genome assembled by PacBio or ONT

sequencing technology combined with Hi-C, and then to the

near complete genome obtained by ONT (N50>50Kb) assembly

(Figure 1). By combining ONT ultra-long and PacBio HiFi

techniques, those gap-free genomes assembled at telomere to

telomere (T2T) level will be a new direction in the future. The

whole genome sequencing of the A. shenzhenica helps us better

understand the origins and evolution within subfamilies (Zhang

et al., 2017). The whole genome duplication (WGD) that has

occurred more than once in plant genomes is a noteworthy

feature (Clark and Donoghue, 2018). Angiosperm genome

sequences provide information regarding polyploidy and

genome evolution. By evaluating the prevalence of

synonymous substitutions per synonymous site (Ks)

throughout all paralogous genes and duplicated genes situated

in synteny blocks based on the Phalaenopsis and Dendrobium

genome sequences, twoWGDs were projected to have evolved in

the D. catenatum lineage. (Zhang et al., 2016). The nearest WGD

event is shared by Dendrobium, Phalaenopsis, and Apostasia,

and it could have occurred near the Cretaceous-Paleogene
FIGURE 1

Research progress of next-generation sequencing and third-generation sequencing technology in orchid genomes.
frontiersin.org

https://doi.org/10.3389/fpls.2022.1018029
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Song et al. 10.3389/fpls.2022.1018029
(K/Pg) boundary. Peaks in older Ks distributions are thought to

be an additional ancient WGD event shared by monocot

ancestors (Cai et al., 2015; Zhang et al., 2016; Zhang et al.,

2017). The draft genome sequencing revealed compelling

evidence of a whole-genome duplication that all orchids share

and that came right before their divergence (Zhang et al., 2017).

The MADS-box family members may govern a wide spectrum of

developmental events during orchid evolution. A chromosomal-

scale genome and chromosome linkage groups of P. aphrodite

were first created, which contributed to the variation in labellum

and pollinium morphology and structures (Chao et al., 2018). A

chromosome-scale genome assembly of C. goeringii suggested

several new gene families, resistance-related homologs and

variations within the MADS-box genes may regulate a wide set

of developmental processes during adaptive evolution (Chung

et al., 2022). A haplotype-resolved genome of Bletilla striata

reveals its evolutionary relationship with other orchids, which

have experienced an ancient WGD event shared with monocots

and a recent WGD event within all orchids. The biochemical

machinery of B. striata polysaccharide (BSP) biosynthesis

indicated that MYB2 interacted physically with some BSP-

regulated genes (Jiang L. et al., 2022). Partial endoreplication

has been discovered across all Vanilla species. A chromosome-

scaled genome of Vanilla planifolia showed that the genome size

discrepancy was driven by the presence of PE (Piet et al., 2022).

Mycoheterotrophic and parasitic plants get some or all of the

nutrients they need from other organisms. Gastrodia fungi are

typically perennial, achlorophyllous orchids with a unique

evolutionary mechanism for adaptability to a non-

photosynthetic lifestyle. The genome of G. elata reveals the

genetic basics of most adaptive changes in photosynthesis, leaf

development, and plastid division (Chen S. et al., 2020).

Comparative genomics studies revealed that G. elata and other

completely heterotrophic species dropped nearly 10% of the

conserved orthogroups, including those important for

autotrophs (Xu et al., 2021). Photosynthesis, circadian clock,

flowering control, immunity, food intake, and root and leaf

growth are all governed by these orthogroups. Recent assembly

of the G. elata genome also showed a strong contraction of genes

which involved in multiple biosynthetic processes and cellular

components but also an expansion of genes for some metabolic

processes and mycorrhizal interactions (Bae et al., 2022). Many

genes involved in arbuscular mycorrhizae colonization and

biological interaction between Gatrodia and symbiotic

microbes were identified in the genome of G. menghaiensis

(Jiang Y. et al., 2022). The loss and conservation of symbiotic

genes associated with the evolution of unique symbionts in

plants were determined by analyzing a broad array of plant

genome and transcriptomics data. A shared symbiosis network

progressed at the same time as intracellular endosymbioses,

from the primitive arbuscular mycorrhiza to the more recent

ericoid and orchid mycorrhizae in angiosperms and ericoid-like

connections in bryophytes (Radhakrishnan et al., 2020). The
Frontiers in Plant Science 05
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comparison of Platanthera zijinensis and Platanthera

guangdongensis genomes indicated that mycoheterotrophy is

linked to higher rates of gene loss and alternation, and that

the deletion of most photoreceptor and auxin transporter genes

might explain how fully mycoheterotrophic orchids look so

different from other orchids. Some trehalase genes have

grown, which makes sense since orchid non-endosperm seeds

need carbohydrates from fungi to sprout when they are in the

protocorm stage (Li M-H. et al., 2022; Minasiewicz et al., 2022).

Dendrobium is the second biggest genus in Orchidaceae. The

first genome of a lithophytic orchid, D. catenatum (now

recognized as D. officinale), showed wide duplication of genes

associated with glucomannan synthase (Yan et al., 2015; Zhang

et al., 2016). Recent assembly of the D. officinale genome has

brought new insights into the evolution of this Dendrobium spp.

(Niu et al., 2021). Our previous study released a chromosome-

level assembly of the D. huoshanense genome with PacBio

sequencing and Hi-C method (Han et al., 2020). A

chromosome-scale reference genome of D. chrysotoxum was

also obtained based on PacBio sequencing and Hi-C methods.

The phylogeny of the SWEET gene family implied that gene

expansion occurred in clade II may associated with fleshy stems

rich in polysaccharides (Zhang Y. et al., 2021). Cymbidium is

famous for its distinctive leaves, flower morphology, and

pleasant aroma (Yang L. et al., 2021). The genome of C.

ensifolium has undergone two WGD events, and the abnormal

expression of MADS-box genes might be related to flower

development and shape mutations (Ai et al., 2021). A

chromosome- scale genome of D. nobile showed two

polyploidization events occurred. The expression profile of

TPS and CYP450 genes suggested that the distinct distribution

of TPS-b subclade may contribute to the species-specific alkaloid

biosynthesis pathways (Xu et al., 2022). Finally, a phylogenetic

tree was constructed based on single-copy genes to better

demonstrate the evolutionary relationship between orchid

species (Figure S1).

The associated mapping method performed statistical

analyses to discover the importance of the relationship

between genetic variants and polymorphism in a group of

individuals with genetic variations (Ogura and Busch, 2015).

Large-scale resequencing has been broadly used for gene

mapping of crop quality traits and differential analysis of SNP

loci within genes. However, investigations for genome-wide

association studies (GWAS) based on genotyping-by-

sequencing (GBS) have received less attention in orchids.

Through NGS technology, a large number of SNP markers

have been found through sequencing to create a high-density

genetic map. A total of 691,532 SNP sites were identified to

generate a genetic linkage map for marker-assisted selection

breeding by resequencing Phalaenopsis pulcherrima and denovo

sequencing of Phalaenopsis ‘KHM190’ (Huang et al., 2016).

Species-specific markers could help to identify unknown

intraspecies and validate the parentage of interspecifc hybrid
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offspring. Genomics-based diversity analysis of Vanilla species

indicated that the value of the GBS approach to interpret

diversity in Vanilla collections has been demonstrated to be

the paternal parent of hybrids more efficiently than other

methods (Hu et al., 2019). The interspecific hybridization of

D. nobile and Dendrobium wardianum was used to construct a

population with 100 F1 individuals (Li J. et al., 2019). A total of

331,642 SNP markers were obtained, 9645 of which were used to

build a high-density genetic map with 19 linkage groups, and

three QTLs identified may be associated with stem length and

diameter. The genetic diversity and variations among

Dendrobium mutants and common Dendrobium cultivars were

compared based on SNPs by GBS (Ryu et al., 2019). A total of

517,660 SNPs were identified, 37,721 of which were used to

discriminate the differences across Dendrobium genotypes. 129

accessions were collected from 10 wild cultivated populations to

explore the genetic diversity and population structure of D.

nobile in China (He et al., 2022). Approximately 830,000 SNPs

were obtained and used for genetic variation analysis. The recent

completion of the chromosome-level assembly of the D.

officinale genome provides a reliable data basis for its genetic

background and breeding improvement. Niu and his colleagues

performed D. officinale resequencing to conduct a GWAS

investigation on 38 cultivars and five related species (Niu

et al., 2021). A total of 13 GWAS loci were identified to

associate with some morphologic traits.
Sequencing and evolution of the
chloroplast genome in orchid

The chloroplast genome (cp) contains more conserved

structures than the nuclear and mitochondrial genomes, which is

beneficial for systematics and species identification. Studies on the

chloroplast genomes of Orchidaceae have remained prominent in

recent years (Table 1). The chloroplast genomes of D. officinale and

Cypripedium macranthos were compared, and there were parallels

in structure as well as gene order and content, but there were

differences in the organization of the inverted repeat/small single-

copy junction and ndh genes (Luo et al., 2014). Since ndh genes are

truncated or excluded in the cp genomes of some autotrophic

Epidendroideae orchids, some studies had mentioned that these

gene deletion events are independent (Lin et al., 2015). By

comparing 53 cp genomes, it was indicated that the expansion of

inverted repeats in Paphiopedilum and Vanilla is also associated

with a loss of ndh genes (Niu et al., 2017b). Bulbophyllum Thou. is

one of the biggest genera with over 2,000 species, found in rainforest

regions (Gamisch and Comes, 2019). Long-term geographic

isolation exposed Asian and South American Bulbophyllum cp

genomes to varying selective pressures (Yang et al., 2022). Besides
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the Bulbophyllum orchids, plastid genome sequencing has been

reported for a large number of Dendrobium species, which are

commonly used for phylogenetic studies and variety authentication

(Zhang et al., 2018; Wu X.-Y. et al., 2019; Liu et al., 2021).

Phalaenopsis orchids are another orchid species that has received

significant interest (Chang et al., 2006; Kim et al., 2016; Wang et al.,

2019; Xia et al., 2021). Paphiopedilum, also known as slipper orchid,

is well-known for its large, specialized lip, as well as its lovely flowers

and colors. The cp genome of many Paphiopedilum orchids was

investigated to provide the phylogenomic analysis of this species

and its relatives (Zhao et al., 2019; Tang F. L. et al., 2020; Hu et al.,

2022). Furthermore, the cp genomes of some other orchid genera or

subtribes have been published, including Pelatantheria

scolopendrifolia, Cymbidium ensifolium, Eulophia flava, Calanthe

arcuata, and Coelogyne fimbr (Yun et al., 2018; Bertrand et al., 2019;

Jiang et al., 2019; Li H. et al., 2019; Zhong et al., 2019). These results

are important for figuring out how chloroplasts have changed over

time and how gene structures vary in orchids (Zeng et al., 2007). A

phylogenetic tree of 58 representative orchid species was

constructed to investigate the relationship of cp genomes within

subfamilies or subtribes (Figure S2). The results also revealed that

these varieties could be classified into five subfamilies, with the

majority of individuals belonging to the Epidendroideae

and Orchidoideae.

Orchids have undergone more independent transitions to

heterotrophy than any other land plants. Another interesting

fact is that some heterotrophic orchids lose photosynthesis

and autotrophy-related genes on chloroplasts throughout

evolution, which provides an excellent opportunity to

explore the effects of shifting selective regimes on genome

evolution (Li M.-H. et al., 2022). As a consequence of the

relaxation of functional restrictions on photosynthesis,

certain heterotrophic plants, such as mycoheterotrophs and

parasites, exhibit enormous gene losses. The comparative

genomics of 12 tribe Neottieae orchids indicated that genes

re la ted to the NAD(P)H dehydrogenase complex ,

photosystems, and RNA polymerase were functionally lost

many times (Feng et al., 2016). A phylogenetic analysis of 26

full plastome sequences from Epidendreae suggested that

photosynthesis-related genes such as the atp complex had

undergone severe gene loss (Lee S. Y. et al., 2020). Numerous

investigation have identified evidence of fast plastome

degradation in heterotrophic orchids based on the

accumulation of pseudogenes and substantial deletions

(Barrett and Kennedy, 2018; Barrett et al., 2019; Kim et al.,

2019). Infraspecific analysis of the plastome evolution of

leafless Corallorhiza revealed that considerable changes in

plastome size and functional gene composition occurred in

just a few million years as a consequence of decreasing

selection constraints on photosynthesis (Barrett et al., 2018).
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TABLE 1 Features of representative plastid genomes in orchidaceae.

Subfamily Taxon Total
length
(bp)

Large single
copy (LSC)

Inverted
repeat (IR)

Small single
copy (SSC)

Protein-
coding genes

Accession Reference

Epidendroideae Dendrobium officinale 152,221 85,109 26,298 14,516 76 KC771275 Luo et al., 2014

Pelatantheria
scolopendrifolia

146,971 86,096 24,570 11,735 72 MG752972 Yun et al., 2018

Dendrobium
bellatulum

152,107 85,061 26,297 14,503 83 MG595965 Zhang et al.,
2018

Dendrobium comatum 158,008 85,592 27,032 18,352 87 MZ666386 Liu et al., 2021

Dendrobium nobile 152,018 84,944 26,285 14,504 79 KX377961 Konhar et al.,
2019

Cymbidium ensifolium 150,257 85,110 25,692 13,761 78 MK841484 Jiang et al.,
2019

Cymbidium mastersii 155,362 84,465 25,125 20,647 80 MK848042 Zheng et al.,
2019

Cymbidium
floribundum

153,998 84,725 25,132 19,009 80 MK848043 Zhang G. Q.
et al., 2019

Cymbidium
hookerianum

155,447 84,186 26,711 17,839 78 MT800927 Wei et al., 2021

Cymbidium aloifolium 157,328 85,793 26,829 17,877 78 MN641752 Chen J. et al.,
2020

Cymbidium
floribundum var.
pumilum

155,291 84,415 26,696 17,484 80 MN173778 Ai et al., 2019a

Cymbidium sinense x
C. goeringii

150,149 84,987 25,691 13,780 75 MN532117 Choi et al.,
2020

Cymbidium dayanum 155,408 84,189 26,614 17,991 76 MW160431 Du et al., 2021

Cymbidium bicolor 156,528 85,907 26,703 17,215 78 MN654912 Hu et al., 2020

Dendrobium
longicornu

160,024 88,075 25,403 21,143 80 MN227146 Wu X.-Y. et al.,
2019

Calanthe arcuata 158,735 87,348 26,449 18,489 88 MK934523 Zhong et al.,
2019

Danxiaorchis
singchiana

87,931 42,575 13,762 17,831 36 MN584923 Lee S. Y. et al.,
2020

Coelogyne fimbriata 158,935 87,444 26,374 18,743 91 MT548043 Yue et al., 2020

Pleione maculata 158,394 86,603 26,646 18,499 89 MW699846 He et al., 2021

Pleione bulbocodioides 159,269 87,125 26,716 18,712 81 KY849819 Shi et al., 2018

Pleione chunii 158,880 87,259 26,465 18,691 87 MK792342 Wu S. et al.,
2019

Hexalectris warnockii 119,057 66,903 17,332 17,490 38 MH444822 Barrett and
Kennedy, 2018

Arundina graminifolia 159,482 87,285 26,813 18,581 88 MN171408 Ai et al., 2019b

Eulophia zollingeri 145,201 81,566 25,272 13,091 86 MG181954 Huo et al., 2018

Dendrobium
thyrsiflorum

160,123 88,001 25,490 21,142 80 MN306203 Pan et al., 2019

Liparis vivipara 158,329 85,950 27,043 18,293 77 MK862100 Zhang D. et al.,
2019

Liparis bootanensis 158,325 86,584 26,700 18,341 83 MN627759 Liu, 2020

Tainia dunnii 158,305 86,819 25,244 20,998 88 MN641754 Xie et al., 2020

Gomesa flexuosa 147,764 83,579 25,757 12,671 73 OL692830 Mo et al., 2022

Geodorum densiflorum 149,468 85,070 25,554 13,290 76 MT153204 Tang J. M.
et al., 2020

Orchidoideae Phalaenopsis aphrodite 148,964 85,957 25,732 11,543 65 AY916449 Chang et al.,
2006

(Continued)
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TABLE 1 Continued

Subfamily Taxon Total
length
(bp)

Large single
copy (LSC)

Inverted
repeat (IR)

Small single
copy (SSC)

Protein-
coding genes

Accession Reference

Phalaenopsis ‘Tiny
Star’

148,918 85,885 25,755 11,523 70 KJ944326 Kim et al., 2016

Phalaenopsis equestris 148,959 85,967 25,846 11,300 75 JF719062 Jheng et al.,
2012

Phalaenopsis wilsonii 145,096 84,688 24,787 10,834 73 MW194929 Fan et al., 2021

Ophrys aveyronensis 146,816 80,495 16,309 16,309 79 MN120441 Bertrand et al.,
2019

Phalaenopsis lowii 146,834 84,469 25,944 10,477 76 MN385684 Wang J. Y.
et al., 2019

Vanda subconcolor 149,490 85,691 25,912 11,975 74 MT180955 Liu et al., 2020

Phalaenopsis wilsoniii 145,373 84,996 24,855 10,668 76 MW218959 Xia et al., 2021

Habenaria ciliolaris 154,544 84,032 25,455 19,602 133 MN495954 Chen et al.,
2019

Satyrium nepalense
var. ciliatum

154,418 83,475 26,715 17,513 79 MN497244 Ma et al., 2019

Spiranthes sinensis 152,786 83,446 25,701 17,938 78 MK936427 Fan and
Huang, 2019

Anoectochilus
roxburghii

152,802 82,641 26,364 17,433 81 KP776980 Yu et al., 2016

Nothodoritis
zhejiangensis

143,522 83,830 24,464 10,764 74 MW646088 Yang L. et al.,
2021

Goodyera foliosa 154,008 83,248 25,045 20,670 80 MN443774 Zhou et al.,
2019

Cypripedioideae Cypripedium
macranthos

157,050 85,292 26,777 18,285 79 KF925434 Luo et al., 2014

Paphiopedilum
hirsutissimum

154,569 85,198 34,344 683 79 MN153815 Zhao et al.,
2019

Paphiopedilum
emersonii

162,590 87,852 36,934 870 81 MT648789 Tang F. L.
et al., 2020

Paphiopedilum
gratrixianum

157,292 87,252 34,106 1,828 68 MW284890 Hu et al., 2022

Paphiopedilum
barbigerum

156,329 86,056 34,214 1,845 80 MN153814 Li M. et al.,
2019

Paphiopedilum parishii 154,689 86,863 32,690 2,446 82 MW528213 Kao et al., 2021

Paphiopedilum
bellatulum

156,567 88,243 32,336 3,652 76 MN315107 Peng et al.,
2020

Paphiopedilum
spicerianum

157,292 87,252 34,106 1,828 71 MT683624 Ge et al., 2020

Apostasioideae Apostasia wallichii 156,126 83,035 26,452 20,187 79 LC199394 Niu et al.,
2017a

Apostasia ramifera 157,518 86,353 27,360 16,445 87 MT864006 Zheng et al.,
2021

Apostasia shenzhenica 153,164 86,167 27,510 11,977 75 MK370661 Li Y. et al.,
2019

Neuwiedia
singapureana

161,068 89,031 26,991 18,058 79 LC199503 Niu et al.,
2017a

Vanilloideae Cyrtosia septentrionalis 96,859 58,085 10,414 17,946 38 MH615835 Kim et al., 2019

Vanilla shenzhenica 151,537 87,487 22,439 19,172 69 MK962478 Li T. Z. et al.,
2019

Vanilla pompona 148,009 86,358 29,807 2,037 75 MF197310 Amiryousefi
et al., 2017
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Functional genomics study of orchid
development and breeding

Orchid genome sequencing initiatives and other cuttingedge

technologies, such as genome editing tools are undoubtedly

facilitating molecular genetic studies on orchid reproductive

development. The genome sequencing of the tropical epiphytic

orchid P. equestris, which provide an important resource for

beginning to explore orchid diversity and evolution at the

genome level, was a significant step forward in orchid genome

study (Cai et al., 2015). It is now possible to identify and

compare gene families that might have new functions across

the whole genome with the availability of whole genome

sequences (Lin et al., 2016; Cao et al., 2019; Chen T. C. et al.,

2020; Song et al., 2021). As most orchid plants contain both C4

metabolism and CAM, phosphoenolpyruvate carboxylase

(PEPC) plays an important role in photosynthetic

performance and CO2 efficiency. For green plants, especially

CAM plants, little is known about the evolutionary history of the

PEPC gene family. Using high-throughput sequencing and

comprehensive phylogenetic analysis, the results indicated that

CAM or C4-related PEPC may originate from the PPC-1M1

clade. The WGD event was responsible for the increment of

PEPC gene copies (Deng et al., 2016). The plant-specific YABBY

TFs regulate leaf polarity. Two DROOPING LEAF/CRABS

CLAW (DL/CRC) genes were discovered in P. equestris, where

PeDLs have demonstrated conserved function in floral meristem

and carpel development (Chen et al., 2021). Protocorm-like

bod ie s (PLBs ) a r e common ly u t i l i z ed in or ch id

micropropagation (Ren et al., 2020). According to certain

research, SHOOT MERISTEMLESS (STM)-dependent

organogenesis is required for PLB formation (Fang et al.,

2022). Overexpression of PaSTM improved the regeneration

from vegetative tissue-based explants of Phalaenopsis.

Moreover, many studies have demonstrated that MADS-box

family genes control flower formation and morphogenesis (Teo

et al., 2019). So far, a total of 51, 56, and 63 putative ones have been

noticed in P. equestris, P. aphrodite and D. catenatum, respectively

(Cai et al., 2015; Zhang et al., 2016; Chao et al., 2018). Despite

having fewer MADS-box genes than Arabidopsis (107 genes) and

rice (80 genes), orchids have more MADS-box genes involved in

floral organ production (Leseberg et al., 2006). This distinction

suggests that higher MADS-box gene diversity might be connected

with highly specific floral morphological traits in orchids (Cai et al.,

2015; Chao et al., 2018). This hypothesis is backed further by the

fact that the number of MADS-box genes differs across

Apostasioideae and the other orchid subfamilies. A. shenzhenica,

a member of the Apostasioideae subfamily, yields solanum-type

flowers with undifferentiated lips and somewhat simple gynostemia

(Chen et al., 2012).A. shenzhenica contains fewer B-class AP3-clade

and E-class MADS-box genes than Dendrobium and Phalaenopsis

(Cai et al., 2015; Zhang et al., 2016). Notably, all modern orchids
Frontiers in Plant Science 09
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have shared a WGD event, which may be related to their

diversification (Zhang et al., 2017; Yuan et al., 2018). The B-class

AP3-clade and E-class genes may have increased just after WGD in

the common ancestor of all orchids. Nevertheless, their paralogous

genes may have been eliminated in Apostasia, culminating in a

reversion to an earlier form with the plesiomorphic bloom (Zhang

et al., 2017).

In the long term, the orchid breeding paradigm has seen the

transition from conventional selection to cross-breeding, from

molecular-assisted breeding to gene editing breeding (Li et al.,

2021). Except for some self-incompatible species, the hybrid

progeny preserve the parents’ superior genetic features (Niu et al.,

2018). However, the fertility of the hybrid combination and the

genetic instability of the embryo after fertilization, the mapping of

important agronomic traits and the selection of homozygotes are

challenges (Su et al., 2019). Among them, seed germination is

closely related to hybridization efficiency. When hybrid seeds are

obtained, a proper cultivation technique is required to maintain the

population. In vitro cultivation is a common method of seed

propagation that has been used in the cultivation of numerous

orchid species (Gao et al., 2020). The major goals of in vitro

propagation are hybrid gex and a reduced breeding cycle.

Mutagenesis breeding is also broadly applied for selecting elite

crop and horticultural plant varieties. Many orchid varieties,

including Dendrobium, Phalaenopsis, Cymbidium, Oncidium, etc.,

have successfully undergone polyploid breeding by colchicine

induction (Vilcherrez-Atoche et al., 2022). The high

heterozygosity of orchids can lead to an increase in the perceived

mutation rate and result in a flurry of good mutation types.

However, unpredictable mutations can occur throughout the

genome, and those negative mutations may occur, with only

minor changes frequently achieved (Su et al., 2019). Molecular

marker-assisted breeding is fast, efficient, and independent of

environmental factors. Techniques such as AFLP, RFLP, SSR,

RAPD, etc. are regularly employed to identify trait-related

differential sequences (Poczai et al., 2013). These markers, when

combined with function annotation given by unigenes, enable the

identification of candidates with specific roles. Moreover, the

completion of large-scale chromosome-level genomes lays the

foundation for gene editing breeding and precise breeding based

on features.

Discussion

Polyploidy is the driving force behind species adaptation,

diversity, and genome evolution. Some superior orchid cultivars

are produced through chromosomal polyploidy in the domain of

horticulture (Vilcherrez-Atoche et al., 2022). Domestication and

polyploidy have a close link since polyploid plants are randomly

selected for their greater vigor, and consequently, polyploid species

are more profitable and attractive for domestication than wild ones.

The size of a genome is mostly determined by endoreplication and
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LTR retrotransposon insertion during expansion (Chumová et al.,

2021). Initially, FCM and k-mer analysis was used to calculate the

size of these genomes. Large-scale tandem duplication and

segmental duplication within the chromosome drive the

generation of new genes and species evolution (Clark and

Donoghue, 2018). In most cases, orchids underwent WGD more

than once, including a historical WGD event and a recent WGD

event shared by all orchids. There are both mycoheterotrophic and

parasitic orchids, in addition to the vast majority of ornamental

orchids. The loss and survival of symbiotic genes related to the

evolution of specific symbionts span from the ancestral arbuscular

mycorrhiza to the recent ericoid and orchid mycorrhizae (Barrett

et al., 2019; Gao et al., 2020). Fully mycoheterotrophic orchids look

very different from other orchids. This might be due to the loss of

most of their photoreceptor and auxin transporter genes. Large-

scale resequencing has been utilized to pinpoint key genes or

chromosomal regions linked with some trait characteristics.

GWAS based on GBS has sparked a lot of interest in several

orchids. Some valuable SNP markers are widely applied to

discriminate against orchid varieties (Kumagai et al., 2019).

Furthermore, a small single-copy region in the cp genome of

Paphiopedilum lost a large number of sequences, implying its

significance in adaptive evolution (Trávnıč́ek et al., 2015). In this

study, a phylogenetic tree of 58 orchid species was constructed to

investigate the relationship of cp genomes within five subfamilies.

The major sequenced species are those designated as

Epidendroideae and Orchidoideae. MADS-box transcriptional

factors are one of the most studied gene families in orchids, with

evidence that they are involved in the regulation of various

developmental processes as well as responses to environmental

stimuli (Teo et al., 2019). The biological functions of these MADS-

box proteins and the mechanisms by which they contribute to

flowering or floral organ development are detailed. The molecular

mechanisms underpinning flowering and floral development can be

exploited for both traditional orchid breeding and targeted

manipulation for desired blooming features.

Despite recent advancements in the field of orchid reproductive

development, molecular genetic studies of flowering initiation and

development continue to lag behind those in other model plants

due to a number of bottlenecks. These included the prolonged

vegetative stage, the inefficiency of established genetic

transformation systems, and available data on genome sequences

(Wang et al., 2017). Consequently, the majority of studies on orchid

reproductive development have concentrated on genes that are

homologs of other well-known genes in model plants.The

duplication of genes in the genomes of some orchids may be

beneficial for the inheritance of specific characteristics that

contribute to the adaption to various environments. Furthermore,

clarifying the inherent roles of the key genes in homologous orchid

transgenic systems is critical (Hsing et al., 2016; Zhang et al., 2017).

This technique involves the ongoing development of a few orchid-

specific technical platforms, such as in vitro tissue culture, gene

transformation, and genome editing tools (Hsiao et al., 2011; Li
Frontiers in Plant Science 10
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et al., 2022b). Many recent studies on the crop pan-genome have

successfully identified core genes, individual-specific genes, and

structural variation between many subspecies, providing new

insights into the genetic underpinning of intricate biological

characteristics (Liao et al., 2004; Li et al., 2021). A pan-genome

encompasses more genetic variation within plants than a single

reference genome. Therefore, another research hotspot of orchids

may be concentrated on pan-genome and next-generation breeding

technologies under the genetic background of different species (Tsai

et al., 2017). Together, these efforts and the ever-improving use of

multi-omics techniques to find specific molecular markers linked

with morphological changes in orchid reproductive development

will pave the way to figure out the molecular basis of specialized

orchid reproductive processes.
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SUPPLEMENTARY FIGURE 1

The phylogenetic tree of 11 orchid species with publicly available protein
sequences based on the identified single-copy genes. A. thaliana was
Frontiers in Plant Science 11
18
regarded as an outgroup. The tree was visulized by the iTOL online service
(https://itol.embl.de/).
SUPPLEMENTARY FIGURE 2

The maximum-likelihood (ML) tree of 58 Orchidaceae species based on
the chloroplast genomes. Alignments of the cp genomes were performed

using MAFFT (v7.505) based on the FFT-NS-2 method (https://mafft.cbrc.

jp/alignment/software/). The Archaeopteryx.js tool was used to display
the ML tree (https://sites.google.com/site/cmzmasek/home/

software/archaeopteryx).
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3State Key Laboratory of Subtropical Silviculture, Zhejiang A&F University, Hangzhou, China
Over the last two decades, the use of high-density SNP arrays and DNA

sequencing have allowed scientists to uncover the majority of the genotypic

space for various crops, including cotton. Genome-wide association study

(GWAS) links the dots between a phenotype and its underlying genetics across

the genomes of populations. It was first developed and applied in the field of

human disease genetics. Many areas of crop research have incorporated GWAS

in plants and considerable literature has been published in the recent decade.

Here we will provide a comprehensive review of GWAS studies in cotton crop,

which includes case studies on biotic resistance, abiotic tolerance, fiber yield

and quality traits, current status, prospects, bottlenecks of GWAS and finally,

thought-provoking question. This review will serve as a catalog of GWAS in

cotton and suggest new frontiers of the cotton crop to be studied with this

important tool.

KEYWORDS

GWAS, cotton, SNP, linkage disequilibrium, fiber
Introduction

Cotton is one of the most important cash crops, accounting for approximately 35% of

total fiber consumption worldwide. Most of the world’s cotton production comes from

upland cotton (Gossypium hirsutum), which has a wide range of adaptability and high

yield. Owing to a key component of the global textile industry, cotton fiber traits have

gained more attention of researchers as compared to other traits. Cotton is grown in

more than 30 countries as a major commercial commodity for food, feed, and renewable

fiber (Ullah et al., 2017). It has evolved through a long process of polyploidization

followed by diploidization. It is an ideal crop for studying a wide range of biological
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phenomena such as genome evolution, diversification, single-

celled biological processes, biotic and abiotic stress tolerance

(Qin and Zhu, 2011; Shan et al., 2014; Du et al., 2018).

Natural and human selection pressure generates natural

variants of crops from their wild progenitors. The decoding of

the cotton genome has provided valuable insight into the role of

natural variations and polyploidy in the improvement

of agronomic traits in the genus Gossypium (Zhang et al.,

2008). About 5–10 million years ago, the ‘A’ diploid genome

diverged from the eudicot progenitor along with the ‘D’ diploid

genome (Wendel, 1989; Wendel and Albert, 1992). A

transoceanic dispersal of an A-genome ancestor (Gossypium

arboretum L.) to the New World crossed with a D-genome

ancestor (Gossypium raimondii L.), resulting in allotetraploid

cotton around 1–2 million years ago (Wendel, 1989). This strong

evolutionary nexus between allotetraploid and diploid cotton

genomes will assist us in better understanding the role of natural

variations in association with yield, resilience to climate change,

better adaptation, neofunctionalization and subfunctionalization

of genes through the period of evolution of gene expression, as

most of the wild, diploid and tetraploid cotton species have

shared genetic functions (Wendel, 1989). Modern crop breeding

necessitates a thorough understanding of the genetic basis of the

origin, adaptation, and occurrence of natural genotypic and

phenotypic variations to develop successful target-oriented

breeding programs. The GWAS has enabled us to comprehend

all of these multiple genetic patterns mediating complex traits.

Genome-wide association study (GWAS) is an experimental

design to dissect the association of natural genetic variants and
Frontiers in Plant Science 02
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traits in samples representing a big population (Visscher et al.,

2017). GWAS traces ancient genetic crossovers, allowing

researchers to identify genetic loci underlying traits at a much

higher resolution than previously possible. This technique got

much attention and success in human genetics, coupled with

advancements in sequencing technologies. It has become a

powerful tool for identifying natural variations underlying the

complex attributes of crop plants (Gupta et al., 2014). Compared

to GWAS in humans, GWAS in crops have an advantage of a

permanent population (natural population of diverse

background or homozygous varieties) resource to be

genotyped for once, that can be phenotyped for different traits

(Atwell et al., 2010). A schematic flow of GWAS has been

illustrated in Figure 1. Figure 1A, yellow shaded area of the

map, shows major cotton-growing countries in the world;

Figure 1B shows genotyping/sequencing platform, phenotypic

diversity in cotton crop is sown in Figure 1C. GWAS, combined

with advanced phenotyping systems has made it possible to

investigate genetic diversity at the nucleotide scale precision.

Association mapping usually based on single nucleotide

polymorphisms (SNPs) markers and phenotype of interest is

used to find causative locus as shown in Figure 1C; DNA

sequencing detects SNPs in different individuals/plants,

comparing DNA sequences reveals common genome

variations. Some DNA variations (haplotypes) are more

common in certain traits. Haplotypes associated with a trait

can pinpoint its gene(s). DNA sequences closer together on a

chromosome tend to get inherited together and will often stay

together over time. A haplotype is a set of close-together DNA
A

B

D

C

E

FIGURE 1

Schematic flow of GWAS. Collection of diverse germplasm; (A) Yellow shaded area on the world map depicts key cotton-growing countries; (B)
Genotyping platform (C) Phenotypic diversity in cotton crop (D) GWAS analysis to find associated SNPs. (E) Functional validation of genes
associated with traits under study.
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variations (SNPs) on a chromosome that are inherited together.

Because they’re so close, there aren’t many crossovers or

recombination between these SNP groups. A haplotype can be

a single gene’s alleles or multiple genes’ alleles. In-between-gene

SNPs are possible too. Basically, it just means that these are

variations in the DNA that are so close together that they tend

not to recombine, and therefore tend to be passed down through

the generations together. the colored triangle shows linkage

disequilibrium LD block Figure 1D, small red triangles shows

the presence of SNPs or group of SNPs having a strong

association with other SNPs. Association analysis of the

phenotype of interest and SNPs are shown in the Manhattan

plot (to show association statistical significance –log10 P-value)

Figure 1D. GWAS relies on linkage disequilibrium (LD) between

markers and functional variations of causative genes. The

probability of gametic-phase separation of two closely located

loci by recombination is relatively less often than the loci located

apart from each other. This nonrandom association or linkage of

two loci is known as LD. SNPs near the causative loci can be in

high association with the functional variation and thus

associated with the phenotype under study. GWAS identify

these associations and genomic regions containing these

significant SNPs and the implicated genes. One of the

interesting aspects of GWAS is the identification of pleiotropic

genes (the genes controlling more than one trait at a time). There

are several types of pleiotropy, however GWAS studies report

pleiotropy regardless of the specific type. Identification of large

effect pleiotropic regions can assist in modification the

modification of multiple traits with less effort and resources.

However, functional validation of associated genomic regions

SNPs/genes is necessary for the fruitful utilization of GWAS

results; for that purpose, virus-induced gene silencing VIGS or

the most advanced and precise genome editing CRISPR/Cas

technique can be used, Figure 1E.

A genome-wide association study’s success and robustness

lies in four sound bases: Genetic diversity, trait acquisition

veracity, marker density, and statistical methodologies. GWAS

has now been successfully applied in several crops, and a

considerable number of studies have also been conducted on

the cotton crop (Rice et al., 2020; Li et al., 2021b; Li et al., 2021c;

Somegowda et al., 2021; Zhang et al., 2021; Zhong et al., 2021).

In this review, we aim to provide an overview of GWAS in

cotton, the success of GWAS, shortcomings, future perspectives,

and finally, thought-provoking questions.
GWAS in cotton

GWAS, also known as linkage disequilibrium (LD) mapping,

uses the phenotypic and genotypic variations within a species to

identify the genetic underpinnings of the traits of interest.

Figure 2 provides an overview of the year-wise number of

GWAS publications on the cotton crop.
Frontiers in Plant Science 03
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GWAS comes up with an opportunity to investigate the

relationship between natural variations and major agronomic

attributes of the cotton crop. Researchers have focused mainly

on fiber, yield and abiotic stress in cotton crop, as shown in

Figure 3A, however many other important aspects such as plant

architecture, oil content, colored cotton, diversification,

adaptation, insect pest resistance, viral disease tolerance and

weed stress tolerance still need considerable attention, as shown

in the lower portion of Figure 3A. Till now, 82 GWAS studies

have been reported in cotton crop comprising 72 studies in

hirsutum, 8 in arboreum and 2 in barbadense. GWAS studies for

different traits in different species have been shown in Figure 3B.

In the next section, we will discuss important GWAS studies

conducted on different aspects of the cotton crop.
Fiber quality traits (FQTs)

Cotton is an important industrial crop because of its natural

spinnable fiber used in the textile industry. Diverse interspecific

variations of fiber quality traits (FQTs) particularly fiber length

trait (fuzless to extra-long fiber), depicts the genetic complexity

of this trait. Low FQTs lowers the market value of cotton lint.

Considerable research and breeding efforts have been expended

on identifying and utilizing allelic variance that contribute to

FQTs improvement. The development of cotton varieties with

improved FQTs is highly desirable. More than 30 GWAS studies

have been conducted on FQTs till now. Ma et al. (2018)

resequenced a core collection of 419 genotypes of a natural

population for 13 fiber traits in 12 diverse environments and

evaluated for genomic variations with 3.96 million SNPs. 7383

SNPs depicted association with fiber traits, elucidating sufficient

genomic variation present in the population under study. Single

nucleotide polymorphisms (SNPs) associated with fiber traits

were more prevalent than any other trait. Association of more

number of SNPs with fiber traits than any other traits shows that

genes involved in fiber traits improvement were under positive

selection pressure. Consequently, positive selection pressure

increased the proportion of fiber quality attributes. The

identification of association of several important genes like

Gh_D03G0728 coding for COP1 interactive protein CIP1

regulating the flowering time, GhUCE involved in fiber

initiation, GhFL2 a pleiotropic gene-regulating both fiber

length and strength and some previously unreported genes

associated with fiber length and other FQTs presents an

excellent example of the power of GWAS. Most SNPs were

found on the D subgenome. COP1 in Arabidopsis is involved in

mediating light-dependent growth and development of floral

organs. The function of COP1 (designated as GhCIP1) in

G.hirutum was unknown, so GWAS was found useful tool to

identify genes with previously unknown function. The results of

Virus-induced gene silencing (VIGS) for functional validation of

Gh_D03G0728 containing different haplotype non-synonymous
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SNPs further corroborated the GWAS results. Silenced plants

(plants with silenced gene under study) had not produced any

flowering or squares; however, non-silenced (non-VIGS or CK)

plants produced three fruiting branches having squares at the

same growth stage, this functional analysis validated the exact

effect of gene associated with flowering, suggesting it to be a key

lead gene regulating flower development. A team of researchers

conducted GWAS study and examined 196 cotton accessions

with 41,815 SNPs. Two different GWAS models, a single-locus

model [MLM (Q+K)] and five multi-locus models, were

employed in six different environments for five fiber-related

traits. Both the models commonly found 40 SNPs, 38

quantitative trait loci QTLs and 89 candidate genes for fiber

traits. Moreover, 13 QTLs and 5 putative genes were reported
Frontiers in Plant Science 04
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with probable pleiotropic effects (Yuan et al., 2019). Single locus

GWAS model and multi locus GWAS models have their own

uses and limitations, in single locus model a key concern is the

high false positive rate especially in large field experiments. To

reduce false positive rate, Bonferroni correction is frequently

applied in the single-locus methods which results in many

important loci associated with the target traits being

eliminated because they do not satisfy the stringent criterion

of the significance test. However multi-locus models do not

require Boneferroni correction thus more marker-trait

associations are identified (Li et al., 2018a). Concurrent

application of different GWAS models in cotton crop reveal

the suitability of GWAS in cotton crop to decipher natural

variants associated with complex traits.
FIGURE 2

An increasing number of GWAS publications from 2009-22. Each opened boll represents one publication, specific color depicts publications of
a specific year.
A B

FIGURE 3

(A) This figure illustrates the GWAS conducted for different aspects of cotton, the bottom part shows less studied traits of cotton crop with
GWAS tool; (B) This illustration shows total number of GWAS studies in all Gossypium species till now and node ends show total number of
studies on a particular trait in different Gossypium species.
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Most of the studies have reported an inverse relation

between FQTs and the final yield of cotton. However, an

increase in lint percentage is directly proportional to cotton

yield. Gh_D05G0313 lycopene cyclase family gene, located on

chromosome D05 coding for phytoene synthase (a key regulator

enzyme in the biosynthesis of carotenoids), was found to be

associated with lint percentage (Song et al., 2019). The same gene

has been well characterized and reported to be involved in

enhanced provitamin A production in cottonseed oil (Yao

et al., 2018). Fine mapping of genomic region containing SNP

associated with lint percentage and oil content can assist in

breeding cotton varieties with enhanced oil content and lint

percentage. Utilization of genomic regions containing

pleiotropic genes can be a cost effective method to foster

breeding programs. In addition, another gene, Gh_D05G1124,

Probable protein phosphatase 2C 21, has been found to be

associated with lint percentage. Moreover, GWAS deciphered

23 SNPs, and 15 QTLs with a strong lint percentage association

in a panel of 276 cotton accessions genotyped with Cotton60k

SNP array. Most of the loci were located on the Dt subgenome

than At subgenome (Song et al., 2019). It can be inferred that

GWAS can provide complementary evidence about the

pleiotropic effect of genes interaction.

Two different studies conducted byWang et al. (2021) and Su

et al. (2019) scoured FQTs and lint percentage using restriction

site-associated DNA sequencing (Rad-seq) and specific locus

amplified fragment sequencing (SLAF-seq) in 316 and 160

accessions of cotton, respectively. As a result of GWAS

findings, 231 SNPs were associated with Fiber and yield-related

traits in 27 genomic regions. Interestingly four genomic regions

held favorable pleiotropic loci and 6 genes, D11 chromosome was

found to be having most of the loci related to FQTs. Su et al.

(2019) applied one single locus and six multi-locus GWAS

models in four different environments. It was found that 4 and

45 quantitative traits nucleotides (QTNs) were associated with

lint percentage in single-locus model SLM-GWAS and multi-

locus model MLM-GWAS, respectively. Half of the identified

QTNs were located on the D genome. Although several SNPs

have been identified using different GWAS models, however the

dire need is to validate genomic regions/genes containing highly

associated SNPs as we know that GWAS only reports associated

SNPs not causal SNPs, so we further need to confirm associated

SNPs to declare them as the causal SNPs.

Cotton fibers are single celled highly thickened epidermal

cell extensions of cotton seeds that make it a suitable model to

understand single cell processes. Hence, FQTs are the most

important and interesting area of research in the cotton crop, as

fiber traits depend on the primary cell wall differentiation

followed by pure cellulose synthesis during secondary cell wall

thickening/maturation. In this section we have seen that most of

the significant SNPs and candidate QTLs related to FQTs were

located on the D subgenome. Later we will discuss the possible
Frontiers in Plant Science 05
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reasons for this feature. In this section, it has also been observed

that D subgenome have more SNPs associated with FQTs than A

subgenome. This finding suggest that D subgenome holds the

promise of providing more useful knowledge to understand

genetic patterns mediating FQTs.

None of the studies described above have employed large

scale germplasm > 1000 accessions for the exploration of genetic

diversity to connect with breeding programs. It has been

proposed that GenBank genomics can serve as a link between

genetic diversity and breeding in agricultural crops. Recent

studies in different crops such as rice, wheat and watermelon

have utilized large scale germplasm >1000 accessions to find

complete set of novel variation, role of introgression in shaping

adaptability and candidate genes for important traits respectively

(Wang et al., 2018; He et al., 2019; Zhao et al., 2019). To bridge

the gap of Genbank genomics study in cotton He et al. (2021)

explored 3248 tetraploid cotton accessions genomes to decipher

the genomic basis of geographic differentiation and fiber

improvement. The genomes of 2500 cultivars were compared

with their most probable exotic donors to find introgression

events. The most introgressed fragments were found in

G.barbadense widely distributed on all the chromosomes.

Chromosome A09 was enriched with introgressed fragments

in case of G.arboreum. Diploid specie G. thurberi contained

highest introgressed fragments on D08 chromosome. Two large

effect pleiotropic alleles FL3 and FS2 associated with fiber length

and fiber strength overlapped with 61.8-62.2 Mb introgressed

region of A09 chromosome named GaIR_A09 in G. arboreum.

The accessions carrying GaIR_A09 showed significantly

improved fiber length and strength than those lacking this

fragment. GaIR A09 may be unique candidate locus

introgressed from G. arboreum responsible for fiber quality in

contemporary cultivars.

As described above, GWAS conducted by Ma et al. (2018)

has provided reliable information about genes mediating

flowering and fruiting branches. Gene expression was not only

confirmed with RNA expression data but also functionally

validated with virus induced gene silencing method. The

association information in this study provides an opportunity

to select potential genotypes/cultivars with exact haplotype that

can be inducted in breeding program for improved fiber quality

cultivars. Moreover, these findings suggest hotspots for

molecular selection and genetic manipulation in cotton fiber

quality improvement breeding programs. The identification of

pleiotropic genes with GWAS further diversifies its application

in a broader spectrum.

Cotton breeding programs depend on predefined breeding

objectives, and the textile industry needs fine fiber, whereas

farmers’ desire is to get high-yielding varieties. However, most of

the FQTs are negatively associated with fiber yield traits. Here we

will see the genetic variations underpinning the yield attributes

that will help design cotton breeding programs better.
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Fiber yield traits
Due to its superior yield and adaptability, Gossypium

hirsutum L. outperforms other cultivated species of cotton in

lint production and meets more than 95% of total fiber demand

(Chen et al., 2007). Cotton breeders have long sought to contrive

high-yielding cultivars. Cotton yield improvement is hampered

by a narrow genetic background and conventional breeding

practices (Zhang et al., 2008). Investigation and pyramiding

the elite quantitative trait loci (QTLs)/genes related to yield

components for molecular breeding to boost cotton output is

crucial. Molecular markers and biparental linkage mapping

analysis have found many QTLs for cotton yield-related traits

(Shen et al., 2007; Liu et al., 2012). However, due to the restricted

number of markers and the huge QTL regions, it isn’t easy to

utilize QTLs with marker-assisted breeding. An unprecedented

advancement in sequencing technologies and statistical

techniques have made it possible to exploit genomic variations

at single nucleotide level. GWAS have emerged as an important

tool to utilize the genomic variations to explore the genetic

underpinnings of cotton yield traits employing SNPs. In the

previous decade, assembly, sequencing and fine mapping of the

cotton genome have accelerated the pace of gene mapping for

key traits of cotton improvement (Li et al., 2015; Liu et al., 2015;

Zhang et al., 2015; Hu et al., 2019; Wang et al., 2019). GWAS has

utilized reference genome to identify several SNPs and candidate

genes related to cotton yield (Fang et al., 2017; Wang et al., 2017;

Ma et al., 2018; Song et al., 2019).

Genotypic data comprising more than 56 thousand SNPs

explored the genetic factors associated with yield- traits in a

population of 242 cotton cultivars (Zhu et al., 2021). GWAS

identified 560 QTNs associated with yield traits in multiple

locations. In total, 95 stable QTLs (sQTLs) (spanning two or

more environments) with 12,23,45 and 33 QTLs associated with

boll numbers (BN), boll weight (BW), lint percentage (LP) and

seed index (SI) were found respectively. Identification of several

sQTLs across broad range of agrometeorological environments

and multiple years are considered important for breeders to

utilize in marker assisted selection. One of the proposed

mechanisms of TPR in cotton fiber development is that it

forms a complex with actins to control fiber growth. Zhu et al.

(2021) studied 242 cotton accessions in 13 different locations

and reported 92 high-quality QTLs associated with four fiber

yield-related traits, including 12 sQTLs and an important gene,

Gh_A07G1389, controlling short fiber development in the stable

QTL19 region encoding a tetratricopeptide repeat (TPR)-like

superfamily protein (Zhu et al., 2021). Understanding how fiber

cell elongates using a fiber mutant has been a fascinating subject

of investigation (Hinchliffe et al., 2011; Ding et al., 2014; Gilbert

et al., 2014). A separate study conducted by Fang et al. (2020)

found a mutation induced in tetratricopeptide repeat (TPR)-like

protein gene causing the short fiber phenotype in cotton. So we
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can infer that the results of GWAS study were in compliance

with the study based on functional validation of gene coding

same protein as found in GWAS. Pentatricopeptide repeat gene

PPR similar to TPR gene has been well characterized in cotton

fiber development (Thyssen et al., 2016). The amino acid

composition and structure of Pentatricopeptide proteins are

similar to those of tetratricopeptide repeat proteins. Few

studies have been reported on the role of TPR gene in fiber

development, however GWAS have reported association of TPR

gene with fiber development.

A separate study explored 719 accessions of cotton

genotyped with an SNP63K array with 63,058 SNPs. 62 SNP

loci located mostly on D subgenome were associated with

different fiber traits. Furthermore, two pleiotropic genes

(Gh_D03G1064 and Gh_D12G2354) that increased lint yield

were also identified (Sun et al., 2018b). The protein coding

gene Gh D03G1064 encodes the FRIGIDA protein; a

developmental protein in terms of molecular function, whereas

differentiation and flowering protein in terms of biological

process, involved in the regulation of flowering time in the

late-flowering phenotype. It contributes to the enrichment of a

WDR5A-containing COMPASS-like complex at the

‘FLOWERING LOCUS C’ that trimethylates histone H3 ‘Lys-

4,’ resulting in FLC up-regulation and increased RNA levels

(Jiang et al., 2009). A GWAS has successfully elucidated the role

of two ethylene-pathway-related genes linked to higher lint yield

and have a pleiotropic relationship with two fiber characteristics,

LP and NB at A02:79153947 and D08:3040023 association

signals, respectively (GhLYI-A02 and GhLYI-D08). One non-

synonymous SNP significantly associated with a trait of interest

located in the gene Gh_A02G1392, a homolog of the AP2/

ETHYLENE RESPONSE FACTOR (ERF)-type transcription-

factor-encoding gene AINTEGUMENTA-like 6 (AIL6) in

Arabidopsis. Comparative RNA-seq and (qRT-PCR) data

showed high expression of this gene during seed development

from 20 to 25 days post-anthesis, more than tenfold higher in

TM-1 (lower lint percentage and number of bolls per plant) than

in the corresponding Chinese improved cultivar ZMS12, which

has a higher lint percentage and increased number of bolls per

plant, in developing ovules at 10 and 20 DPA. The orthologous

gene AIL6 has a major role in shoot and flower meristem

maintenance, flower initiation, organ size and floral organ

identity, and cell proliferation in Arabidopsis. It has been

reported that ethylene insensitive 3 like protein (EIL) serves as

a key downstream regulator, EIN3, in the ethylene-initiated

signaling network and binds to the promoters of ERF genes

such as AIL6, stimulating their transcription in an ethylene-

dependent manner. When a plant responds to both biotic and

abiotic challenges, ethylene is a key phytohormone for

orchestrating the integration of environmental signals into a

specific phenotype (Dubois et al., 2018). However, ethylene also

participates in cotton fiber development (Shi et al., 2006; Li et al.,

2007; Qin et al., 2007). Higher accumulation of 3 transcripts of
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ethylene biosynthesis gene at fiber elongation stage, enhanced

fiber elongation by exogenous application of ethylene,

elimination of fiber elongation inhibition caused by 2-chloro-

N-[ethoxymethyl]-N-[2-ethyl-6-methyl-phenyl]-acetamide

(Qin et al., 2007), with ethylene elaborates the key role of

ethylene in cotton fiber development. These findings imply

that the equivalent multiple-functionality alleles linked to the

ethylene pathway were rigorously selected during breeding of

higher lint percentage (Fang et al., 2017).

A recent GWAS of 103 cotton accessions (breeding lines,

released and obsolete cultivars) across three seasons identified

the associations of SNPs to a wide range of cotton yield

components, including fiber quality, plant architecture, and

stomatal conductance. Out of 63,058 markers, only 28,480

SNP markers > 5% MAF were used for GWAS. For fiber

length and micronaire, MLM revealed 17 and 50 significant

SNP associations, respectively (Gapare et al., 2017). The possible

reasons for less number of associated SNPs suitable for GWAS

analysis in this study could be less DNA polymorphism or low

resolution provided by Chip-seq in cotton population under

study, because the chip seq platform is limited to detect only

those SNPs which are exclusively present on the chip. Few SNPs

associated with multiple traits revealed that GWAS was actually

unable to find rare variants, genetic interactions and genetic

variance heterogeneity. GWAS detects common variants in a

germplasm collection but has limited power to detect rare

variants. Plant breeders are sometimes interested in finding

rare variants. A possible solution for such germplasm

populations with less genetic diversity is to use whole-genome

selection (WGS) prediction instead of GWAS. WGS forecasts

the performance of new quantitative trait candidates by

combining hundreds or thousands of SNP markers with prior

phenotypic data.

Another GWAS of 231 recombinant inbred lines RILs

genotyped with 122 SSR and 4,729 SNP markers in nine

locations was conducted for fiber and yield quality

characteristics. The cottonSNP80K array platform, having

77,774 SNPs, was used for genotyping. There were 134 QTLs

for fiber traits and 122 QTLs for yield parameters; 57 of these

QTLs were sQTLs. Four multi-locus GWAS models identified a

total of 209 and 139 (QTNs) linked with fiber yield components,

respectively. A total of 51, 50, and 38 QTNs were found to be

linked with BW, LP, and SI, respectively, with 82, 83, and 65

candidate genes. KEGG analysis revealed two yield-related

candidate genes involved in six pathways. The putative genes

found in 57 sQTLs were matched to those found in QTN, 35

common candidate genes were reported with four possibly

pleiotropic genes (Liu et al., 2018). Yield can either be

increased by improving complementary factors involved in lint

production or by decreasing the effect of limiting factors like

biotic and abiotic stresses. GWAS application in multiple

seasons and locations have provided several clues about

candidate SNPs and genes involved in yield improvement.
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Identification of TPR gene associated with fiber yield traits

using GWAS and functional validation of TPR transgene of

Arabidopsis in G. hirsutum in a different study confirms the

results of GWAS. So, this study supported by previous studies

of molecular characterization of TPR gene, suggests the

application of GWAS for the prioritization of candidate

genes to develop transgenic plants with increased fiber yield.

Previous studies have generally described the role of ethylene

in abiotic stress tolerance; however Fang et al. (2017)

deciphered the role of ethylene phytohormone in fiber

elongation using the GWAS tool. This study promises to

utilize a single gene involved in a cascade of biological

pathways to develop abiotic stress tolerant genotypes with

long fiber characteristics. The need of the hour is to do

functional validation of the potential candidate genes

identified with GWAS and field evaluation of the germplasm

containing causal/associated SNPs/genes.
Biotic and abiotic stresses

Plants have evolved intricate molecular pathways to cope

with biotic and abiotic stresses. The dynamic climatic conditions

have led to exceptional weather patterns resulting in augmented

crop losses. Similarly, disease dissemination of pathogens in an

era of increased international commerce has resulted in

pathogen introduction and adaption to new places, resulting in

recurrent outbreaks. A deep apprehension of the molecular

processes underpinning plant stress responses to generate

climate-smart crop varieties is becoming increasingly

important (Prasad et al., 2021). Environmental stresses can be

categorized into biotic and abiotic stresses. GWAS has provided

a tremendous opportunity to explore the complex genetic

patterns and genes involved in stress tolerance biological

pathways. Here we will elucidate some studies that describe

the application of GWAS to decipher the molecular mechanism

of biotic and abiotic stress resilience in cotton crops.

Verticillium wilt is a plant disease caused by a soil-borne

fungus, Verticillium dahliae. It is a severe disease in cotton (Sink

and Grey, 1999; Klosterman et al., 2009). V. dahliae outbreaks in

cotton have become more common in China, the disease is

prevalent on nearly all cotton acreage, resulting in massive

economic losses every year (Mo et al., 2016). To identify

potential loci implicated in wilt resistance, GWAS in 215

Chinese Gossypium arboreum accessions inoculated at seedling

stage with V. dahliae have traced 309 loci significantly associated

with Verticillium wilt resistance with the strongest signal Ca3 in

a 74 kb haplotype block. CG05, designated as GaGSTF9, was

located close to the most significant SNP Ca3 23037225 (14 kb);

this gene has been more responsive when treated with

verticillium dahilae and salicylic acid (SA). Therefore, it was

inferred that CG05 might respond to invasion by V. dahliae via

an SA-related signaling pathway. GaGSTF9 was found to be a
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positive regulator of Verticillium wilt through the use of (VIGS)

and overexpression in Arabidopsis. Genes identified in GWAS

studies followed by functional validation provides robust and

valid results in terms of molecular markers that can be utilized in

the development of genetically modified plants with

improved characteristics.

Moreover, the Arabidopsis mutant gstf9 of (GST) was more

susceptible to Verticillium wilt than wild-type plants. The

endogenous SA and H2O2 expressed a significant effect on

Arabidopsis that overexpressed GaGSTF9, depicting that GST

may regulate reactive oxygen species (ROS) content via catalytic

reduction of the (GSH), subsequently affecting SA content. Plant

glutathione S-transferase (GSTs) genes have been classified into

several classes, including dehydroascorbate reductase (DHAR),

metaxin, phi, tau, zeta, theta, iota, lambda, and others. In cotton,

few types of glutathione S-transferase GSTs have been identified.

These findings elucidate the success of GWAS in identifying

GaGSTF9 gene, a key regulator mediating cotton responses to V.

dahliae and a potential candidate gene for cotton genetic

improvement (Gong et al., 2018).

Verticillium wilt foliar disease severity ratings (DSR)

indexed, multi-parent advanced generation inter-cross

(MAGIC) population of 550 recombinant inbred lines (RILs)

coupled with 11 upland cotton parents with a total of 473,516

polymorphic SNP markers used to identify chromosomal

regions for VW resistance, GWAS identified three QTLs on

chromosome A01, D02 and D08 in common and three QTL

clusters detected on chromosome A01, A13, and D01. Potential

candidate genes for VW resistances were found in a narrow

region of three common resistance QTLs (Zhang et al., 2020).

Identification of common QTLs on different chromosomes link

certain complex phenotypes to specific regions of chromosomes.

Common QTL regions associated with particular trait of interest

can be skewed towards fewer QTLs with major effects (Hayes

and Goddard, 2001).

A combined study of GWAS, QTL-seq and transcriptomic

analysis showed the role of the flavonoid biosynthesis pathway

in VW resistance in cotton crop. Gene Ghir_A01G022140

encodes a pyridoxal 5′-phosphate synthase subunit PDX1

involved in vitamin B6 biosynthesis, which is important for

disease resistance in tomato and Arabidopsis thaliana (Zhao

et al., 2021b). A comparative study of Combined results of

GWAS, QTL-seq and transcriptome sequencing detected basal

defense-related genes showing gDNA sequence and expression

variation in VW tolerant and sensitive cotton lines, which might

be the molecular mechanisms of VW resistance in G. hirsutum.

Vitamin B6 is an assembly of six vitamers: pyridoxine (PN),

pyridoxal (PL), pyridoxamine (PM), and their phosphorylated

derivatives. The de novo biosynthesis of VB6 vitamers requires

two highly conserved pyridoxal protein families (PDX1 and

PDX2) in plants. Vitamin B6 has a crucial role in stress

responses as it is involved in pathways of starch metabolism,

glucosinolate biosynthesis, ethylene and auxin biosynthesis
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(Mooney and Hellmann, 2010). In previous studies, plants

with complete PDX knockouts have depicted increased

sensitivity with B6 reduction to high levels of salt, sucrose,

mannose, polyethylene glycol (PEG), UV and different diseases

(Titiz et al., 2006). In contrast, transgenic plants with

overexpression of PDX showed higher tolerance to different

biotic and abiotic stresses, which corroborates the role of B6 in

plant’s defense systems (Raschke et al., 2011). These findings

depict that multilayered (GWAS, QTL, transcriptomic)

identification of genes for traits under study provides more

robust results.

G.hir_A01G022110, a negative-regulated gene coding for 2-

oxoglutarate-dependent dioxygenase involved in the flavonoid

biosynthesis pathway, has been linked to VW resistance by the

enrichment of flavonoids in a spontaneous cotton mutant with

red coloration, which results in a significant increase in

resistance to Verticillium dahliae, these findings, supported by

metabolomics studies, revealed the success of GWAS in figuring

out the multifaceted genetic pattern of disease resistance

mechanism in cotton crop.

Cotton is an evergreen perennial crop attracting numerous

insect pests. Insect pests cause great damage by attacking leaves,

bolls and consequently causing reduction in yield. Only a few

GWAS studies have been done to find genetic association for

insect resistance mechanisms in cotton crop. Evaluation of an

association mapping panel of 376 Upland cotton accessions

identified quantitative trait loci (QTL) for Thrips resistance in

two replicated tests. Based on a GWAS using 26,301

polymorphic SNPs Eight QTL were identified for Thrips

resistance on five chromosomes, with most SNPs on the D

subgenome (A09, D01, D02, D03 and D11) (Abdelraheem

et al., 2021a). Exclusive presence of several QTLs on D

genome is an indication of persistence of genomic regions on

D genome over the course of selection and evolution of cotton

crop. These genomic regions can help us to trace out signatures

of selection for Thrips resistance in cotton crop.

Bacterial blight (BB), caused by Xanthomonas citri pv.

malvacearum (Xcm) is a destructive disease of cotton crop in

many countries. Breeding BB-resistant cotton cultivars is the

most effective strategy for controlling this disease. A current

study of GWAS in 335 cotton accessions has been reported.

GWAS, based on 26,301 polymorphic (SNP) markers, detected

11 QTLs associated with 79 SNPs, including three QTLs located

on each of the three chromosomes, A01, A05 and D02, and one

QTL on each of D08 and D10. Once again, these results found

more associated SNPs on the D subgenome. Several studies

concurrent findings of genomic regions associated with multiple

traits on D genome offer some clues to focus on genomic

hotspots associated with several traits. These results will assist

in breeding cotton for BB resistance and facilitate further

genomic studies in fine-mapping resistance genes to enhance

the understanding of the genetic basis of BB resistance in cotton

(Elassbli et al., 2021).
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Previous studies of abiotic stress have not dealt

simultaneously with the genetics and genomics of drought and

salt tolerance (DT, ST). A MAGIC population of 550 RILs and

their 11 Upland cotton parents used 473,516 SNPs to pinpoint

QTLs for (DT) and (ST) at the seedling stage. Transgressive

segregation in the MAGIC-RILs indicated tolerant and sensitive

alleles recombination during the crossing-over process for the

population development. A total of 20 QTL were detected for

DT, including 13 and 7 QTL related to plant height (PH) and dry

shoot weight (DSW), respectively, whereas 23 QTL were

detected for ST, including 12 and 11 QTL for PH and DSW,

respectively. Four QTLs were reported on chromosome A13,

three QTLs on A01 for DT, four QTLs on D08 and three QTLs

on A11 for ST. Nine QTL were shared by DT and ST, showing

possible implication that the two stresses have a common genetic

base. Salt and drought stress-responsive 53 candidate genes were

identified. However, these findings need further validation with

functional analysis of putative candidate genes. The QTL

discovered for both DT and ST have significantly increased the

number of QTL for abiotic stress tolerance that can be used for

marker-assisted selection (MAS) to develop DT, ST cultivars and

further genomic studies to identify drought and salt responsive

genes in cotton (Abdelraheem et al., 2021b). Common SNPs

identified with GWAS for drought and salt stress tolerance

provide time and cost effective opportunity to focus on

common QTLs for breeding drought and salt-tolerant

cultivars simultaneously.

319 upland cotton accessions genotyped by more than 55

thousand (SNPs) for nine traits related to drought tolerance,

using two datasets to identify QTNs with multi-locus random-

SNP-effect MLM (mrMLM) reported a total of 20 QTNs

distributed on 16 chromosomes. A compendium of 205 genes

was induced after drought stress, combined results of (GWAS),

RNA-seq and qRT-PCR verification, proposed four genes to be

potential candidate genes for drought tolerance, RD2 encoding

response to desiccation 2 protein, HAT22 encoding a

homeobox-leucine zipper protein, PIP2 encoding a plasma

membrane intrinsic protein 2, and PP2C encoding a protein

phosphatase 2C. PP2C is an important regulator of stress signal

transduction pathway and is an excellent candidate gene to

decipher complex stress tolerance traits (Schweighofer et al.,

2004; Hussain et al., 2021). Silencing of GhPIP2;7 gene in

Gossypium hirsutum has shown decreased chlorophyll content,

superoxide dismutase (SOD) and peroxidase activity, it depicts

positive regulatory role of PIP2;7 in cotton under salt stress (Guo

et al., 2022). Zheng et al. (2021a) reported cloning of PIP2 gene

from Canavalia rosea and overexpression in A.thaliana

increased the recovery and survival rate under elevated

drought and salt stresses. The most surprising aspect of the

study was PIP2 mode of action in drought and salt stress

tolerance by mediating water homeostasis instead of reactive

oxygen species (ROS) transporter. This shows that GWAS

findings are in compliance with functional studies of the same
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genes in model plants and cotton plants. These results will

contribute to a better knowledge of the genetic basis of

drought stress tolerance in cotton and prospective markers for

breeding drought-tolerant cotton cultivars (Hou et al., 2018).

Previous studies have not utilized advanced image-based

automatic phenotyping platforms to bridge the gap between

phenotypes and genotypes with the GWAS tool. A team of

researchers has recently utilized an auto-phenotyping platform

to examine 119 digital traits to decipher genes regulating

drought stress tolerance in a population of 200 upland cotton

accessions at the seedling stage. The phenomics data identified

390 genetic loci by GWAS using 56 morphological and 63

texture i-traits. Some digital traits identified drought-

responsive genes, including GhRD2, GhNAC4, GhHAT22 and

GhDREB2. Moreover, potential candidate genes Gh_A04G0377

and Gh_ A04G0378 were negative regulators of cotton drought

response. Comparative analysis of phenomics, GWAS and

transcriptomic data provides an exceptional resource to

characterize key genetic loci with an unprecedented

resolution that can predict future genome-based breeding for

improved drought tolerance in cotton (Li et al., 2020). It is of

great interest that two different GWAS studies on same traits

found RD2 and HAT22 as common genes involved in drought

stress tolerance as mentioned above. Together these results

provide important insights into drought stress tolerance

mechanism. Advanced phenotyping platforms utilizing

artificial intelligence-based image analysis are potential future

resources for precise and accurate phenotyping. Although

phenotyping is as important as genotyping yet, most of the

time, researchers give more importance to genotyping

accuracy. This study is a classic example of utilizing cutting-

edge technologies for both genotyping and phenotyping

coupled with GWAS.

A population of 316 upland cotton accessions studied with

GWAS using GLM and a factored spectrally transformed LMM.

A total of eight, three, and six SNPs were linked to the euphylla

withering score (EWS), cotyledon wilting score (CWS), and leaf

temperature (LT), respectively. Interestingly, combined results

of GWAS and RNA seq depicted that DEGs WRKY70,

GhCIPK6, SnRK2.6, and NET1A induced by drought stress

were found in the candidate region, regulating ABA, the

mitogen-activated protein kinase (MAPK) signaling and the

calcium transduction pathways (Li et al., 2019). RNA seq

analysis further corroborated these findings by elucidating

differential expression of these genes under normal and

drought conditions; moreover, the expression of these genes

was found to be induced by the drought stress.

Soil salinity is a serious threat affecting more than 800

million hectares of arable land worldwide. Plant growth and

development is significantly hindered under salt stress. GWAS

has been successfully utilized to identify SNPs/genes associated

with salt stress tolerance mechanisms. A GWAS in 217 cotton

accessions for salt tolerance related (ST) traits at the seedling
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stage performed on 2 years of phenotypic data and more than 50

thousand SNPs identified 27 SNPs scattered over 12

chromosomes associated with three ST traits. Among these,

the associations on chromosomes A13 and D08 for relative

PH, A07 for relative shoot fresh matter weight (RSFW), A08 and

A13 for relative shoot dry matter weight (RSDW) were stable

SNPs, indicating that they were likely to be sQTLs. A total of 12

salt-induced candidate genes were identified by GWAS and

transcriptome analysis (Xu et al., 2021).

A genome-wide association conducted in a core collection of

419 accessions of cotton representing a vast genetic background,

subjected to GWAS for various agronomic traits. Phenotypic

variations depicted significant variation between salt-sensitive

and tolerant accessions. 17264 significantly associated SNPs were

found distributed on multiple chromosomes. Twenty potential

candidate genes discovered around SNPs A10_95330133 and

D10_61258588, linked to relative water content under 150mM

NaCl salt stress (RWC_150) and leaf fresh weight (FW_150). Fine

mapping of these important genomic region can unveil candidate

genes for functional validation. Differential expression of

candidate genes under normal and drought stress conditions

revealed the involvement of the genes in the salinity tolerance

mechanism. Further study on the functional validation of

candidate genes development of transgenic lines can provide

useful knowledge about the genetic control of salt tolerance at the

seedling stage (Yasir et al., 2019).

Zhu et al. (2020) examined three major components of lint

yield across 316 G. hirsutum accessions over two years under

four salt conditions. GWAS analysis reported 57,413 SNPs above

P-value threshold. A total of 42, 91 and 25 sQTLs were

associated with single boll weight SBW, lint percentage LP,

and number of bolls per plant NBPP, respectively. Eight

sQTLs discovered concurrently in four different salt

environments in the case of LP, whereas SBW and BNPP had

fewer sQTLs. According to gene ontology (GO) analysis, their

regulatory mechanisms were also quite different. The

transcriptomic analysis defined 8 genes associated with LP

under salt stress; Haplotype analysis showed an MYB gene

GhMYB103 with two SNP variants in cis-regulatory and

coding areas substantially linked with LP. Moreover, 40

candidate genes from NBPP QTLs were salt stress-responsive

(Zhu et al., 2020).

Here we describe another GWAS study in which a high-

throughput CottonSNP80K array was used to identify

genotyping in various cotton accessions. 77,774 SNP loci were

synthesized on the array. In 288 G. hirsutum accessions for

GWAS, more than 54 thousand SNPs (MAFs >0.05) related to

10 salt stress attributes were found, with eight significant SNPs

connected with three salt stress variables. Two loci on D5 were

significantly associated with chlorophyll content, one on A2 and

four on D9 were significantly associated with melondialdehyde

content, and one on A12 significantly associated with
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germination rate (Cai et al., 2017). Similarly, in another study,

two ST characteristics were assessed in a population of 713

upland cotton seedlings. Infinium CottonSNP63K array

discovered marker-trait relationships under salt stress. Across

seven chromosomes, A01, A10, D02, D08, D09, D10, and D11,

23 SNPs were linked with a relative survival rate of seedlings and

salt tolerance level. The D subgenome had most of the candidate

genes. The D09 SNPs i46598Gh and i47388Gh were linked to

both traits. 280 potential genes showed differential expression

under salt stress. Many of these genes have been implicated in

salt tolerance in plants via transcription factors, transporters,

and enzymes. The differential expression of six candidate genes

in salt-tolerant and sensitive cotton cultivars confirmed their

role in salt tolerance (Sun et al., 2018a). This study elucidated

that most of the SNPs were skewed on the D subgenome. These

findings are important for improving our understanding of the

complex salt tolerance mechanisms in G. hirsutum.

Many GWAS studies have been reported for abiotic stress

tolerance in cotton crop at seedling stage, however number of

studies under field conditions are limited. Dynamic gene

expression is highly influenced by environmental variables. It

is imperative to study GWAS results at field level to believe on

the stable expression of genes under changing environmental

conditions. However, phenotyping of crops under certain stress

is challenging under field conditions because of inhomogeneity

of certain stress, difficult differentiation of plant response against

concurrent effect of different stresses. We have learned from the

above descriptions that GWAS has been successfully conducted

on different biotic and abiotic stresses. These findings provide

valuable information about the genetic underpinnings of the

stress tolerance mechanism and prove the robustness of the

GWAS approach. However, in some studies, we have seen that

GWAS could not find the unprecedented number of associated

SNPs with traits under study. The possible reasons for this

inability could be the less natural genetic variation enrichment of

the population or the low resolution of the sequencing platform,

e.g. Chip_seq. If the population under study doesn’t have

enough natural variation common in different lines/landraces/

RILs or varieties but has rare causal genetic variants, then GWAS

shouldn’t be preferred over WGS as WGS have more power to

find out natural genetic variants than GWAS. This knowledge

suggest that we should carefully select populations to perform

GWAS analysis. One of the suggestions to overcome this

shortcoming is to use core collections of populations to make

a representative population from a big germplasm. The genes

identified in GWAS studies are very much important in terms of

their annotation and pathways involved in stress tolerance

mechanism. Genetic characterization, transformation and

functional validation of these genes in model plants and

confirmation in cotton plants can provide promising genes

that can be utilized for the breeding programs of stress-

tolerant cultivars.
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Domestication and traits
improvement
Gossypium hirsutum L. adapted during polyploidization to

generate a larger fiber production and endure harsh

environments better than Gossypium barbadense L., which

yields superior-quality fibers. The genetic and molecular

underpinnings of these interspecies divergences were unknown

globally. However, GWAS has opened new avenues to trace

genetic footprints that lead to speciation, interspecific

divergence, spatio temporal adaptation and the development

of modern cotton cultivars.

Here we discuss the findings of Hu et al. (2019) about the

diversification of G. hirsutum and G. barbadense species. Whole-

genome comparative analyses revealed that driving forces of

speciation and the evolutionary history of these species were

species-specific alterations in structural variations, gene

expression, and gene family expansion. These findings aid in

understanding cotton genome evolution and domestication

history. The genetics behind local adaptation and

domestication can be found in interspecific genomic diversity.

A recent study addressed the role of interspecific haplotypes and

introgression in improving the agronomic traits of the cotton

crop. Two allotetraploid Gossypium species (Gb) and (Gh) were

cultivated independently. A combined result of three GWAS

panels (one panel of 229 Gb accessions and two panels of 491 Gh

panels) revealed that most functional haplotypes related to

agronomic traits were highly divergent, depicting strong

divergent improvement between Gb and Gh accessions.

According to the interspecific haplotype map, six interspecific

introgressions from Gh to Gb were strongly related to Gb

phenotypic performance, accounting for 5%–40% of

phenotypic diversity in yield and fiber quality. In addition,

three introgressions in Gb overlapped with six linked loci,

indicating that these introgression sites were under selection

and stabilization during the course of improvement. A single

interspecific introgression might increase production while

lowering fiber quality, or vice versa, making it challenging to

raise yield and fiber quality simultaneously (Fang et al., 2021). A

similar study found 315 introgression events from G.hirsutum to

G.barbadense causing population divergence and agronomic

trait variations. Moreover pleiotropic gene controlling traits

was found (Wang et al., 2022).

Cotton’s development and domestication are fascinating from

economic and evolutionary perspectives. An intraspecific QTL

mapping population of 466 F2 individuals from an intraspecific

cross between the wild Gossypium hirsutum var. yucatanense

(TX2094) and the elite cultivar G. hirsutum cv. Acala Maxxa, in

two environments targeting domesticated cotton phenotypes,

found only 22 stable QTLs (sQTLs) associated with phenotypic

changes during domestication. Even though around half of the
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QTL were found in the A-subgenome, numerous critical fiber

QTL were found in the D-subgenome, inherited from a species

with unspinnable fiber. Many QTLs were environment-specific,

with few shared across the two environments, demonstrating that

QTLs related to G. hirsutum domestication were genomically

clustered yet environmentally mutable. It was concluded that the

evolutionary dynamics shaping sympatric speciation divergence

and domestication in cotton are complicated and that phenotypic

alteration was likely influenced by several interacting and

environmentally sensitive variables (Grover et al., 2020; Li

et al., 2021a).

Natural and artificial selection pressure in crop plants leads

to modifications in genotypes and phenotypes for better

adaptation to changing conditions. A chromosomal inversion

phenomenon is supposed to be an efficient source of

accumulation of favorable alleles to fine-tune population

genetic architecture. Many studies have reported this

phenomenon in populat ion adaptation in dynamic

environmental conditions (Jones et al., 2012; Lamichhaney

et al., 2016 ;Sinclair-Waters et al., 2018). Recently a GWAS

study to identify adaptive loci involved in cotton crop subgroup

differentiation concluded similar results. Loci associated with

environment adaptation had locus on divergent chromosomal

regions of A06 and A08. Collinearity analysis of several

assembled genomes of cotton proved the evidence of

chromosome inversion. Inverted sequences on chromosomes

suppressed homologous recombination, allowing desirable

alleles to persist in the subsequent populations. This study

revealed the cause of population divergence and the

consequences of variation in its environmental adaptability.

These findings shed l ight on the genet ic basis of

environmental adaptability in Upland cotton, potentially

speeding up the designing of molecular markers for climate

change adaptation in future cotton breeding programs (Dai

et al., 2020).

A variation map for 352 wild and domesticated cotton

accessions scanned 93 domestication sweeps encompassing 74

Mb and 104 Mb of the A D subgenomes, respectively; moreover,

GWAS found 19 potential loci for fiber-quality characteristics.

Asymmetric subgenome domestication was reported as the

responsible agent for long fiber directional selection. Global

investigations of DNase I–hypersensitive sites and 3D genome

architecture, which relate functional variations to gene

transcription, showed the consequences of domestication on

cis-regulatory divergence. This study provides new insights into

the evolution of gene organization, regulation and adaptation in

cotton crop and should serve as a rich resource for genome-

based cotton improvement (Wang et al., 2017). However,

directional selection results in the loss of desirable variations

for important traits of interest.

An important study conducted by Nazir et al. (2021) re-

evaluated a landrace of Gossypium hirsutum, formerly known as
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Gossypium purpurascens to understand the genomic structure,

variation, and breeding potential, providing potential insights

into the biogeographic history and genomic variations likely

associated with domestication. Paucity of large number of

cultivars/accessions used in all the GWAS studies on

domestication and adaptability makes the results less

representatives of the entire story. However, He et al. (2021)

resequenced and mapped the data of 3278 cotton accessions to

the reference genome. Based on phylogenetic and principal

component analysis classification of more than 3K accessions

into eight subgroups shows the enrichment of variation lead by

natural and artificial selection. Fixation statistics (Fst) is the

proportion of the total genetic variance contained in a

subpopulation (the S subscript) relative to the total genetic

variance (the T subscript). Low FST values within improved

subgroups (G3–G6) demonstrated that the genetic divergence

was low (0.019–0.067) within improved cultivars, However, the

average pairwise FST values were much higher (0.425– 0.552)

between improved cultivars and landraces when using G1

(landraces group) as comparison pair than other. Higher Fst

values between improved cultivars and landraces depicts

noticeable genetic differentiation. Maximum divergence and

major haplotypes were traced on chromosome A06 and A08

of G.hirsutum. De novo assembled genome carrying haplotypes

of interests showed large scale chromosomal inversions causing

haplotype polymorphism. Divergence on chromosomes A06 and

A08 is the most notable genomic signature in cultivated G.

hirsutum. Population differentiation in animals and plants has

been linked to large chromosomal inversions. This evolutionary

mechanism allows species to adapt to new environments by

repressing recombination to sustain favorable genotypes. These

findings support the theory of chromosomal inversion-

population differentiation in crops and define the haplotypes

associated with geographic differentiation in cotton cultivars.

Here we enlist GWAS studies conducted on cotton crop

(Table 1) for different traits, identified SNPs and QTLs.
Pervasive pleiotropy

Several GWAS studies described above have found some

common SNPs/genes associated with more than one trait called

pleiotropic SNPs/genes. A single gene controlling more than one

apparently unrelated distinct traits/phenotypes is called

pleiotropic gene. Several studies have revealed pleiotropic

genes regulating multiple variables in cotton crop, so we will

outline the likely causes and advantages of pleiotropic SNPs/

genes. One possible explanation for pleiotropy is that the

product of a single gene can be utilized in different cell types

or can participate in cascade-like signaling to different targets.

It’s difficult to discern actual biological pleiotropy frommediated
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and pseudo pleiotropy because genes normally work in intricate

pathways/networks causing associated phenotypes. Mutual

pathway sharing of two associated phenotypes leads to

mediated pleiotropy, while spurious pleiotropy occurs when

identified SNPs lies in a small region of high LD, where two

tightly packed distinct genes lie, that regulate two different

variables/phenotypes. However, no GWAS studies have

reported such a deep level of understanding of pleiotropic

genes. Pleiotropic genes can be considered hot spots for

precise genome editing with the most advanced techniques like

CRISPR/Cas system to explore the potential effects on associated

phenotypes. Cotton genome editing at loci having pleiotropic

genes can provide an opportunity to fine-tune genomic regions

controlling more than one trait with little effort. Collective

regulation of multiple metabolic processes can be modified in

single gene editing event instead of editing several genomic

regions. Moreover, editing of pleiotropic genes can produce large

effect novel phenotypes. We have discussed several GWAS

studies reporting pleiotropic genes based on their action on

seemingly unrelated phenotypes. Still, there is not a single in-

depth study stating the validation of pleiotropic genes identified

with the GWAS tool. As the number of GWAS reports of

pleiotropic genes increases over time, cotton breeders will pay

greater attention to it. There are no reports on the functional

characterization of pleiotropic genes or SNPs found with the

help of GWAS. It’s possible that with the development of new

statistical models and genomic techniques for GWAS

investigations, we will be able to learn more about

pleiotropic loci.
Genomic basis of fiber development
and occurrence of more SNPs on D
subgenome

It has been anticipated that the spinnable fibers were

formed only once in the progenitor of the A genome.

Although this long morphology evolved in the A-genome

progenitor, it has been found that the Dt genome was also

important in tetraploid cotton fiber formation. Even though

the D genome ancestor does not produce spinnable fiber,

nonreciprocal DNA exchanges from At to Dt have resulted in

the recruitment of Dt subgenome genes into the regulatory

processes of tetraploid cotton fiber development. Dt has 1.4

times (104 Mb) as many sequences containing domestication

signals as At , demonstrating a case of asymmetric

domestication for the two coexisting subgenomes. The Dt

subgenome also has 2.2 times more regions with selection

sweep signatures than the At subgenome, indicating that it

has been subjected to more selection pressure than the At
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TABLE 1 A summary of GWAS aimed at identifying SNPs/QTLs/Genes or quantitative trait nucleotides QTN, that contribute to cotton
improvement.

Cotton
species

Population
Size

(accessions)

Years/location/
environment

Traits No. of unique
SNPS QTLs/sQTLs

Chromosomal location Reference

G.hirsutum L 419 6 locations
2 years

13 fiber traits 7,383 A10, A07, A08, and D11 (Ma et al., 2018)

G.hirsutum L 196 6 environments 5 fiber traits 23 QTLs A2, A6, A7, A9, A10, A13, D1, D5,
D6, D7, D8, D10, D11, and D12

(Yuan et al., 2019)

G.hirsutum L 276 6 locations 2 years 1 fiber trait 23 SNPs and 15 QTLs D05 (Song et al., 2019)

G.hirsutum L 316 9 environments 8 fiber traits 231 loci A06, A07 and D11 (Wang et al., 2021)

G.hirsutum L 242 13 environments 4 yield traits 95 QTLs A08 (Zhu et al., 2021)

G.hirsutum L 719 8 environments 5 fiber quality
traits

62 QTLs Dt11 and At07 (Sun et al., 2017)

G.hirsutum L 231 RILs 9 environments Fiber and
yield traits

32 and 25 sQTLS (Liu et al., 2018)

G.arboreum L 215 Green house Verticilium
dahiliae

309 SNPs A03 (Gong et al., 2018)

G.hirsutum L 550 Green house Verticillium
dahliae

3 sQTLs, 3 QTLs A01, D02, D08, A13, D01 (Zhang et al., 2020)

G.hirsutum L 376 Green house Thrips 8 QTLs A09, D01, D02, D03 and D11 (Abdelraheem et al., 2021a)

G.hirsutum L 335 Green house Bacterial
blight

7 QTLs and 4 sQTLs A01, A05, D02, D08 and D10 (Elassbli et al., 2021)

G.hirsutum L 550RILs Green house Drought, salt 20, 23 QTLs A13, A01, D08 (Abdelraheem et al., 2021b)

G.hirsutum L 319 Green house Drought 20 QTNs (Hou et al., 2018)

G.hirsutum L 200 Green house Drought 390 QTLs, 71 sQTLs A04, D11, D13 (Li et al., 2020)

G.hirsutum L 316 Green house Drought 7 QTLs A01, A05, A11, D03 (Li et al., 2019)

G.arboreum L. 215 Green house Salt 143 SNPs A02, A07,A09, A11 (Dilnur et al., 2019)

G.hirsutum L 217 Green house SALT 27 SNPs, 2 sQTLs A07,A08,A13, D08 (Xu et al., 2021)

G.hirsutum L 419 Green house SALT A10, D10 (Yasir et al., 2019)

G.hirsutum L 316 4 environment
2 years

Salt 158 sQTLs A05, A08, A11, A12, D06, D07 (Zhu et al., 2020)

G.hirsutum L 713 Greenhouse Salt 8 SNPs A01, A10, D02, D08, D09, D10, and
D11,

(Sun et al., 2018a)

G.hirsutum L 149 Greenhouse Salt 27 SNPs A01, D01, D08 (Zheng et al., 2021b)

G.hirsutum L,
G.barbadense

229 and 491 3 environment
3 years

Domestication 111 and 119 Loci A03, A05,A08, D05, D12 (Fang et al., 2021)

Yucatenese x
Acala Maxa

466 2 environments Domestication 120 QTLs Multiple chromosomes (Grover et al., 2020)

G.hirsutum L 419 3 environments Domestication 45 SNPs A06, A08 (Dai et al., 2020)

G.hirsutum L 352 3 environments Domestication 19 loci A12, D04 (Wang et al., 2017)

G.hirsutum L 288 12 environments 2
years

Heterosis 271 QTNs D09 (Sarfraz et al., 2021)

G.hirsutum L 550 12 environments
4 location 4 years

Fibre traits 25 sQTLs, 14 hQTLs A07, D11 (Wang et al., 2022)

G.arboreum L. 215 3 environment Fiber traits 177 SNPs A05, A14 (Iqbal et al., 2021)

G.hirsutum 185 2 environment
2 years

Senescence 63 QTNs A02, D03, D13 (Liu et al., 2022)

G.barbadense
L.

336 6 years
4 locations

Fiber and
fusarium wilt

6241 SNPs D03, A05, D11 (Zhao et al., 2021a)

G.arboreum L. 215 Greenhouse Biomass 83 SNPs A7, A11 (Hu et al., 2022)

G.hirsutum L. 196 7 environments Fiber 84 SNPs A10 (Xing et al., 2019)

G.arboreum L. 246 Greenhouse Nematode 15 SNPs A01, A02, A03, A05, A06, A07, A09,
A12

(Li et al., 2018b)

(Continued)
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subgenome. As demonstrated by the large number of fiber

quality-related QTL hotspots discovered in the Dt

subgenome. Similarly, findings have reported that there

were more fiber-related genes in the Dt subgenome than in

the At subgenome (Xu et al., 2015). It stands to reason that a

collaboration between the two coexisting subgenomes has

improved the fiber quality and yield of current tetraploid

cotton cultivars.

As it is evident from our previous description of SNPs that,

most of the candidate SNPs or loci associated with different yield

and FQTs have been found on the D subgenome. The probable

reason for these findings may be that the D genome provides

many fiber genes after merging with another parental diploid

cotton (Gossypium arboreum) A genome during evolution and

domestication, even though the D genome does not produce any

spinnable fiber.
Benefits and limitations of GWAS

GWAS have revolutionized the field of intricate genetic

architectures of important agronomic traits over the past decade,

providing numerous compelling associations for complex

quantitative traits. Despite numerous successes in identifying

novel genes and biological pathways and in translating these

findings into breeding programs in different crops, GWAS has

not been without controversy. Here we provide an overview of the

benefits and limitations of GWAS (Table 2).
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Meta-GWAS a way forward in
genome-wide association studies

Genome-wide association study estimates the statistical

association of single nucleotide variants with variables of

interest. Although the number of GWASs has exponentially

increased in the previous decade, the results have low

reproducibility. Different GWASs on the same trait are not in

compliance with each other, which means different GWAS

results report different genomic regions for the same trait.

That might be because of insufficient genetic variation in

mapping populations, and different algorithmic and statistical

approaches. The potential reason behind this conundrum could

be the following factors.
• Low accuracy of phenotyping

• Phenotyping of non/low heritable traits

• Inaccurate sample size in terms of variation

• Wrong statistical analysis

• Population stratification

• Technical biasedness
Meta-GWAS is a statistical technique to combine the results

across the GWA studies. It has garnered considerable attention

from academics to resolve disparities in genome-wide

associations. Meta-GWAS has been widely employed in

human studies with a large amount of available data. Such

work is becoming more readily available for commonly used
TABLE 2 A comparison of GWAS benefits and limitations.

BENEFITS LIMITATIONS

No need to have prior knowledge of biological pathways of the traits under study.
Possibility of discovering novel candidate genes that have not been identified using previous methods.
Encourages the formation of collaborative consortia to recruit sufficient numbers of participants for
analysis, which tend to continue their collaboration for subsequent analyses.
Rules out specific genetic associations.
Provides data on the ancestry of each subject, which assists in matching case subjects with control subjects.
Data on two types of structural variants, sequence and copy number variations, is provided, resulting in
more robust data.
Identify genetic contributors to common, complex traits for which each gene may only have a small effect.

The findings must be replicated in independent samples
from diverse populations.
It is necessary to have a large study population.
GWAS studies look for correlation rather than causation.
GWAS pinpoints a specific site rather than entire genes.
Many of the variations (SNPs) found in GWAS aren’t near
a protein-coding gene
The combined impact of many SNPs typically only explain
a modest fraction for any given characteristic.
Finding related variations doesn’t always reveal the trait’s
underlying biology.
TABLE 1 Continued

Cotton
species

Population
Size

(accessions)

Years/location/
environment

Traits No. of unique
SNPS QTLs/sQTLs

Chromosomal location Reference

G.hirsutum L. 169 2 locations
2 years

Early
maturation

29 SNPs A6, A7, A8, D01, D02, D09 (Li et al., 2018a)

G.arboreum L. 215 Greenhouse Root color 225 SNPs A02, A04, A08, A09, A13 (Zhao et al., 2021b)

G.hirsutum L. 196 2 years field location Oil content 47 SNPs, 28 QTLs D12 (Yuan et al., 2018)
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populations, such as haplotype and regional mapping

populations. Online tools such as MetaGenyo (http://bioinfo.

genyo.es/metagenyo/) , AraGWAS (https : / /aragwas .

1001genomes.org/) and GWApp (http://gwas.gmi.oeaw.ac.at)

are available for Meta-GWAS analysis. Meta-GWAS have been

reported in A. thaliana and soybean crop, but as per our updated

knowledge, no Meta-GWAS has been reported in cotton crop.

With the rapidly expanding volume of plant-GWAS data (even

that of plant salt tolerance), meta-GWAS will be more popular

for studying plants.
Open questions

How feasible is mapping the causative genes/SNPs at

exceptionally high resolution in order to grasp the utility of

pleiotropy and how it can be applied in crop genetic

improvement in the foreseeable future?

Can we predict crop responses to continuously changing

ambient conditions by studying the genes and processes that

contribute to phenotypic/physiological alterations?

How far are we from designing new climate-smart cultivars

precisely by incorporating natural variants revealed by GWAS?

If a trait of interest is controlled by a rare variant, then why is

that trait common in a large population but GWAS cannot find

that associated rare variant?
Concluding remarks and future
perspectives

Cotton crop has evolved and adapted over millions of years,

resulting in the accumulation of genetic based natural variations

SNPs from various environments over time, resulting in many

phenotypic functional variations. Recent advances in DNA

sequencing have allowed for in-depth characterization of plant

natural variations. These resources can be exploited with GWAS

to link phenotypic variations to relevant genes or functional

polymorphisms, providing insight into complex traits. Recent

developments in the quantitative omics phenotypes

(transcriptomics, metabolomics, and epigenomics) give rise to

veritable alphabets of association studies TWAS, MWAS and

EWAS collectively known as OWAS (omics wide association

studies) coupled with highthroughput phenotyping platforms are

beginning to yield unprecedented insights for the associated genes

underlying agronomically important traits, expediting genomics

assisted breeding. Consequently, we believe that developing more

efficient GWAS computational algorithms would be highly

desirable in this context. A better understanding of genetic
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variability at the SNPs level will help in in-situ conservation,

characterization and utilization of diverse germplasm. GWAS will

foster the breeding programs by expanding the accessibility to

desired germplasm collections. Cotton GWAS’s ability to

investigate the genetic architecture of complex traits has been

established in several studies, and this number is projected to

expand rapidly. However, most studies are of limited scope to

genetic architecture’s main (additive) effect. This complexity is not

only the result of differences in gene action, but also determined by

ontogenic gene networks or even epigenetic effects, and the

interaction with surroundings, and greatly changing

environmental conditions. It will soon be possible to identify all

underlying genes and their activities for major cotton traits, that will

significantly speed up molecular breeding strategies. Although

GWAS remains a valuable technique for fully using NGS

technology breakthroughs, advances in statistical methods and

genetic design can help to accomplish this goal. Diverse statistical

methods can help us understand the genetic basis of complex

features, but their differing assumptions remind us to careful

selection of analysis methodology for each study or to combine

allied methods. Improved population designs/core collections and

new sequencing and statistical approaches may help identify and

manipulate genetic elements generating quantitative variation.

These novel designs will improve detection precision and

accuracy by restructuring allelic spectra and diminishing

confounding effects, which will help overcome intrinsic

statistical hurdles.
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through unlocking genetic
variation in different ecotypes of
kalmegh (Andrographis
paniculata (Burm. f.) Nee)

Trishna Chaturvedi1, Anil Kumar Gupta1, Karuna Shanker2,
Basant Kumar Dubey3 and Gunjan Tiwari1*

1Division of Plant Breeding and Genetic Resource Conservation, Central Institute of Medicinal and
Aromatic Plants, Council of Scientific and Industrial Research, Lucknow, Uttar Pradesh, India,
2Phytochemistry Division, Central Institute of Medicinal and Aromatic Plants, Council of Scientific
and Industrial Research, Lucknow, Uttar Pradesh, India, 3Biotechnology Division, Central Institute of
Medicinal and Aromatic Plants, Council of Scientific and Industrial Research, Lucknow, Uttar
Pradesh, India
Andrographis paniculata, commonly known as kalmegh is among the most

popular medicinal herbs in Southeast Asia. It is widely cultivated for medicinal

purposes. The bioactive molecule, Andrographolide accumulated in herb

leaves has immense therapeutic and economic potential. However,

comprehensive information regarding genetic diversity is very limited in this

species. The present study assessed genetic diversity between and within the

six populations (ecotypes) of twenty-four kalmegh accessions using multiple

datasets (agro-morphological traits, phytochemical traits, and genic markers).

This is the established report where EST-SSR (Expressed sequence tags-Simple

Sequence Repeat) markers have been used to unlock genetic variation in

kalmegh. Here, we identified and developed ninety-one metabolic pathway-

specific EST-SSR markers. Finally, 32 random EST-SSR primer pairs were

selected for genetic diversity assessment. Multivariate analysis to unveil the

agro-morphological, phytochemical and genotypic variability was helpful in

discriminating various germplasms studied in the present study. Among all the

morphological discriptors used in present study, days to fifty percent flowering

and dry herb yield were found as potential selection index for AP genetic

improvement. Hierarchical cluster analysis built with agro-morphological data

identified three major groups. However, corresponding analysis with

phytochemical and molecular data generated two clear-cut groups among

the studied individuals. Moreover, the grouping of individuals into different

clusters using multiple datasets was geographically independent, and also

showed incons istency in grouping among agromorphological ,

phytochemical and molecular dataset based clusters. However, joint analysis

using agro-morphological, phytochemical and genotypic information

generated two genetic groups, which could be a valuable resource for

identifying complementary crossing panels in the kalmegh breeding
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program. The accessions AP7, AP13, AP5, AP3 belong to cluster I and

accessions AP17, AP18 belong to cluster II could be utilized as potential

donors for high dry herb yield and andrographolide content, respectively in

different selective breeding programs of AP. Thus, our results provided useful

information about the overall genetic diversity and variation in economic traits

useful for initiating selective breeding programs for contrasting traits of interest

and maximizing genetic gain in kalmegh.
KEYWORDS

genetic diversity, agro-morphological, phytochemical, EST-SSR markers,
Andrographis paniculata
1 Introduction

Integrated approaches are required to accelerate the genetic

gain over time in crop improvement programs concerning various

economic traits and to realize the improved gain in farmers’ fields.

One of the critical components required to maximize genetic gain

is the enhanced genetic variance (s2g) which can be achieved by

unlocking or creating desirable alleles/genotypes and deploying

them for improving key traits. It is desirable to assess new alleles

for target traits and introgress them in breeding populations while

maintaining genetic diversity. Comprehensive approaches

involving phenotyping, chemotyping, genotyping, and

bioinformatics tools present an enormous opportunity to

measure novel alleles precisely and review the breeder’s

equations for genetic improvement over time.

Kalmegh (Andrographis paniculata (Burm. f.) Wall. ex Nees.)

is a self-pollinated, annual, diploid (2n=50), and highly traded

medicinal herb of the family Acanthaceae. It is well known with

other vernacular names like Green Chirata, bhui-neem, king of

bitter, etc. There are roughly 40 species in the genus Andrographis,

with kalmegh (Andrographis paniculata) being the most popular

medicinal plant species (Boopathi, 2000) of the genus. It is said to

have originated in the southern parts of India and Sri Lanka and

has a broad geographical distribution in tropical and subtropical

regions of the country. Several bioactive specialized metabolites

have been identified from Andrographis paniculata (AP),

including ent-labdane-related diterpenes (ent-LRDs),

phenylpropanoids, xanthones, and flavonoids (Koteswara et al.,

2004; Li et al., 2007). Ent-LRDs that accumulated in the leaves and

thought to be the major bioactive ingredients of kalmegh are

Andrographolide (AG), Neoandrographolide (NAG), 14-deoxy-

11,12-didehydroandrographolide (DDAG) and Andographanin

(AN) (Ooi et al., 2011; Valdiani et al., 2012; Mondal et al., 2013;

Lin et al., 2014; Raghavan et al., 2014; Wang et al., 2014) among

which, Andrographolide is the most prevalent ones and has been

widely researched for various pharmacological activities (Chopra,

1956; Akbar, 2011; Garg et al., 2015; Chauhan et al., 2019). The
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andrographolide based drugs are reported to have numerous

biological activities such as hepatoprotective, anti-diabetic, anti-

oxidant, immune-modulatory, anti-allergic, anti-pyretic,

antidiarrhoeal, and anti-HIV activity (Garg et al., 2015). Recent

experiments have also shown its anti-cancerous activity in human

cancer cells (Luo et al., 2014). Andrographis paniculata has blood

purifying action and is suggested for curing gonorrhea, leprosy,

and several skin disorders (Pandey and Rao, 2018). The herb

derived from leaves or aerial parts of the Kalmegh is known as

Chuaxinlian, Lanhelian, or Yijianxi in the Chinese system of

medicine. It possesses similar properties as described in the

traditional system of medicine in India. Various preparations

and formulations of the Kalmegh have been used to treat

infectious and non-infectious diseases with significant efficacy

reported in case of epidemic encephalitis B, vaginitis, pelvic

inflammation, herpes zoster, neonatal subcutaneous annual

ulcer, chickenpox, mumps, neurodermatitis, eczema, and burns

(Lim et al., 2012). Besides andrographolides, flavonoids, caffeic

acid, and chlorogenic acid are also produced in this plant (Rao et

al., 2004). Kalmegh is reported to show high efficacy against

chronic malaria and is often used as an alternative to Swertia

chirata (Valdiani et al., 2012). Recent in-silico analysis suggested

the potential role of Andrographolide against SARS-CoV-2 main

protease (Mpro) (Enmozhi et al., 2020). Thus, Andrograhis

paniculata (AP) has immense therapeutic and economic

potential. Quality dry herbs of the plant are sold for as much as

Rs. 17-30/kg (source: e-Charak, 2008). The costs of Andrographis

powder, with varied diterpenoid content, ranged from US$0.12

per gram to US$ 0.70 per gram in July 2016. Also, the price offered

by Sigma-Aldrich for 100 and 500gm packages of pure

Andrographolide (98%) was 44.2USD and 162.50 USD,

respectively, in the same year (Pandey and Rao, 2018).

However, there is a considerable gap between the demand and

supply of quality raw herbs on national and international

platforms. The heavy demand for diterpene andrographolide

has motivated Indian farmers to commercialize kalmegh

cultivation. However, to meet global needs, most raw herbs are
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rigorously collected from wild habitats causing massive mutilation

of genetic diversity and shifting this species on the verge of

extinction. Growing kalmegh under captive cultivation is the

only way to prevent the loss of natural diversity from the wild

source and meet global demand. Plant breeding and

biotechnology are potential tools to bring kalmegh into captive

cultivation, which entails great genetic variations and maximizes

genetic gain by utilizing more selection programs effectively.

Although few commercial cultivars are available, they are

ecotype specific, minimal, and insufficient to meet national and

international demands. The major bottleneck for the resulting

yield gap is the narrow genetic base of the existing cultivars.

Sustainable yield increase can only be achieved by introducing

new sources of favorable alleles from different ecotypes into the

rapid breeding cycle and attaining kalmegh production challenges.

Systematic evaluation and cataloging of genetic diversity at

morphological and phytochemical levels are extremely useful for

effective conservation and optimum genetic amelioration of

allelic and genotypic variability. In the recent past, the

introgression of molecular markers has augmented the

accumulation of genetic gains achieved by morpho-chemical

descriptors based characterization. In kalmegh, an array of

genetic diversity studies has been done using agro-

morphological traits (Nagvanshi and Tirkey, 2016),

phytochemical traits (Sabu et al., 2001; Archana et al., 2016),

and molecular markers, including RAPD, ISSR, SCoT, CBDP

and Genomic SSRs (Padmesh et al., 1999; Maison et al., 2005;

Kumar and Shekhawat, 2009; Wijarat et al., 2011; Ghosh et al.,

2014; Tiwari et al., 2016; Kumar et al., 2020). Compared with

dominant markers, the reproducibility and reliability of SSR

(simple sequence repeat) markers are high due to co-dominance,

high polymorphism, uniform distribution throughout the

genome, and multi-allelic nature (Varshney et al., 2005).

However, the number of SSR markers reported in kalmegh is

limited, and most of them are genomic SSRs, the construction of

which is a tedious and costly affair.

In contrast, the advent of modern genomics-based denovo

transcriptome assembly in kalmegh has rapidly paved the way to

mine and develop a large number of high throughput unigene-

based SSRs (EST-SSRs) at low cost. These SSRs are possibly

linked with particular transcriptional regions that contribute to

agronomic traits and are well suited for marker-assisted

breeding in Andrographis paniculata. To date, EST-SSR based

genetic characterization has not been done in AP. Moreover,

comprehensive data regarding genetic diversity studies are

scanty and provide the rationale for this study (Lattoo et al.,

2008; Sharma et al., 2009; Valdiani et al., 2014; Hiremath et al.,

2020). This information would be essential to exploit beneficial

genes present in indigenous genetic resources of different

ecotypes to increase the selection efficiency in kalmegh

breeding and for adequate biodiversity protection and

management. Moreover, it would also be intriguing to see if

there is any conceptual or empirical agreement between agro-
Frontiers in Plant Science 03
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phytochemical features and molecular markers to accelerate

kalmegh breeding and maximize genetic gain. Thus, with this

backup, the present study was designed to (i) evaluate the genetic

diversity of various germplasm of kalmegh at agro-

morphological and phytochemical levels to identify superior

individuals/genotypes for the breeding purpose (ii) assess

molecular diversity and population structure by employing

metabolic pathways specific EST-SSRs and (iii) finally

comparison and joint analysis of agro-phytochemical traits

and molecular information to provide in-depth insight into

the genetic variability present in studied germplasm.

2 Materials and methods

2.1 Plant materials

The experimental material covered twenty-four diverse

accessions of Kalmegh (A. paniculata), including one released

and cultivated variety as a local check (Supplementary Table S1).

All the accessions were procured from different states of India,

covering six agroecological regions of the country (Figure 1), and

conserved and maintained over the years at the National Gene

bank of CSIR-Central Institute of Medicinal and Aromatic

Plants (CIMAP), Lucknow (India).
2.2 Experimental designs

The present study was initiated at the Field Research Centre

of CSIR- CIMAP, Lucknow, India (80.50°C E longitude and

26.5°C N latitude), where the annual temperature varies between

5°C to 45 °C. For the genetic diversity study, nursery planting

was done under outdoor conditions using individual open-

pollinated seed lots of twenty-four accessions in earthen pots

having a combination of sandy loam soil and vermicompost in

the ratio of 4:1 in the month of June 15th, 2020, and June 15th,

2021. After 45 days of nursery germination, transplanting was

done into 4.5 x 3.5m plots in a randomized complete block

design with 3 replications at 35 x 30 cm spacing in both years.

Standard cultivation practices were followed to raise healthy

populations in both years, i.e., 2020 and 2021.
2.3 Evaluation of agro-morphological
data

Nine agro-morphological descriptors were measured at the

reproductive stage [120-130 days after transplanting (DAT)].

Data on days to 50% flowering (DFF) and days to maturity (DM)

was scored on a plot basis. However, in each replication, ten

competitive plants of each accession were selected to measure

other traits, i.e., plant height (PH) (cm), Number of nodes per

plant (NNP), Number of secondary branches per plant (NSBP),
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leaf length (LL) (cm), leaf width (LW) (cm), Inflorescence length

(IL) (cm), and dry herbage yield per plant (DHY) (g)
2.4 Extraction of Ent-LRDs and high-
performance liquid chromatography
(HPLC) analysis

Aerial parts of the plant of each accession were picked at the

maturity stage and were shade dried at room temperature for seven

days. Dried samples were ground into a fine powder and stored

under -20°C for a short period. About 100mg of powdered samples

were extracted three times in 10ml of analytical grade methanol on

a sonicator at 30mins intervals. All the filtrates were combined to

obtain a total volume of 30ml and evaporated to dryness under a

water bath. For HPLC analysis, the dried filtrate of each sample was

dissolved in 1ml HPLC grade methanol (Merck, Germany). The

extraction process for each accession was done using five

biological replicates.

A 20ml solvent extract of individual accession was filtered

into HPLC vials using disposable polypropylene syringe filters

and injected into the HPLC-UV (Shimadzu LC-10A, Tokyo,
Frontiers in Plant Science 04
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Japan) system. The analysis was carried out as defined earlier by

Tewari et al., 2010. The stock solutions of the standard

compounds of AG, NAG, DDAG, and AN were also prepared

in HPLC grade methanol at a concentration of 1mg/ml for

standard curve preparation and quantifying of the

experimental samples.
2.5 DNA extraction and genotyping with
EST-SSR markers

The genomic DNA of each accession was isolated from 0.2g

frozen leaves with a modified CTAB (Cetyl triethyl ammonium

bromide) extraction method (Khanuja et al . , 1998)

(Supplementary Table S2). DNA quality was checked, and

quantity was estimated using 0.8% agarose gel, and nanodrop

(Thermo Fisher, USA) at 260/280 and 260/230 OD ratios,

respectively. After that, a working concentration of 10ng/µL

was made for each accession and kept at 4°C for further use.

The 53 non-redundant combined master control transcripts

annotated and reported to be involved in specialized metabolic

pathways in kalmegh variety “CIM-Megha” by Garg et al. (2015)
FIGURE 1

Geographical distribution of twenty-four kalmegh accessions used in the present study.
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were rescanned for the presence of SSR motifs using the Batch

Primer3 v1.0 tool (http://probes.pw.usda.gov/cgibin/

batchprimer3/batchprimer3.cgi) developed by You et al.

(2008). Similar repeat motifs were identified using this tool, as

reported earlier by Garg et al. (2015). The in-built Primer3 core

program of Batch Primer3 v1.0 was used to design primer pairs

using flanking sequences. Out of 53, a total of 91 SSR primers

were identified from 50 master control transcripts. To test the

polymorphism of EST-SSR primers in kalmegh,32 primer pairs

were randomly selected. The target amplicon size was set as 100-

300bp, melting temperature (TM) as 50-60°C, GC percentage as

40-60%, and optimal primer length between 18-25bp.

PCR reactions were carried out in a10µL volumes containing

5µL of dye mixed with One PCR™ supermix (GeneDirex,

Taiwan), 0.5µL of forward primer (5pmol), 0.5µL of reverse

primer (5pmol), and 40ng of template DNA. PCR reactions were

performed in a Thermal Cycler (Bio-Rad, California, USA) using

the following cycling conditions: initial denaturation for 5 min at

94°C followed by 35cycles of denaturation for 1min at 94 °C,

annealing for 1min at temperatures ranging between 50.5 °C to

57.8 °C depending upon the primer TM and extension for 2mins

at 72 °C followed by final extension for 7mins at 72 °C. PCR

products were stored at 4 °C for gel electrophoresis. Metaphor

agarose gel (2%) was used to separate amplified products using a

power supply of 80V for 2.5-3h and visualized under Gel

documentation System (UVP Bioimaging system, Analytik-

Jena, Germany). DNA ladder of 100bp (Gene Direx, Taiwan)

was used as standard.
2.6 Statistical analysis of agro-
morphological and phytochemical data

All the quantitative data were statistically analyzed in

software R-studio v4.0.3. The ‘variability’ package was used to

perform an analysis of variance (ANOVA) on mean values of

agro-morphological traits across replications (Popat et al., 2020).

Pooled data of both years were used to analyze various genetic

parameters such as Genotypic and Phenotypic coefficient of

variation (Singh & Chaudhary, 1985), heritability, and genetic

advance as percent of the mean (Johnson et al., 1955) using the

same package in R-studio. The principal component analysis

(PCA) for both types of traits was done in the ‘pca3d’ package of

R software (Weiner and Weiner, 2016). To identify the

divergence among different ecotypes, agglomerative

hierarchical clustering methods were employed to create a tree

diagram using ‘ggplot2’ package (Wickham et al., 2016). The K-

mean methods of function ‘factoextra’ were applied to determine

the number of k-groups to explain the agronomic and chemical

variation among tested populations. Calculating pair-wise

Euclidean distance and cluster analysis was performed using

function ‘NbClust’ of package ‘ggplot2’. Further, a heatmap was
Frontiers in Plant Science 05
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also prepared to visualize data more clearly using the function

‘heatmap.2’ in package ‘gplots.’
2.7 Analysis of genotyping data

A binary data matrix was prepared to perform molecular

data analysis by scoring the presence (1) or absence (0) of

amplified bands produced after gel electrophoresis. The

discriminating power of primers was assessed by measuring

four parameters; PIC (Polymorphic Information Content), Rp

(Resolving Power), MI (Marker Index), and EMI (Effective

Marker Index). The PIC was calculated following Botstein

et al. (1980) as: PIC=1-∑fi2, where, ‘fi’ = frequency of the ‘ith’

allele (band present). Similarly, the resolving power of each

primer was measured following Prevost and Wilkinson (1999)

method as: Rp= Ʃ Ib=1 − [2 × |0.5 − p|], where, Ib= band

informativeness and p= number of individuals containing band.

Further, MI provides a convenient estimate of marker utility and

is calculated as: MI=EMR x PIC, where EMR (Effective multiplex

ratio)= number of polymorphic band × fraction of polymorphic

band (Milbourne et al., 1997; Prevost and Wilkinson, 1999).

EMR determines the number of polymorphic loci analyzed per

experiment in the germplasm set of interest. Varshney et al.

(2007) provided an index called the Effective marker Index

(EMI) to accelerate the practicability of the marker system to

plant breeders. EMR is calculated as: EMR=MI x QND or,

EMR= MI x DC x QM x PR, where QND= Qualitative nature

of data, DC=Documentation capability, QM= Quality of

Marker, and PR= Percent Reproducibility of the band/

fragment of the marker. DC and PR represent the constant

value and are set as 0.75 and 1.0 for SSR markers, respectively.

However, the QM value varies with different primer pairs and is

defined as per the scale (0.25 to 1.0) given by Varshney et al.

(2007). Here, we also measured the EMI of all the polymorphic

markers and took a scale of 1.0 as a QM value to estimate QND

since all the amplified bands were single and clear.

The genetic similarity matrix and phenetic analysis of binary

datasets were performed by software NTSYS v2.02e (Rohlf,

2000). Genetic relatedness among the twenty-four kalmegh

accessions was estimated using the SIMQUAL module of

Jaccard’s similarity coefficient (Jaccard, 1908). The UPGMA

(Un-weighted Pair Group Method with Arithmetic Mean)

algorithm along with the SAHN (Sequential agglomerative

hierarchical and nested clustering method) module of the

same software was also used to compute a dendrogram

demonstrating genetic association among all the accessions.

Moreover, a Model-based population structure study was

carried out to study the genetic association in the twenty-four

accessions of kalmegh using polymorphic EST-SSR primers.

STRUCTURE software version 2.3.4 (Pritchard et al., 2000)

was used to perform this analysis. The analysis was performed
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without incorporating the population information and

considering both the admixture model and correlated allele

frequencies between the populations. Here, accessions from

same ecotypes were considered as single populations, thereby

forming six populations. The K values were set to 1-10, and the

software was run three times (r=3) for each K (number of

populations). The number of Markov Chain Monte Carlo

(MCMC) replications and burn-in-period was set to 100,000

for each run for all the twenty-four accessions to evaluate the

number of populations. The plateau of the DK values was plotted

using Ln(PD), which was derived for each K (Evanno et al.,

2005). The online program “structure harvester” was used

(http://taylor0.biology.ucla.edu) to compute the final number

of K in population structure. The analysis of molecular variance

(AMOVA) and Principal Coordinate Analysis (PCoA) was

performed using GenAlEx6.501 software (Peakall and Smouse,

2012) to partition the genetic variation in studied kalmegh

accessions. A Mantel test was also done to reveal the

correlation between phytochemical and genotypic distance

matrices using the same software. Finally, the dendextend R

package was used to assess the correlation between two

dendrograms generated for agro-phytochemical and molecular

datasets (Tal, 2015). A joint cluster analysis was also executed by

combining the distance matrices of all datasets generated in the

present study using the R package (Garnier et al., 2018).
3 Results

The present study conducted with twenty-four accessions of

A. paniculata were collected from thirteen states and belong to

India’s six ecotypes (agro ecological regions) (Figure 1). Out of

twenty-four, 23 (AP1 to AP23) were germplasm accessions,
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and one was a cultivated variety, CIM-Megha (AP24)

(Supplementary Table S1). To unlock the genetic variation

present in A.paniculata accessions, three different tools,

including phenotypic, phytochemical, and molecular markers

(EST-SSRs) were used.
3.1 Agro-morphological diversity

The phenotypic diversity was assessed among experimental

sets using nine agro-morphological (quantitative) traits. The

analysis of variance (ANOVA) results are mentioned in

Supplementary Table S3(A). The ANOVA results showed

substantial variation among all the accessions for the

maximum number of traits studied except leaf length. The

results of the mean comparison and genetic variability

parameters for al l studied traits are mentioned in

Supplementary Tables S3(B) and S3(C). For all the metric

traits studied (Figure 2), the PCV (phenotypic coefficient of

variation) was consistently greater than the GCV (genotypic

coefficient of variation), and ranged from 2.03% (DM) to 31.92%

(LL). However, the estimates of GCV varied from 1.74%(DM) to

15.33% (LW). The selection efficiency parameters, heritability

(h2bs) and genetic advance (GA) ranged from 8.86% (LL) to

87.59% (DFF) and 0.37% (LW) to 12.05% (DFF), respectively.

The highest heritability with moderate genetic advance was

estimated for days to fifty percent flowering (DFF) trait.

However, moderate heritability with moderate genetic advance

was observed for dry herb yield (DHY).

Different clustering methods were used to execute phenetic

analysis considering agro-morphological traits to gain reliable

and precise estimates of genetic diversity present in the

experimental sets. K-mean clustering, Euclidean distance-based
FIGURE 2

Graphical representation of genetic variability parameters estimated for nine quantitative traits in the present study.
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agglomerative hierarchically clustered heatmap, and Eigen

value-based Principal Component Analysis (PCA) divided all

the studied germplasm into three clusters (Figures 3A–C).

However, the grouping of individuals into different clusters

was entirely different. The results of Euclidean distance-based

clustering are shown in Figure 3B. Three accessions (AP6, AP2,

and AP17) were included in Cluster I. These accessions were

grouped since they had a similar range of dry herb yield and leaf

length. Out of the three accessions, two were from ecotype
Frontiers in Plant Science 07
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Western Ghats (WG), and one was from ecotype Eastern

Ghats (EG). In Cluster II, accession AP7 was grouped alone.

This accession was superior to other accessions concerning dry

herb yield and days to fifty percent flowering and belonged to the

WG ecotype. Cluster III was observed as the largest group on the

heat map and divided into 3 sub-groups III(a), III(b), and III(c).

Sub-group III(a) covered eight accessions and was observed to be

superior for plant height but not for dry herb yield. Among eight

accessions, three (AP22, AP24, and AP 19) were associated with
A

B

C

FIGURE 3

Relationship among twenty-four accessions of kalmegh based on agronomic traits using (A) k-mean (B) Euclidean distance (C) PCA biplot.
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Gangetic Plains (GP), two (AP15 and AP14) to EG, one

individually to WG (AP4), Western dry regions (WDR)

(AP16) and Southern Plains and Hills (SP&H) (AP18).

Likewise, Cluster III (b) grouped four accessions in which

three (AP23, AP11, and AP20) were related to ecotype GP and

one to ecotype WG (AP8). All the accessions of Cluster III(b)

were superior to other accessions for the number of secondary

branches per plant and found in a favorable position for dry herb

yield. Cluster III(c) also grouped eight accessions, of which two

belong to ecotype GP (AP12 & AP13), two separately to WG

(AP3 and AP5), and SP&H ecotypes (AP10 and AP21), one

individually to EG(AP1) and Island Region (IR) ecotype (AP9).

All the accessions of Cluster III (c) were found superior to other

accessions for dry herb yield except accession AP7, which

showed the highest dry herb yield compared to all

other accessions.

PCA clustered accessions into different groups based on

their eigenvalues. The PCA results showed that the first two

principal components (PC1 and PC2) collectively elucidated

48.40% of the total variation, as mentioned in Supplementary

Table S4(A). Based on results shown in Figure 3C, the first area

of the biplot, which included positive values of both

components, covered accessions AP23, AP11, AP21, AP18,

AP15, AP4, and AP24 and associated with traits like the

number of nodes per plant, days to maturity, plant height, and

leaf length. Likewise, the second area of the biplot, which

comprised positive values of the second component and

negative values of the first component, positioned accessions

AP1, AP6, AP22, AP19, AP14, AP16, and AP17 on the biplot

and associated with days to fifty percent flowering trait. The

third area of the biplot, which has negative values for both

components, covered five accessions (AP2, AP7, AP8, AP9, and

AP12), and no significant association with studied traits was

observed. Lastly, in the fourth area of the biplot, which contained

a positive value of the PC1 and a negative value of the PC2,

accessions AP3, AP5, AP10, AP13, and AP20 were located and

linked with dry herb yield, number of secondary branches/plant,

leaf width, and inflorescence length. Overall, all accessions were

classified into three clear-cut groups on the biplot display and

clustered with four accessions in group I, one accession in group

II and nineteen accessions in group III, somewhat similar to

cluster analysis.
3.2 Phytochemical diversity

A phytochemical dataset of twenty-four accessions was also

used to estimate the level of variability present among them

(Supplementary Table S4B). K-mean clustering divided the

whole accessions into two clusters, confirmed further by

agglomerative hierarchical clustering based heatmap and PCA

(Figures 4A–C). The one-way heatmap clustered the whole

germplasm into two main groups (Figure 4B): Cluster I
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covered nine accessions, and Cluster II comprised fifteen

accessions. Cluster I was divided further into two sub-clusters-

Sub-cluster I(a) and Sub-cluster I(b). The accession AP23 was

grouped alone in Sub-cluster I(a) and found in a favorable

position for 14-deoxy-11,12-didehydro-andrographolide

(DDAG) content. Sub-cluster I(b) consisted of eight accessions

(AP14, AP8, AP9, AP15, AP9, AP22, AP20, and AP13) and

showed no significant association with any phytochemical trait.

Likewise, Cluster II was further divided into two sub-clusters-

Sub-cluster II(a) and Sub-cluster II(b) and showed superior

association with andrographolide content (AG) compared to

other studied accessions. Sub-cluster II (a) grouped six

accessions (AP2, AP4, AP5, AP6, AP10, and AP24) and Sub-

cluster II (b) covered nine accessions (AP1, AP3, AP7, AP11,

AP12, AP16, AP17, AP18, and AP21).

In PCA, the first two principal components (PC1 and PC2)

collectively described 73.28% of the total variability, as shown in

Supplementary Table S4(C). As per the PCA biplot (Figure 4C),

the first area of the biplot covered two accessions (AP2 and

AP12) and showed an association with DDAG and

neoandrographolide (NAG) content. However, eight accessions

(AP1, AP3, AP7, AP10, AP11, AP16, AP18, and AP21) were

grouped in the second area of the biplot and encompassed

Andrographolide (AG) and Andrographanin (AN) content.

The third and fourth areas of the biplot included ten (AP4,

AP6, AP13, AP14, AP15, AP17, AP19, AP20, AP22, and AP24),

and three (AP5, AP8, AP9) accessions, respectively, and showed

no significant association with the studied phytochemical trait.

Overall, on the PCA biplot, two groups were visible,

encompassing maximum accessions in group I and single

accession (AP2) in group II.
3.3 Molecular diversity

3.3.1 SSR primer designing
In total, 91 primer pairs were designed from 50 unique

transcripts (ESTs), 23 (46%) of which comprised more than

one SSR loci, as shown in Supplementary Table S5(A). Of these

91 EST-SSR primers, 32 random primer pairs were finally

selected for validation and genetic variation study in A.

paniculata. Of these 32 primer pairs, 23 could amplify

unambiguous bands, and thirteen showed polymorphic and

reproducible bands. Supplementary Table S5(B) shows detailed

information on 23 primer pairs and their probable

gene functions.

3.3.2 SSR analysis
Finally, 13 polymorphic EST-SSR primer pairs were utilized

to fingerprint twenty-four accessions of A.paniculata. An

average of two alleles/primer pairs were spotted, with a total of

26 alleles at 13 marker loci. The percentage polymorphism

across all the primer pairs was 100%. Three representing
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profiles [primer pair ID APSSR 6, APSSR 16 & APSSR 2] are

displayed in Supplementary Image 1(A–C). The estimates of

various genetic parameters representing the discriminating

power of polymorphic SSR primers are shown in Table 1. The

PIC value varied from 0.149 to 0.465, averaging 0.322 per
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primer. The resolving power (Rp) ranged from 0.667 to 2.917,

with an average value of 1.802/primer. The marker index (MI)

and effective marker index (EMI) values also varied from 0.299

to 0.899 and 0.224 to 0.674 per primer, averaging 0.644 and

0.483/primer, respectively.
A

B

C

FIGURE 4

Relationship among twenty-four accessions of kalmegh based on phytochemical traits using (A) k-mean (B) Euclidean distance (C) PCA biplot.
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3.3.3. Genetic diversity and relationships study
Genetic diversity was studied using binary data matrices

produced by thirteen polymorphic marker loci. The pair-wise

genetic similarity coefficient showed 100% genetic similarity

among accessions AP4, AP17, and AP18; between AP5 & AP7;

among accessions AP8, AP9, AP10 & AP12; between AP6 &

AP11, and between AP13 & AP14. However, the minimum

genetic similarity (40%) was observed between accession AP1 &

AP10 (Supplementary Table S6).

We also constructed a UPGMA tree using the corresponding

genetic similarity coefficient among the studied accessions

(Supplementary Image 2). The UPGMA-based dendrogram

grouped twenty-four accessions into two distinct clusters,

wherein three accessions (AP1, AP2, and AP3) were grouped

in Cluster I and twenty-one in Cluster II. Further grouping was

observed in cluster II with two sub-clusters- Sub-cluster II (a)

and Sub-cluster II (b). Sub-cluster II (a) encompassed three

accessions (AP13, AP14, AP22), and cluster II (b) included

eighteen accessions (AP4, AP17, AP18, AP23, AP5, AP7, AP8,

AP9, AP10, AP12, AP6, AP11, AP15, AP24, AP16, AP19, AP20,

and AP21) of different ecotypes.
3.3.4 Analysis of molecular variance (AMOVA)
The AMOVA was used to calculate the variability across and

within the A. paniculata accessions procured from various agro

ecological regions of India. Six populations were considered in

the current study depending on agro ecological zones (Figure 1).

The SSR data showed 7% variation among six populations and

93% variation within a population, as shown in Figure 5A.

Significant genetic variation was found among and within the

accessions of kalmegh (Supplementary Table S7A).
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3.3.5 Principal coordinate analysis (PCoA)
The PCoA was also computed to get an alternative view of

phylogenetic relationships among the twenty-four accessions of

A. paniculata. The cumulative percentage of variation elucidated

by the first three coordinates was 56.05%, with PCo1

contributing 28.66%, PCo2 contributing 16.18%, and PCo3

contributing 11.21%, respectively (Supplementary Table S7B).

The grouping of accessions on the PCoA biplot was not in

accordance with cluster analysis. However, the accession AP18

from Southern Plateau and Hills was distinct and grouped alone

on the biplot display (Figure 5B).
3.3.6 Population structure-based study
Genetic structure of the studied germplasms was also

evaluated using Evanno’s method based STRUCTURE

software. The total number of genetic populations (k)

indicated a clear peak at two with an optimum delta k value,

indicating the distribution of two populations across all the

studied accessions (Figure 6A). As shown in Figure 6B, the

population I comprised three pure accessions and one admixed

accession. However, population II displayed sixteen pure

accessions and four admixed accessions. Grouping of studied

accessions into different populations was ecotype independent.
3.4 Joint analysis of agro-phytochemical
and genotypic data

The phenotypic and genotypic information-based distance

matrices were used to generate separate hierarchical clusters that
TABLE 1 Genetic parameters of thirteen polymorphic EST-SSRs used in the study.

S.No. Primer name TNB NPB PP (%) PIC RP EMR MI QM QND EMI

1. APSSR 1 2 2 100 0.326 1.833 2 0.653 1 0.75 0.490

2. APSSR3 2 2 100 0.345 1.750 2 0.691 1 0.75 0.518

3. APSSR5 2 2 100 0.283 1.583 2 0.566 1 0.75 0.424

4. APSSR6 2 2 100 0.450 1.750 2 0.899 1 0.75 0.674

5. APSSR7 2 2 100 0.149 1.833 2 0.299 1 0.75 0.224

6. APSSR12 2 2 100 0.465 1.500 2 0.931 1 0.75 0.698

7. APSSR14 2 2 100 0.299 1.500 2 0.597 1 0.75 0.448

8. APSSR16 2 2 100 0.352 2.917 2 0.705 1 0.75 0.529

9. APSSR17 2 2 100 0.387 1.417 2 0.774 1 0.75 0.581

10. APSSR18 2 2 100 0.247 1.500 2 0.493 1 0.75 0.370

11. APSSR19 2 2 100 0.247 0.667 2 0.493 1 0.75 0.370

12. APSSR29 2 2 100 0.274 1.833 2 0.549 1 0.75 0.411

13. APSSR33 2 2 100 0.361 1.667 2 0.722 1 0.75 0.542

Average 2 2 100 0.322 1.673 2 0.644 1 0.75 0.483
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were finally compared with each other. We did not find any

individual to be clustered in the same position across the two

phylogenetic trees (Figure 7A). Also, the Mantel test performed

between phytochemical and genotypic datasets showed no

significant correlation (R2 = 0.0071, P>0.05) besides forming

two clear-cut clusters with each dataset (Figure 7B). The

combined clustering analysis of agro-phytochemical and

genotyping data revealed two well-defined clusters (Cluster I

and Cluster II) in the current set of materials (Figure 7C). A total

of twenty-two and two accessions were grouped in Cluster I and

ClusterII, respectively. The Cluster I was further subgrouped

with five accessions in sub-cluster I(a), sixteen accessions in sub-

cluster I(b), and one accession in sub-cluster I(c). No

geographical regions or trait-specific grouping of individuals

was observed in different clusters and sub-clusters.
Frontiers in Plant Science 11
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4 Discussion

A. paniculata has gained much attention as the sole plant

producing Andrographolide in the last several decades.

Commercial cultivars available in kalmegh are ecotype specific

and minimal in number to meet global demand. The increased

demand for high-quality raw materials warrants the exploration

of its genetic potential from wild sources to develop an operative

breeding program in kalmegh, following suitable selection

techniques. Also, assessing genetic variation present in the

indigenous genetic resources may provide the foundation for

effective selection response and genetic gain in kalmegh

breeding. Moreover, evaluating the genetic mechanism of

different indigenous ecotypes of A. paniculata are central to its

sustainable cultivation. Considering the lack of enough
A

B

FIGURE 5

(A) Analysis of molecular variance (AMOVA) of twenty-four kalmegh accessions based on EST-SSR primers. (B) Two-dimensional distribution of
twenty-four kalmegh accessions on PCA biplot.
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comprehensive information on the genetic diversity in Indian

kalmegh ecotypes, the present study exploited both agro-

morphological and phytochemical systems to evaluate the

genetic diversity in A. paniculata ecotypes since the variation

in the agro-phytochemical traits in different plant populations

may be primarily caused by genetic variation and interaction of

environmental conditions. In the present study, specialized

metabolic pathway-specific genic SSRs (EST-SSRs) were

introduced for the first time to determine the genetic

variability among kalmegh accessions and to analyze the inter-

relationship between agro-phytochemical traits and EST-SSR

markers to speed-up trait-specific breeding in kalmegh.

By analyzing ANOVA for nine agro-morphological traits of

studied accessions, we demonstrated that all the accessions have

sufficient phenotypic diversity for all traits except leaf length

(LL), which could provide the basis of selection in the kalmegh

breeding program. A broad range of variation was seen in

kalmegh accessions against dry herb yield, plant height,

number of secondary branches per plant, days to fifty percent

flowering, and andrographolide content, suggesting the diverse

genetic makeup of these accessions. These promising accessions

from different ecological regions may be valuable resources for

augmenting the genetic gains of cultivated varieties

(Supplementary Table S3B). Similar results were shown by

Latto et al. (2008) in A. paniculata for morphometric traits.

Various genetic variability parameters were analyzed to

determine the value of genetic diversity among experimental

sets. The PCV was consistently higher than the GCV, showing

the role of environment in the trait expression. However, the

difference between PCV and GCV values was estimated to be

narrow (<10%) for all traits studied except leaf length (LL),

showing significant genetic control and little environmental

influence on trait expression (Supplementary Table S3C,

Figure 2). The moderate GCV was observed for leaf width

(LW), and the number of secondary branches/plant (NSBP),
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enhancing the scope of selection due to strict genetic control on

the expression of these traits. Heritability estimates predict the

breeding value and strengthen the reliability of the phenotypic

value of traits in any crop improvement program (Kumar et al.,

2014). Simple selection can quickly improve traits with high

heritability. Heritability, on the other hand, has proven to be

useless without the association of genetic advancement.

Heritability estimations and genetic advance (GA) together

predict how well selection will work by choosing better

genotypes. High heritability with high GA describes the

involvement of additive gene action in quantitative traits

expression, whereas low GA with high heritability defines the

influence of non-additive gene action in the manifestation of

quantitative traits. As revealed in Supplementary Table S3(C) &

Figure 2, none of the traits showed high estimates of GA and

heritability. However, moderate estimates of GA and high to

moderate estimates of heritability were calculated for traits,

namely days to fifty percent flowering and dry herb yield,

anticipating the efficacy of direct selection in the studied

accessions for these traits. Little efforts have been undertaken

to understand the role of genetic factors in manifesting

quantitative traits in kalmegh. In 2000, Mishra et al. (2000)

observed high GCV, heritability, and GA for dry herb yield and

plant height in 22 morphologically diverse accessions of

kalmegh. Thus, in the present study, dry herb yield and the

number of secondary branches per plant could be appropriate

selection indexes for parent selection in the hybridization

program of kalmegh accessions.

Different multivariate clustering methods were used to

classify twenty-four kalmegh accessions based on agro-

morphological and phytochemical traits. The silhouette

algorithm-based k-mean clustering, Euclidean distance-based

clustering, and PCA divided the experimental set into three

groups based on agro-morphological attributes (Figures 3A–C).

Among the nine quantitative traits, the main distinguishing trait
A

B

FIGURE 6

(A) Estimation of population using LnP(D) derived delta k value (B) Population structure at K= 2 by Evanno table in A.paniculata accessions.
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that contributed to diversity among different groups in cluster

analysis was the proportion of dry herb yield. Overall, the

grouping pattern was slightly similar in both heatmap

clustering and PCA biplot showing considerable diversity

among experimental sets, which might be attributed to gene

ontology, soil, and environmental conditions. The hybridization

between the accessions with the least genetic similarities could be

effective for the production of superior genotypes containing

desirable traits. Likewise, all the three clustering methods (k-

mean clustering, Euclidean distance-based clustering, and PCA)
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divided twenty-four accessions into two clear-cut groups based

on phytochemical traits (Figures 4A–C), demonstrating

considerable variance among experimental sets based on

chemical concentrations. The distinctive characteristic

contributing to diversity among different groups was the share

of andrographolide content. Thus, despite growing in the same

soil and temperature regime, principal component analysis and

cluster analysis allowed the classification of A.paniculata

accessions into different groups and revealed significant

variability in chemical concentrations among experimental
A

B

C

FIGURE 7

(A) Comparative assessment of phenotypic and genotypic data based hierarchical cluster dendrograms. The black lines represent mismatched
accessions in-between the two dendrograms from the phenotypic to the genotypic cluster. (B) Mantel test representing the relationship
between phytochemical and molecular data sets. (C) Hierarchical clustering of twenty-four accession of kalmegh using combined agro-
phytochemical and molecular datasets.
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sets, which appears to be associated with genetic factors

accumulated during selection.

Moreover, our clustering results based on agro-

morphological traits and phytochemical traits showed no

specific grouping pattern of geographically closer accessions of

A. paniculata. The propensity to produce such a clustering

pattern suggests that geographic segregation might not always

dilute the genetic makeup of introductions which leads to

diversity in natural populations. In light of this, it seems that

accessions’ genetic makeup, as opposed to their eco-geographic

origin, significantly influences clustering. This may result from

the unrestricted flow of seed from the native place to the area of

their domestication. Our results align with the reports of Lattoo

et al. (2008) for morphometric traits and Hiremath et al. (2020)

for morphometric and chemotypic traits in A.paniculata.

Characterization of diversity based on morpho-metric traits

may not be reliable as these are vulnerable to ontology and

environmental factors. Therefore, it is desirable to assess

diversity based on molecular markers and compare them with

morphometric traits to attain more realistic results. According to

Varshney et al. (2005), molecular markers have become a frequent

and crucial tool for assessing genetic relationships and diversity,

cultivar identification and development, efficient gene mapping,

tagging, and early generation detection of superior genotypes in

many crops. In recent years, microsatellites (SSRs) have become a

marker of choice due to their high abundance, hyper-variable,

reproducible, co-dominance, and discriminatory nature. Simple

Sequence Repeats (SSRs) in the transcribed regions are perceived

to be more conserved, significant, and transferable across

taxonomic borders than the anonymous SSRs (Pashley et al.,

2006; Ellis and Burke, 2007). Transcriptome sequencing is

nowadays a quick and affordable way to obtain the EST

(Expressed sequence tags) sequences required to isolate a

massive set of functional SSRs associated with novel genes.

Many EST-SSRs have been developed recently in diverse plant

species using transcriptome sequences (Wu et al., 2014). In A.

paniculata, this is the first established report where transcriptome-

based EST-SSR markers were developed and validated. Thus, in

the present study, we aimed to generate new EST-SSR markers

from the already available transcriptome data of kalmegh in our

lab through Illumina paired-end RNA-seq technology (published

by Garg et al., 2015). The non-redundant combined transcript

extracted from the leaf and root transcriptome and annotated to

be involved in different metabolic pathways were used for marker

development. The markers obtained from these sequences would

be more beneficial than genomic sequence data for trait-specific

breeding and detection in A. paniculata.

In the present study, thirty-two SSRs primer pairs discovered

via 50 non-redundant transcripts were selected randomly for

experimental validation to build a working maker set for kalmegh

genetic improvement. Of these 32 primer pairs, over 71.87%

(23primer pairs) successfully amplified genomic DNA and over

40% (13primer pairs) produced polymorphic and reproducible
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bands across twenty-four accessions (Supplementary Table S5A

&B). Our success rate is comparable to other efforts done in

medicinal herbs, where EST-SSRs amplification rate of 60-80%

was reported (Gong & Deng, 2010; Sathyanarayana et al., 2017;

Vidya et al., 2021). Primer development across intron/exon splice

sites, alternate splice sites, or chimeric transcripts could cause

marker dropout in genic-SSRs. In the current study, 13

polymorphic EST-SSRs were finally selected to evaluate genetic

relationships and diversity among studied accessions. The

discriminatory power of these primer pairs was analyzed using

different parameters (Table 1). The PIC value is assessed by

considering both the allelic numbers as well as their frequency

distribution across the experimental set. It quantifies the

polymorphism for a marker locus (Guo and Elston, 1999). All the

kalmegh SSRs validated in the current study showed a moderate

PIC value (<0.5), with a mean of 0.322. Reports around the globe

suggested that the EST-SSR primers show less polymorphism than

genomic SSRs in crop plants due to larger sequence conservation in

transcribed regions (Varshney et al., 2005). Our result of PIC was

lower than Coriandrum sativum (0.38) (Tulsani et al., 2019)

Docynia delavayi (0.587) (Peng et al., 2021), Ginkgo biloba (0.781)

(Zhou et al., 2019), andQuercus petraea (0.787) (Lupini et al., 2019)

identified with EST-SSR markers. The moderate estimates of PIC

might be due to the development of SSRs from the metabolic

pathway-specific, highly conserved transcribed region of kalmegh.

The PIC estimated in our study was comparatively greater than that

of the plant species Rhododendron arboretum where PIC was

reported to be low (0.195) (Sharma et al., 2020). This indicates

that the A. paniculata loci examined here had a significant level of

discernment, reflecting the complexity of genetic diversity and

structure (Peng et al., 2021). The Rp, MI and EMI of 13 EST-

SSRs were also estimated, indicating the high efficiency of these

primers in kalmegh genetic diversity assessment. Varshney et al.

(2007) also analyzed the discriminating nature of EST-SSR primers

during the evaluation of different species and cultivars of barley

(Hordeum vulgare). Sahoo et al. (2021) also reported the averageMI

of 4.84 in Indian Curcuma species using EST-SSR markers which is

significantly higher than our study.

The cluster analysis and population structure analysis placed

all the twenty-four accession of A.paniculata into two groups

showing the presence of reasonable variability among them that

could be potential sources for selecting parents for breeding

purposes. In UPGMA-based clustering (Supplementary Image

2), thirteen accessions of five different sub-groups were found to

be genetically identical, showing the inability of EST-SSR

primers to differentiate them at the genetic level. This might

be due to limited sampling and similar topography of the regions

represented by these accessions, as seven of these thirteen

accessions belong to the western regions of the country.

However, this could also be due to the low genetic variability

present among accessions of represented regions (Shiferaw et al.,

2012). Bayesian model-based population structuring considered

individuals with a probability score of >0.80 as genetically pure
frontiersin.org

https://doi.org/10.3389/fpls.2022.1042222
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Chaturvedi et al. 10.3389/fpls.2022.1042222
and a score of<0.80 as admixed type (Figure 6B). Mixing of pure

individuals with few admixed accessions was observed in both

the populations derived frommodel-based study, which could be

due to the breeding behavior of the studied plant (Kumar et al.,

2020). AMOVA and PCoA also explained substantial genetic

diversity among the studied accessions of six agroecologically

grouped populations. However, ANOVA based genetic

di fferent iat ion showed maximum variat ion within

agroecological regions rather than between agroecological

regions indicating frequent gene flow through seed or out-

crossing across different agroecological populations (Tiwari

et al., 2016) (Figure 5A). Positioning of studied accessions on

PCoA biplot was not in congruence with Cluster and

STRUCTURE analysis (Figure 5B). The accession AP18 from

Southern Plateau and Hills was very distinct on the biplot

otherwise no specific grouping pattern was observed in PCoA

analysis. Overall, different clustering methods used in the

present study could not able to classify studied accession with

their geographical distribution. The low genetic differentiation

among different (six) agroecological populations could be

interpreted as genetic drift due to seed dispersal, human

intervention, or cross-pollination. Seed dispersal or seed

exchange may result in an increase in allelic diversity among

diverse populations regardless of their geographical isolation

causing enhanced genetic diversity in local germplasm (Louette

et al., 1997). Also, the reproductive biology of the plant might

have contributed to the distribution of alleles across the

regionally isolated population. Although the anthecology of A.

paniculata favors self-pollination, there are records of

substantial outcrossing (around 4%) through insect-

pollination. (Shiferaw et al., 2012; Tiwari et al., 2016). Poor

sampling size of different agroecological populations could be

another reason for the low genetic diversity among different

populations. Thus, more detailed studies with larger sampling

sizes from extended geographical regions could draw a concrete

inference (Sahoo et al., 2021). Previously, evaluation of genetic

diversity among the geographically isolated germplasm of

A.paniculata was carried out using various dominant

molecular markers (Lattoo et al., 2008; Minz et al., 2013;

Tiwari et al., 2016; Kumar et al., 2020; Hiremath et al., 2020)

the outcomes of which are in line with our results. However, in

the present study, metabolic pathway specific EST-SSR markers

were designed and used to determine the genetic diversity

among twenty-four ecotypes of A. paniculata. These noval SSR

loci displayed relatively high polymorphism levels and could be

an important tool for investigating genetic diversity and

assessing effective strategies for selective breeding and

conservation in A. paniculata.

Further, the inconsistency observed between hierarchical

clusters identified by phenotypic and genotypic distance

matrices could be due to the negligible correlation observed

between them and enormous genotype x environment (GxE)

interaction effects observed for quantitatively inherited agro-
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phytochemical traits (Figure 7A). This observation was also

supported by the Mante l tes t drawn between the

phytochemical and genotypic distance matrix (Figure 7B). The

negligible correlation could also be due to the non-adaptive

nature of variation created by EST-SSR markers, unlike

quantitative agronomic or phytochemical traits (Singh et al.,

1991). Similar results showing the discrepancy between

phenotypic and genotypic datasets were reported by several

workers in different crops (Hartings et al., 2008; Soriano et al.,

2016; Agre et al., 2019; Darkwa et al., 2020). Therefore, an

approach using combined datasets of genotypic and phenotypic

information to capture entire genetic variability present in the

plant populations and assess genetic diversity was suggested by

Alves et al. (2013) and da Silva et al. (2017). The joint cluster

analysis performed with agro-phytochemical and genotypic

datasets generated two genetic groups in the experimental sets

of kalmegh with regrouping of individuals in different clusters,

unlike separate hierarchical clustering computed by different

datasets in the present study (Figure 7C). The genetic diversity

assessed by joint cluster analysis could have significant

implications for A. paniculata genetic improvement. The

genetic groups identified in different clusters could be better

utilized as trait progenitors in the different selection and

hybridization programs, thereby enlarging the genetic base of

the kalmegh breeding program and maximizing genetic gain.

Our results are in line with the finding of Agre et al. (2019);

Darkwa et al. (2020), and Alves et al. (2013), who unlocked

genetic diversity in their studies using phenotypic, molecular,

and combined datasets.
5 Conclusion

Adequate genetic diversity is crucial to project appropriate

breeding programs and develop improved varieties in kalmegh

genetic improvement. In the present study, genic EST-SSR

markers along with agronomic and phytochemical traits, were

used to assess genetic diversity among twenty-four kalmegh

accessions collected from diverse agroecological zones of India.

Our results on genetic diversity revealed sufficient genetic

variation in the studied population, which can be exploited for

kalmegh genetic improvement and germplasm conservation.

The agro-morphological descriptors, days to fifty percent

flowering and dry herb yield identified as potential selection

index in the present study could be utilized further in kalmegh

genetic improvement program. The low genetic differentiation

observed among the different agroecological populations could

be improved by increasing the sample size from extended

geographical regions. In our study, the inconsistency observed

between genotypic and phenotypic information could be

resolved by enhancing genome-wide information with more

number of functional EST-SSR markers to obtain concrete

outcomes from them. Our results on combined datasets
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expanded the scope of selective breeding in kalmegh by utilizing

different trait-specific parental lines grouped in different genetic

clusters generated by phenotypic and genotypic information.

However, further research on economic traits using more genetic

and genomic resources can complement the current study and

generate more reliable information on Indian kalmegh ecotypes.
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Integrated model for
genomic prediction under
additive and non-additive
genetic architecture

Neeraj Budhlakoti1, Dwijesh Chandra Mishra1*,
Sayanti Guha Majumdar1, Anuj Kumar2, Sudhir Srivastava1,
S. N. Rai3 and Anil Rai1*

1Division of Agricultural Bioinformatics, ICAR-Indian Agricultural Statistics Research Institute,
New Delhi, India, 2Department of Microbiology and Immunology, Dalhousie University, Halifax,
NS, Canada, 3Bioinformatics and Biostatistics Department, University of Louisville,
Louisville, KY, United States
Using data from genome-wide molecular markers, genomic selection

procedures have proved useful for estimating breeding values and

phenotypic prediction. The link between an individual genotype and

phenotype has been modelled using a number of parametric methods to

estimate individual breeding value. It has been observed that parametric

methods perform satisfactorily only when the system under study has

additive genetic architecture. To capture non-additive (dominance and

epistasis) effects, nonparametric approaches have also been developed;

however, they typically fall short of capturing additive effects. The idea

behind this study is to select the most appropriate model from each

parametric and nonparametric category and build an integrated model that

can incorporate the best features of both models. It was observed from the

results of the current study that GBLUP performed admirably under additive

architecture, while SVM’s performance in non-additive architecture was found

to be encouraging. A robust model for genomic prediction has been developed

in light of these findings, which can handle both additive and epistatic effects

simultaneously by minimizing their error variance. The developed integrated

model has been assessed using standard evaluation measures like predictive

ability and error variance.
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frontiersin.org01
59

https://www.frontiersin.org/articles/10.3389/fpls.2022.1027558/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.1027558/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.1027558/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.1027558/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2022.1027558&domain=pdf&date_stamp=2022-11-30
mailto:Dwijesh.Mishra@icar.gov.in
mailto:anil.rai@icar.gov.in
https://doi.org/10.3389/fpls.2022.1027558
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2022.1027558
https://www.frontiersin.org/journals/plant-science


Budhlakoti et al. 10.3389/fpls.2022.1027558
1 Introduction

Genomic selection is a form of marker-assisted selection

(MAS) in which genomic markers covering the whole genome

are used to identify quantitative trait loci (QTL) which are in

linkage disequilibrium (LD) with at least one marker (Meuwissen

et al., 2001). Genomic selection predicts the breeding values of

individuals or lines in a population by analyzing their phenotypes

and high-density marker scores. The genomic selection process

starts with building a statistical model from individuals having

both genotypic and phenotypic information (i.e., training set); this

model is further used for estimation of breeding value of the

individuals in the breeding population/validation set (i.e.,

Genomic Estimated Breeding Value (GEBVs) for individuals

having only genotypic information). Individuals are then ranked

on the basis of GEBVs and subsequently superior individuals are

selected. Genomic selection methods have been successfully

applied for various plants (Jannink et al., 2010; Spindel et al.,

2015; Zhao et al., 2015; Crossa et al., 2016; Liu et al., 2019) and

animals (Hayes et al., 2009; Daetwyler et al., 2010; Daetwyler et al.,

2012; Wang et al., 2013; Wolc et al., 2015; Lu et al., 2016; Wiggans

et al., 2017; Liu et al., 2019), and reason behind this success is that

it incorporates all information on genome wide markers into the

prediction model.

As a choice of model, different methods that may be

parametric, nonparametric, and semiparametric can be used

for genomic selection. But, in general, it was observed that

performance of parametric methods were considerably better

than nonparametric methods in case of additive genetic

architectures (Gianola et al., 2006; Crossa et al., 2010;

Daetwyler et al., 2010; Heslot et al., 2012; Howard et al., 2014;

Sahebalam et al., 2019). The practical use of genomic selection

includes efforts such as appropriate statistical model selection,

training and testing data proportions, marker density, etc.,

which requires resource-based decision-making. Prediction

accuracy of a model can also be affected by factors like span of

LD, heritability of trait under observation, and genetic

architecture of individual under study. Due to the complexity

of plant genetics, some genomic selection techniques perform

very poorly as they are unable to model marker variance.

Further, due to the huge number of epistatic interactions, it

becomes challenging to practice parametric methods (Moore

and Williams, 2009). In epistatic interactions, a number of loci

are involved and also the possibility of interaction cannot be

ignored. Epistatic interaction may play a crucial role for

explaining genetic variation for quantitative traits, as ignoring

these kinds of interaction in the model may result in lower

genomic prediction accuracy (Gianola et al., 2006; Cooper et al.,

2009). In such cases, performance of model free i.e.

nonparametric methods were found to be more impressive

(Gianola et al., 2006).

Although some semiparametric (Gianola et al., 2006;

Campos et al., 2010; Legarra and Reverter, 2018) and other
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robust approaches (Tanaka, 2018; Budhlakoti et al., 2020a;

Majumdar et al., 2020b; Sehgal et al., 2020; Mishra et al., 2021)

have also been proposed and implemented for this purpose,

there is still room for improvement. To overcome the limitation

of individual parametric and nonparametric models, the current

study has been designed to develop a robust model by

integrating the best model from each category that can handle

diverse genetic architecture.
2 Materials and method

In GS, our main objective is to select superior individuals by

modelling the relationship between individual genotypic and

phenotypic information. One of the simplest models for

modeling this relationship is simple linear regression model.

One problem with linear regression is that, generally, the

number of markers (genotype) is greater than the number of

individual (phenotype), that is, there exists a problem of large p

and small n i.e., p > n. In such a case, it may not be possible to

estimate parameters of regression model. Therefore, variable

selection approach i.e., Ridge Regression (RR) and Least absolute

Shrinkage and Selection Operator (LASSO), are alternatives to

this situation. Some other improved methods include Best

Linear Unbiased Prediction (BLUP) (Henderson, 1949),

Genomic BLUP (GBLUP) (Endelman and Jannink, 2012),

Bayesian methods, and their derivatives i.e. Bayes A, Bayes B,

Bayes C p and D p (Meuwissen et al., 2001; Gianola et al., 2009;

Habier et al., 2009; Habier et al., 2010). However, assumptions of

parametric models do not always hold (e.g., normality, linearity,

independent explanatory variables), which further suggests the

use of nonparametric methods. Various nonparametric based

methods, i.e. Reproducing Kernel Hilbert Space (RKHS),

Support Vector Machine (SVM), Artificial Neural Network

(ANN), and Random Forest (RF), have been proposed and

successfully used for genomic prediction in plants and

animals. A detailed comparison of various parametric and

nonparametric methods has been provided by Howard et al.,

2014; Budhlakoti et al., 2020b, in context to genomic selection.
2.1 Integrated estimation of GEBVs

The best model from each parametric and nonparametric

methods was identified. Under parametric methods

performance of GBLUP was found to be the best, whereas for

nonparametric method, SVM was found to be best using

appropriate evaluation measures. An integrated estimator for

GEBVs (more formally GEBVs from parametric methods and

EGV i.e. estimated genomic values from nonparametric

methods) has been developed for genomic selection by

combining estimates from the best parametric and

nonparametric methods (Majumdar et al., 2020a and
frontiersin.org
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Majumdar et al., 2020b). For better understanding, details of

both the methods have been given below.
2.2 Best linear unbiased prediction

BLUP is based on the theory of mixed random effect model.

Statistical formulation of the BLUP model can be written as

follows:

Y = Xb + Zm + e

where, b is a p × 1 vector of fixed effects, m is q × 1 vector of

random effects, m~N (0,G) and e is n × 1vector of residuals, e

~N (0, R). The estimator of fixed effect b is called Best Linear

Unbiased Estimator (BLUE) and random effects m is known as

BLUP. Estimation of BLUE and BLUP (b, m) by maximizing the

joint likelihood function is given below (Henderson, 1949):

f (Y ,m ) =  f (Y jm)f (m)

=
1

2pn=2 Rj j1=2 −
1
2
(Y − Xb − Zm) 0 R−1(Y − Xb − Zm)

� �

� 1

2pp=2 Gj j1=2 −
1
2
m 0 G−1m

� �

The estimate of (b, m) could be obtained by maximizing the

log of the above likelihood function and equating it to zero, which

could be written as the famous Henderson mixed model equation:

X
0
R−1X X

0
R−1Z

Z
0
R−1X Z

0
R−1Z + G−1

 !
b̂

m̂

 !
=

X
0
R−1Y

Z
0
R−1Y

 !

where G = var (m) and R = var (e). The solution to the

Henderson equation is BLUE of b, BLUP of m, where m and e

are normally distributed and maximizes f (Y, m) over unknown

parameters b and m.

GBLUP is an improved version of BLUP where additive

genomic relationship matrix (G) is used as a variance-covariance

matrix of random effect in the model.
2.3 Support vector machine

SVM is based on the principle of maximum separating

hyperplane. It constructs a hyperplane with the objective

of separating data into different classes. In case our problem

is based on regression instead of classification, i.e., when

output data is continuous in nature, then the Support Vector

Regression can be used. Support Vector Regression (SVR) is an

important application of SVM technique and has been used

interchangeably in the literature. In order to understand this,
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consider a mapping function f (X): Rp !R, given the set of

training data

(X1,Y1), (X2,Y2)  ,   :   :  , (Xn,Yn),  Xi ∈ Rp,  Yi ∈ R

Let us assume a simple linear function of the following form:

f (X) = w’X + b, where, w is vector of weight to be estimated

(i.e. regression coefficients) and b denotes bias. f (X) is

minimized by the following problem formulation:

minw,b ∅ (w, b) =
1
2
jjwjj2+co

n

i=1
eki

where ei = Yi – f (Xi), is error of i
th data point from training

set, also known as loss function L(.) which measures quality of

estimation, and c represents regularization parameter which

handles trade-off between margin and error.
2.4 Proposed estimator

The integrated estimator for estimated breeding or genomic

value can be expressed as

YEst = wYGBLUP +  ð1  –w)YSVR (1)

where, YEst is new predicted phenotype from integrated model,

w is s 2
SVR

s2
GBLUP+s

2
SVR
, where s2

SVR and s 2
GBLUP are the error variance of

models SVR and GBLUP respectively, YGBLUP is the predicted

GEBV from GBLUP, whereas YSVR is the predicted EGV from SVR

model. Let us assume that error variance of YEst is represented by

s 2
EST , then by optimizing w, s 2

EST can be obtained as:

s 2
Est =

s 2
SVR

s2
GBLUP+s

2
SVR

� �2
s 2
GBLUP +

s 2
GBLUP

s2
GBLUP+s

2
SVR

� �2
s2
SVR

s 2
Est =

s 2
GBLUPs

2
SVR

s2
GBLUP+s

2
SVR

(2)
2.5 Estimation of error variance for
proposed estimator

In order to develop the integrated genomic selection model,

estimate of error variances for GBLUP (s 2
GBLUP) and SVR (s 2

SVR)

models have been obtained using two different methods i.e.

Refitted Cross Validation (RCV) and k fold Refitted Cross

Validation (k-RCV). RCV method was originally given by Fan

et al., 2012, for the estimation of error variance in ultrahigh

dimensional regression procedure. The basic procedure behind

RCV and k-RCV is the same except that data is split into two

equal halves for RCV and k equal sizes for k-RCV respectively.

Algorithm of both RCV and k-RCV methods are depicted

through the flow diagrams in Figure 1.
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2.6 Data simulation

In order to check the performance of the model, data was

simulated using QTL Bayesian interval mapping method

implemented in R based package “qtlbim” (Yandell et al.,

2007). R is open source and freely available at http://www.r-

project.org (R Core Team, 2019). Package “qtlbim” is based on

Cockerham’s model which is a standard model for simulation of

marker data and has been followed in many studies (Bedo et al.,

2008; Piao et al., 2011; Howard et al., 2014; Budhlakoti et al.,

2020a; Budhlakoti et al., 2020b; Li et al., 2020).

Statistical formulation of Cockerham’s model is given as follows:

Yijk = Gij + eijk

= m + a1x1 + d1z1 + a2x2 + d2z2 + iaawaa + iadwad + idawda

+ iddwdd + eijk (3)

where m is the mean, a1 and a2 are additive genetic effects at

locus A & B, d1 and d2 are dominance effects at locus A & B, eijk is

a residual. iaa is additive × additive effect of loci A and B, iad is

additive × dominance of loci A and B, ida is dominance × additive

of loci A and B, and idd is dominance × dominance of loci A and B.

We have simulated a total of five data sets for genotypic and

phenotypic information using the Cockerham’s model described

above (Eq. 3) with diversified genetic architecture (additive and

epistasis) at various levels of heritability (ranges from low

heritability 0.3 to medium 0.5 and high heritability 0.7 for F2

population). For the additive data, there is one QTL in each

chromosome with either a positive or negative additive effect and

no epistatic interaction say it as (a, e0). For non-additive/epistatic
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data, we assumed two QTLs on each of the five, seven, and ten

chromosomes respectively; remaining chromosomes have no

QTL. So, a total 5, 7, and 10 two-way epistatic interactions are

considered for the non-additive datasets. So in each dataset, there

is a combination of one of the five different levels of heritability

(viz. 0.3, 0.5, 0.7) and four levels of epistatic effects (viz. 0, 5, 7, 10)

denoted as e0, e1, e2, e3. So, finally, we have four ifferent

combinations of datasets with additive and epistatic effects i.e.

(a, e0), (a, e1), (a, e2) and (a, e3). For each genetic architecture we

have simulated the data for 200 individuals with 2000 SNPs each.

Simulated data have 10 chromosomes with 200 SNPs in each with

specified length. A total of 2000 markers are distributed over all 10

chromosomes in such a way that each marker is equi-spaced over

the chromosome. No missing genotypic values and no missing

phenotypic values are considered in the datasets.
2.7 Real data set

In order to check the robustness of our approach the same

has been validated using real data. We have used a total of six

datasets in the current study. A detailed discussion regarding

each of the dataset is given below.

2.7.1 Dataset 1: Wheat
Wheat lines were genotyped using 1447 Diversity Array

Technology markers generated by Triticarte Pty. Ltd. (Canberra,

Australia; http://www.triticarte.com.au). Markers are coded for

two different values i.e. their presence (1) or absence (0). This

data set includes 599 lines phenotyped for trait grain yield (GY)

for four mega environments. However, for matter of
B

A

FIGURE 1

Basic steps for estimation of error variance using (A) RCV and (B) k-RCV.
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convenience we have just considered GY for the first mega

environment. The final number of DArT markers after quality

control and final editing was 1279 and the same was used in the

current study (Crossa et al., 2010; Cuevas et al., 2016).

2.7.2 Dataset 2: Maize
The maize dataset is generated by CIMMYT’s Global Maize

Program (Crossa et al., 2010). It originally included 300 maize

line with 1148 SNP markers. Markers with the highest frequency

are coded as 0 and lowest frequency as 1. Here also the trait

under study is GY, evaluated under drought and watered

conditions. After final editing, 264 maize lines with 1135 SNPs

markers were available for final study (Crossa et al., 2010).
2.7.3 Dataset 3-6: Wheat
This wheat dataset is generated from CIMMYT semiarid

wheat breeding program, which is comprised of 254 advanced

wheat breeding lines genotyped for 1726 DArt markers (Poland

et al., 2012). Dataset is recorded for four different phenotypic

traits: Days to Heading (DTH), Thousand Kernel Weight

(TKW), Yield (under irrigated condition hence denoted as YI),

and Yield (under draught condition i.e. YD). For convenience,

here trait DTH is considered as Dataset-3, trait TKW as Dataset-

4, trait YI as Dataset-5, and trait YD as Dataset-6.
2.8 Evaluation measure

Predictive Ability and Prediction Error were used for evaluation

of the different models. Predictive ability can be defined as Pearson

correlation coefficient (r) between observed phenotypic value and

predicted phenotypic value. The same can be expressed as (Eq. 4)

r =
SY ,Ŷ
SYSŶ

(4)

where SY ,Ŷ denotes the covariance between observed and

predicted phenotypic value, SY is standard deviation of observed

phenotype, and SŶ denotes standard deviation of predicted

phenotype. Prediction error can be simply defined as mean

sum of square error (MSE) between observed phenotypic value

and predicted phenotypic value. The same can be expressed

using the following formula (Eq. 5)

MSE =
1
no

n
i=1(Yi − Ŷ i)

2 (5)

where Yi is observed response, Ŷ i is predicted phenotype

value of ith individual, and n denotes total number of individuals

in the training set.

To compare the performance of methods under study, a

cross-validation technique is used. Data is divided into two parts,

i.e., training and validation sets, in such a way that the training

set comprises 70% of data and the rest of the data is in the
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validation set. The former is used for model building and the

latter for model evaluation. The whole procedure is repeated 100

times and predictive ability and prediction error were calculated.

For better understanding, a brief flowchart of the whole

procedure followed in the current study is provided in Figure 2.

In order to implement all the methods under study, R

programming platform (R Core Team (2019). R: A language

and environment for statistical computing, R foundation for

statistical computing Vienna - Google Search) was used; to fit

different models under study, R package STGS was used

(Budhlakoti et al., 2019).
3 Results and discussion

3.1 Comparative study of existing
parametric methods

Here, using a simulation analysis, the most popular methods

(i.e., Stepwise Regression, BLUP, LASSO, Bayesian LASSO, and

GBLUP) for genomic selection under diverse genetic

architectures were examined. Each method was evaluated at

different heritability levels (i.e. 0.3, 0.5, and 0.7). Cross-validation

technique was used to assess the performance of various models,

and results of the same are presented in Table 1.

The following critical observations can be made from the

results (Table 1).
i. At low heritability (0.3), the performance of

GBLUP was found to be the highest and

reasonable. However, performance of BLUP and

Bayesian LASSO were also quite impressive. It

can also be observed that as heritability increases,

the performance of LASSO in comparison to

other methods quickly improves.

ii. At moderate heritability (0.5), performance of

GBLUP is highest in comparison to the others.

However, an important thing to note is that there

is not much difference in the performance of all

the methods except stepwise regression.

iii. At high heritability (0.7), consistency in the

performance of GBLUP is still maintained, with

the performance of other methods (BLUP,

LASSO, and Bayesian LASSO) also at par with

GBLUP.

iv. Performance of stepwise regression is very low

throughout at all levels of heritability. This makes

this method unsuitable for genomic selection

studies.

v. LASSO can also be used as one of the preferable

statistical models for genomic selection studies,

especially when additive effects are present, but

only for high heritable traits.
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Fron
vi. For real-time scenarios (e.g., agriculture field

data) where trait heritability is generally low

(for most commonly studied yield related

traits), GBLUP can be quite good for genomic

selection studies. Results indicates that GBLUP

has better predictive ability of estimating GEBVs

of individuals over their counterparts.
3.2 Comparative study of existing
nonparametric methods

This section summarizes the performance of different

nonparametric methods under study, i.e., RKHS, SVR,

ANN, and RF, at diverse levels of heritability. Predictive
tiers in Plant Science 06
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ability and prediction error were used as evaluation

measures for different models. Results of the same are

presented in Table 2.

On the basis of results obtained (Table 2), the following

inferences can be drawn:
i. Performance of SVR was consistent throughout

different levels of heritability with respect to its

predictive ability and MSE.

ii. However, ANN also performed quite well, almost

at par with SVR. Performance of random forest

was poor at low heritability, however it improved

gradually with high heritability.

iii. Performance of RKHS and RF were not found to

be encouraging in comparison to their

counterparts throughout the study.
FIGURE 2

Flow diagram for the procedure followed to develop the integrated model in the current study.
TABLE 1 Predictive ability and MSE of GEBVs for different parametric methods using simulated dataset at different levels of heritability (h2).

h2/Parameters GBLUP BayseianLasso StepwiseR BLUP LASSO

0.3 PA 0.74 0.72 0.52 0.70 0.72

MSE 0.26 0.18 0.92 0.26 0.21

0.5 PA 0.86 0.83 0.42 0.84 0.83

MSE 0.23 0.25 0.90 0.24 0.23

0.7 PA 0.89 0.86 0.48 0.87 0.86

MSE 0.32 0.32 0.88 0.32 0.24
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From the above discussion, two models, GBLUP and SVR,

each from parametric and nonparametric respectively, can been

considered as the best model based on their performances in

terms of estimating GEBVs and EGVs respectively for selection

of individuals. Using these results, a robust model has been

developed by integrating GBLUP and SVR by minimizing their

error variance. Detailed results regarding error variance

estimated using different methods is given below.
3.3 Comparison of error variances for
GBLUP, SVM and integrated model

Here, two different methods for estimation of error

variances, i.e., RCV and k-RCV, have been used for GBLUP,

SVR, and Integrated model. Results of the same have been

presented one by one in the tables given below.

3.3.1 Refitted cross validation
Error variance estimated using Refitted Cross Validation

(RCV) for GBLUP, SVR, and Integrated model is presented

in Table 3.

From Table 3, it has been observed that error variance of the

integrated model is less than the error variance of GBLUP and

SVR at diverse genetic architectures i.e., irrespective of levels of

heritability and genetic effects.

3.3.2 k-fold refitted cross validation
Error variances estimated using k-fold refitted cross

validation (i.e., k-RCV) for GBLUP, SVR, and Integrated

model were given in Table 4.

From Table 4, it has also been observed that the error

variance of the integrated model was found to be less than
Frontiers in Plant Science 07
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GBLUP and SVR across all levels of heritability using k-

RCV approach.

In order to compare and better understand the results

obtained through different methods of estimations for error

variance (i.e., RCV, k-RCV), the same has been presented

graphically in Figure 3.

The following important findings can be drawn from the

results (Figure 3).
i. The error variance estimated through RCV and

k-RCV is almost similar. However, variance

estimated through RCV is slightly lower than k-

RCV; this difference may be caused by the

reduced sample size in case of k-RCV.

ii. Our proposed method is robust to both

architecture (i.e., additive and epistatic) as

evidenced from error variance obtained through

RCV and k-RCV.

iii. Error variance obtained through RCV and k-

RCV is highest for SVR in comparison to BLUP

and the integrated model.

iv. In general, error variance increases with increase

in heritability level across the various methods.
3.4 Performance of error variance
estimation methods for integrated model

Here we have presented the results of different error variance

estimation methods (RCV and k-RCV) in terms of their

capability and how accurately it gives GEBVs or EGVs. The

same has been calculated using each approach, i.e., GBLUP,
TABLE 2 Predictive ability and MSE of EGVs for different nonparametric methods under study using simulated dataset for various levels of
heritability (h2).

h2/Parameters RKHS ANN SVR RF

0.3 PA 0.53 0.72 0.75 0.63

MSE 0.67 0.60 0.47 0.78

0.5 PA 0.55 0.82 0.85 0.70

MSE 0.86 0.55 0.55 0.60

0.7 PA 0.62 0.84 0.88 0.72

MSE 0.93 0.58 0.54 0.71
frontiersin
TABLE 3 Error variance for different GS models at different heritability using RCV.

h2 GBLUP SVR Integrated Model

0.3 1.12 4.57 0.90

0.5 0.94 9.39 0.85

0.7 1.10 22.84 1.05
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SVR, and integrated model, and the predictive ability of each of

them was observed.
3.4.1 Refitted cross validation
Predictive ability for GBLUP, SVR, and the integrated model

using RCV variance is given below in the table at different levels

of heritability and genetic effect.
3.4.2 k-fold refitted cross validation
Predictive ability for GBLUP, SVR, and the integrated model

using k-RCV variance is given below in the table at different

levels of heritability and genetic effect.

The following important findings can be drawn from the

results obtained in Tables 5, 6:
Fron
i. Performance of GBLUP is good when data have

only additive architecture, while SVR performs

equally well with diverse genetic architecture

(with and without epistasis), especially at low

heritability.

ii. At low heritability, the performance of the

integrated model is consistent and robust.

iii. However, at high heritability (i.e. h2 = 0.5 & 0.7),

the performance of all the models in terms of

prediction accuracy are at par.
tiers in Plant Science 08
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iv. With increasing levels of epistasis and heritability,

the predictive ability of the integrated model is

still maintained
In order to support the facts obtained from the results of the

simulation study, the same has also been tested on real datasets.

Results obtained from the real dataset also tells the same story;

here prediction accuracy for the integrated model is either at par

or better than GBLUP and SVR model. However, here also the

performance of k-RCV is slightly better than RCV. Graphical

representation of the same is given below (Figure 4).

From the above discussion, two models, GBLUP and SVR,

each of parametric and nonparametric respectively, can be

considered the best models based on their performance in

terms of reduced error variance and improved estimation of

GEBVs and EGVs, respectively, for the selection of individuals.

On the basis of this result, a robust model has been developed in

this study by integrating GBLUP and SVR based on suitable

weightage according to their error variance.
3.5 Practical deployment to the
breeding programs

Here we present the R script as supplementary information

for estimating the GEBVs of an individual using the integrated
TABLE 4 Error variance for different GS models at different heritability using k-RCV.

h2 GBLUP SVR Integrated Model

0.3 1.04 4.57 0.85

0.5 1.05 9.91 0.95

0.7 1.28 26.72 1.22
BA

FIGURE 3

Error variance for integrated GS model at different heritability using various methods (A) RCV and (B) k-RCV in comparison to the error variance
of best methods from both parametric and nonparametric i.e. GBLUP and SVR (Results from Tables 3, 4).
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TABLE 6 Predictive ability (PA) with its standard error (SE) for different GS models at different heritability using k-RCV variance.

h2 GBLUP
(a,e0)

GBLUP
(a,e1)

SVR(a,
e1)

SVR(a,
e0)

Integrated Model
(a,e0)

Integrated Model
(a,e1)

Integrated Model
(a,e2)

Integrated Model
(a,e3)

0.3 PA 0.74 0.68 0.75 0.74 0.76 0.74 0.70 0.66

SE
(PA)

0.045 0.072 0.062 0.063 0.048 0.045 0.04 0.042

0.5 PA 0.86 0.84 0.85 0.81 0.88 0.87 0.82 0.80

SE
(PA)

0.032 0.045 0.041 0.048 0.029 0.026 0.032 0.041

0.7 PA 0.89 0.87 0.88 0.85 0.91 0.89 0.85 0.82

SE
(PA)

0.030 0.039 0.032 0.041 0.027 0.024 0.032 0.03
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TABLE 5 Predictive ability (PA) with its standard error (SE) for different genomic selection models on mixed architecture (additive and epistatic
effects) using RCV variance.

h2 GBLUP
(a,e0)

GBLUP
(a,e1)

SVR(a,
e1)

SVR(a,
e0)

Integrated Model
(a,e0)

Integrated Model
(a,e1)

Integrated Model
(a,e2)

Integrated Model
(a,e3)

0.3 PA 0.74 0.68 0.75 0.74 0.75 0.74 0.70 0.64

SE
(PA)

0.045 0.072 0.062 0.063 0.059 0.056 0.055 0.06

0.5 PA 0.86 0.84 0.85 0.81 0.88 0.85 0.82 0.79

SE
(PA)

0.032 0.045 0.041 0.048 0.035 0.027 0.03 0.03

0.7 PA 0.89 0.87 0.88 0.85 0.90 0.89 0.84 0.81

SE
(PA)

0.030 0.039 0.032 0.041 0.024 0.020 0.02 0.02
FIGURE 4

Prediction accuracy for different genomic selection models on a real dataset.
frontiersin.org

https://doi.org/10.3389/fpls.2022.1027558
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Budhlakoti et al. 10.3389/fpls.2022.1027558
model (Supplementary File S1). The user may also run different

GS-based models using a variety of other publicly accessible R

tools & packages. In the future, GS-based tools or R packages

may be developed that incorporate advanced and other GS-

based models for hassle-free implementation.
4 Conclusion

In the current study, an effort has been made to develop a

comprehensive methodology that addresses both the advantages

and disadvantages of each parametric and nonparametric model.

The performance of the GBLUP and SVRmodels was determined

to be the best among its counterparts for both the parametric and

nonparametric frameworks, respectively. The predictive ability

and error variance of the developed integrated model were

assessed, and it was found that our proposed approach

performs either better or at par with existing models. It has also

been observed that our proposed model is good at handling the

diverse genetic architecture, i.e., additive and epistatic, in terms of

reducing the error variance and enhancing the predictive ability.

As a future directive, developed methodology could be evaluated

by measuring the impact of within and across family predictive

ability and other cross validation schemes.
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Identification of a major QTL,
Parth6.1 associated with
parthenocarpic fruit
development in slicing
cucumber genotype, Pusa
Parthenocarpic Cucumber-6

Shilpa Devi 1, Parva Kumar Sharma2, Tusar Kanti Behera1,3*,
Sarika Jaiswal2, G. Boopalakrishnan1, Khushboo Kumari1,
Neha Kumari Mandal1, Mir Asif Iquebal2, S. Gopala Krishnan4,
Bharti5, Chandrika Ghosal1, Anilabha Das Munshi1*

and Shyam Sundar Dey1*

1Division of Vegetable Science, ICAR-Indian Agricultural Research Institute, New Delhi, India,
2Centre for Agricultural Bioinformatics, ICAR-Indian Agricultural Statistics Research Institute,
New Delhi, India, 3ICAR-Indian Institute of Vegetable Research, Varanasi, India, 4Division of
Genetics, ICAR-Indian Agricultural Research Institute, New Delhi, India, 5Division of Sample Survey,
ICAR-Indian Agricultural Statistics Research Institute, New Delhi, India
Parthenocarpy is an extremely important trait that revolutionized the

worldwide cultivation of cucumber under protected conditions. Pusa

Parthenocarpic Cucumber-6 (PPC-6) is one of the important commercially

cultivated varieties under protected conditions in India. Understanding the

genetics of parthenocarpy, molecular mapping and the development of

molecular markers closely associated with the trait will facilitate the

introgression of parthenocarpic traits into non-conventional germplasm and

elite varieties. The F1, F2 and back-crosses progenies with a non-

parthenocarpic genotype, Pusa Uday indicated a single incomplete dominant

gene controlling parthenocarpy in PPC-6. QTL-seq comprising of the early

parthenocarpy and non-parthenocarpic bulks along with the parental lines

identified two major genomic regions, one each in chromosome 3 and

chromosome 6 spanning over a region of 2.7 Mb and 7.8 Mb, respectively.

Conventional mapping using F2:3 population also identified two QTLs, Parth6.1

and Parth6.2 in chromosome 6 which indicated the presence of a major effect

QTL in chromosome 6 determining parthenocarpy in PPC-6. The flanking

markers, SSR01148 and SSR 01012 for Parth6.1 locus and SSR10476 and SSR

19174 for Parth6.2 locus were identified and can be used for introgression of

parthenocarpy through the marker-assisted back-crossing programme.

Functional annotation of the QTL-region identified two major genes,

Csa_6G396640 and Csa_6G405890 designated as probable indole-3-

pyruvate monooxygenase YUCCA11 and Auxin response factor 16,

respectively associated with auxin biosynthesis as potential candidate genes.
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Csa_6G396640 showed only one insertion at position 2179 in the non-

parthenocarpic parent. In the case of Csa_6G405890, more variations were

observed between the two parents in the form of SNPs and InDels. The study

provides insight about genomic regions, closely associated markers and

possible candidate genes associated with parthenocarpy in PPC-6 which will

be instrumental for functional genomics study and better understanding of

parthenocarpy in cucumber.
KEYWORDS

cucumber, parthenocarpy, inheritance, QTL-seq, molecular mapping, candidate genes
Introduction

Cucumber (Cucumis sativus L.) is grown commercially

in tropical and subtropical climates around the world

(Pradeepkumara et al., 2022). In the Indian sub-continent,

cucumber is grown from the highlands to the plains under

open fields and protected conditions, including riverbeds.

India is considered as the home of cucumber and has a wide

range of genetic diversity and variation depending on growth

habits, fruit size, fruit composition, and skin color besides

several other agronomically important traits (Staub et al.,

1997), but this variation has never been fully utilized in the

crop improvement. The cultivated cucumber has a narrow

genetic base with only 3-8% polymorphism within the

cultivated genotypes, and 10-25% between plant species

(Behera et al., 2011). The small, diploid genome (367 Mb),

annual growth pattern, autogamous mating system, and

relatively short life cycle (~ 3 months from generation to

offspring) provide important genetic benefits (Wang et al.,

2020) and detailed genomics-based studies in cucumber.

In most of the Angiosperms, fruit formation usually

occurs after successful pollination followed by fertilization

of eggs, which results in ovary growth, however, fruit

development without pollination and fertilization is referred

to as parthenocarpy (Li et al., 2014). Parthenocarpic fruits are

seedless as ovules fertilization is disrupted due to changes in

the basic genetic makeup involved in fertilization processes.

Sources of genetic parthenocarpy are either obligate or

facultative by nature. In sexually transmitted species,

parthenocarpic genotypes need to be facultative in nature

for successful development of fruits when pollinated.

Alternatively, the obligate parthenocarpy can be found in

asexually propagated plants (Gorguet et al., 2005). From a

consumer perspective, parthenocarpy is a possible way to

improve fruit quality and total productivity in several fruit

crops. If seed setting fails, flower mortality is a common way

to avoid wasting of resources. However, parthenocarpic
02
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genotypes are also found in wild or non-fruit species,

indicating that there may be a variety of factors that cause

the formation of seedless fruit in higher plants. The viability

and permanence of parthenocarpy in a variety of plants is

mainly the result of human selection (Varoquaux et al., 2000).

Parthenocarpy in cucumber is determined by a complex

in t e r a c t i on be tween seve r a l g ene t i c f a c to r s and

phytohormones (Sharif et al., 2022; Gou et al., 2022).

Various phytohormones, especially gibberellins, cytokinins

and auxins are involved in the processes that follow

pollination and fertilization and these are essential factors

for fruit and seed development (Fos et al., 2001). Growing

seeds are major source of phytohormones that stimulate fruit

growth and development (Ozga et al., 2002). The use of

gynoecy in combination with parthenocarpy is necessary as

cucumber exhibits facultative parthenocarpy as seeded fruit

set can occur in parthenocarpic varieties when fertilised with

viable pollen source. Gynoecious varieties are advantageous

because of increased numbers of pistillate flowers, and thus

greater opportunities for higher fruit set and per unit

production. Parthenocarpic cucumber varieties offer

several advantages over conventional seeded varieties.

Parthenocarpic varieties are able to set fruits sequentially

without suffering from first-fruit inhibition (Denna, 1973;

Sun et al., 2006a). Parthenocarpy should be combined with

stable gynoecious habit, because the fruits formed after

fertilization of parthenocarpic plants become misshapen,

have no economic value and lead to loss of productivity in

case the female flowers received viable pollen. Selection of

diverse genotypes to be used as a parent in the development of

the F1 hybrid to achieve higher yield, uniformity and

suitability for protected cultivation (2016; 2017; Jat et al.,

2015) is necessary in crop improvement programme.

Therefore, the development of molecular markers closely

associated with parthenocarpy and its marker-assisted

introgression into diverse back-grounds is necessary to

facilitate hybrid breeding programme.
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Marker assisted selection (MAS) can enhance the efficiency

of tradit ional breeding. In cucumber, breeding of

parthenocarpic lines based on molecular markers provides a

faster and more efficient way as selection can be based on

genotypes itself rather than the phenotypes. There are two key

requirements in successful of MAS, i.e. markers should be

closely linked to target genes and a moderately saturated or

high density genetic linkage map (Miao et al., 2011). The

development of genetic linkage maps in cucumber have made

possible for molecular characterization of important economic

traits which includes fruit quality (Wenzel et al., 1995),

resistance to diseases (Park et al., 2000; Zhang et al., 2010),

yield (Serquen et al., 1997b; Fazio et al., 2003a), gynoecious sex

and fruit colour (Miao et al., 2011) and yellow fruit flesh (Lu

et al., 2015). Genetic studies have been largely inconsistent on

the mode of inheritance for parthenocarpy in cucumber and

have ranged from proposals of a single gene to complex

multigenic inheritance (Pike and Peterson, 1969; De Ponti and

Garretsen, 1976; El-Shawaf and Baker, 1981; Kim et al., 1992b).

In the past, parthenocarpy has been studied by several workers

to unravel the genetic and physiological basis of this extremely

important trait (Fu et al., 2008; Li et al., 2014; Su et al., 2021; Gou

et al., 2022; Mandal et al., 2022). The parthenocarpic genotypes

of cucumber can set fruit without pollination however normal

seed formation happens with successful pollination with viable

pollen grains. This typical phenomenon in cucumber is

attributed to the facultative parthenocarpic nature. The

majority of the studies in the last two decades suggested that

multiple QTLs across the genome are responsible for

parthenocarpic fruit development in cucumbers. In a

European greenhouse-slicing cucumber genotype, EC-1

parthenocarpy was found to be determined by one major and

stable QTL in chromosome 2 (Parth 2.1) revealed through a F2:3
population (Wu et al., 2015). In north American pickling type

cucumber 2A, seven QTL were detected for parthenocarpy and

one QTL each on chromosomes 5 and 7 (parth5.1 and parth7.1)

and two on chromosome 6 (parth6.1 and parth6.2) were found

govern parthenocarpy (Lietzow et al., 2016). Besides, in a south

China ecotype cucumber, 4 novel QTLs associated with

parthenocarpy were detected (Niu et al., 2020).

There is a broad consensus based on the available reports

that parthenocarpic fruit set is complex in nature and genomic

regions in different chromosomes are responsible for induction

of parthenocarpic fruit development in cucumbers. The present

study was conducted to identify and map the genomic regions

associated with parthenocarpy in one of the commercially

cultivated gynoecious parthenocarpic genotype, Pusa

Parthenocarpic Cucumber-6 (PPC-6) through QTL-seq

approach. Identification of closely linked PCR-based markers

and possible identification of candidate genes associated with

parthenocarpy in PPC-6 would facilitate the marker-assisted

back-cross breeding and characterization of parthenocarpic trait

in cucumber.
Frontiers in Plant Science 03
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Materials and methods

Plant materials

The commercially cultivated parthenocarpic genotype, PPC-

6 is cultivated widely in India under protected condition and was

used as one of the parents for studying the inheritance and

development of mapping population for parthenocarpic trait. In

contrast, the non-parthenocarpic parent, Pusa Uday (PU), an

Indian type cultivar suitable for cultivation under open field

conditions was taken for the study. The F1 progeny was

developed by crossing the PU with PPC-6 under protected

conditions. Development of F1, F2 and back-cross progenies

were undertaken under protected conditions. The plants of

inbreds and developed progenies were grown under protected

conditions using the standard agronomic practices developed by

the Division of Vegetable Science, ICAR-Indian Agricultural

Research Institute, New Delhi.
Inheritance of parthenocarpy

The parthenocarpic line, PPC-6 was crossed with the non-

parthenocarpic cultivar, Pusa Uday (PU). The resulting F1
generation was selfed to obtain a sufficient number of F2
population. The female flowers were covered with a butter

paper bag, one day prior to anthesis to avoid cross-pollination,

and pollens collected from the freshly opened male flowers were

used for pollination. The observations were recorded for

development of parthenocarpic fruits up to the 20th node. If a

plant produced parthenocarpic fruits up to the 1st to 5th nodes, it

was considered an early parthenocarpic plant while if the fruit

set occurred beyond the 10th node, plants were categorized as

late parthenocarpic. A total of 498 F2 progenies were grown for

recording observation on parthenocarpy and observation was

recorded from 400 plants. The observations were recorded

separately for early parthenocarpy, late parthenocarpy, and

non-parthenocarpy. The goodness of fit of the observed values

to the expected segregation ratio for parthenocarpic and non-

parthenocarpic plants was tested using the classical Chi-square

(c2) test as expressed below (Panse and Sukhatme, 1985):

c2 =
(Observed − Expected)2

Expected
DNA extraction and whole genome
resequencing

Approximately 15g of leaf samples were collected for DNA

isolation from 30-35 day-old seedlings at the active vegetative

stage during early morning hours. The collected leaf samples

were packed in aluminum foil and labeled properly, then frozen
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into liquid nitrogen and stored at -80°C for further use. Total

DNA was isolated from the individual parental lines, F1 hybrids,

and mapping populations using the modified cetyl trimethyl

ammonium bromide (CTAB) method (Saghai-Maroof et al.,

1984). The genomic DNA samples were adjusted to 50ng

DNA/µl and stored at 4°C until used as the templates for PCR

amplification and sampling for sequencing. The quality and

quantity of the extracted DNA were estimated with an

Eppendrof Biospectrometer confirmed by running on 0.8%

w/v agarose gel.
QTL-seq for identification of genomic
regions associated with parthenocarpy

For QTL-seq analysis, 498 F2 progenies derived from the

crossing of the PU × PPC-6, were grown under polyhouse with a

partially controlled environment along with their parents.

Observation on parthenocarpy was recorded 45 days after

sowing when the plants were in the full reproductive stage.

One plant from each of the parents, PU and PPC-6 along with

two extreme bulks constituting twenty plants each from the

parthenocarpic and non-parthenocarpic types were used for

sampling (Figure 1). Young leaves from each selected plant

were used for the isolation of genomic DNA. After DNA

isolation and purification, quantification was done using a

Qubit (Thermofisher Scientific, USA). An equal quantity of

DNA from each plant taken for bulking to constitute the

final bulks.
Pre-processing of reads

Paired-end Illumina reads were obtained for both the

parents and the bulks in duplicates. All the reads were 2*150
Frontiers in Plant Science 04
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in length. FastQC version 0.11.8 (Andrews, 2010) was used for

visualization of various read parameters and the presence of low-

quality bases and of Illumina adapters. Based on the FastQC

report the reads were cleaned and trimmed using Trimmomatic

v0.39 (Bolger et al., 2014) with command parameters

‘ILLUMINACLIP:TruSeq3-PE.fa:2:30:10:2:keepBothReads

SLIDINGWINDOW:4:15 MINLEN:50’. Here, TruSeq3-PE.fa is

a fasta file containing Illumina adapter sequences. The obtained

high-quality reads were used further for the identification of

QTL regions.
QTL-Seq analysis

QTL-Seq is a fast and efficient method to identify loci related

to agronomically important traits (Takagi et al., 2013) in plants.

Bulked Segregation Analysis (BSA) is the root of QTL-Seq that

detects genomic location(s) showing significant variations in

contrasting parents and progenies, produced by the contrasting

parents. BSA relies on two main parameters, namely, SNP-index

and D (SNP-index) (Abe et al., 2012; Takagi et al., 2013). SNP-

index is the ratio of a number of reads having a variation, to the

total number of reads at a particular position. While D (SNP-

index) is the difference in the SNP indices of contrasting bulks.

The range of SNP index varies from 0 to 1 depending on the

parent chosen as a reference. For instance, if parent 1 is used as a

reference, and the reads aligned at a particular locus do not have

any variation this means that all the loci have been contributed

from parent 1 and hence SNP-index = 0, but if all the reads

aligned at a particular locus show variation, then it means that

the loci have been contributed by another parent and therefore

SNP-index = 1. For calculating the SNP-index, a sliding window

approach was used with window size of 2000 kb and 100 kb

increment followed by their averaging. Graphs were plotted for

the D (SNP-index) against the chromosomal location. A D (SNP-
FIGURE 1

Fruit set in the contrasting parental lines (A) Pusa Parthenocarpic Cucumber-6 with parthenocarpic fruit development (B) Pusa Uday with no
parthenocarpic fruit set under protected condition.
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index) value close to zero, indicates that no significant QTL is

present at that locus for the studied trait. To obtain significant

results, statistical confidence intervals of D (SNP-index) were

also plotted for all SNP positions with read depth assuming that

there are no QTLs as null hypothesis at 95% level of significance

(Takagi et al., 2013). We used QTL-seq version 2.2.2 for the

detection of significant QTL regions for parthenocarpy in

cucumber (Sugihara et al., 2020). The parameters used were

[-n1 20 -n2 20 -o qtlseq_results -F 2 -e Cucumis sativus] where

n1 and n2 are the numbers of individuals in each bulk, -o is the

output directory, F is the filial population (here we had F2) and -e

is the dataset of reference genome for identification of the effects

due to SNPs. All the other parameters were kept as default. This

software uses BWA for the read alignment, SAMtools for

filtering and BCF tools for variant calling (Figure 2).
Conventional mapping using
F2:3 progenies

Phenotyping was conducted in F2:3 population developed

through selfing of the individual F2 progenies for conventional

molecular mapping of the parthenocarpy. An single F1 plant was

selfed to obtain the F2 population. An F2:3 population

comprising of 94 progenies derived from the cross between

parthenocarpic and non-parthenocarpic parents was used to

construct linkage map of cucumber. The F2:3 progeny rows along
Frontiers in Plant Science 05
74
with parental lines were raised under an insect-proof net house

during Kharif, July-October, 2021. The F2:3 progenies were

grown in two replications with 10 plants in each replication

for recording the observation on parthenocarpy. Eight female

flowers were bagged one day prior to anthesis from the fifth node

onwards on the main stem and eight more from the laterals. At

10 days after anthesis, well-developed and malformed fruits were

counted as parthenocarpic fruit, whereas aborted ones were

recorded as non-parthenocarpic (Figure 3) as suggested by

Wu et al. (2016).

Genotyping was done using a large set of PCR-based

markers uniformly distributed all throughout the cucumber

genome. For the parental polymorphic survey, 1285 SSRs,

Indels, CAPS markers were selected from the Cucumis sativus

genome representing 7 linkage groups. In the present

experiment, previously reported markers were used for the

polymorphic study between the two genotypes, PPC-6 and PU

(Miao et al., 2011; Zhu et al., 2016). Linkage analysis was

performed using identified 123 polymorphic SSRs, Indels,

CAPS markers for the construction of linkage map by

IciMapping 4.1.0.0 at LOD threshold of 3.0 (Lander et al.,

1987). Segregation of 123 SSRs, Indels, CAPS markers, and

parthenocarpy was analyzed and genetic distance between

markers was calculated using the Haldane and Kosambi map

function (Kosambi, 1944). Parthenocarpy locus was mapped

using Inclusive Composite Interval Mapping (ICIM) in

ICIMapping 4.1.0.0 software (Wang et al., 2016).
FIGURE 2

Schematic representation of the pipeline used for the QTL- Seq analysis.
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Results

Inheritance of parthenocarpy

In the present study, the inheritance pattern of

parthenocarpy was studied based on the classical dominant-

recessive Mendelian model by grouping the cucumber plants

into three categories of their fruit development i.e. early

parthenocarpic, late parthenocarpic, and non-parthenocarpic

fruit development. This information would facilitate the

adoption of appropriate breeding strategies for the

development of stable parthenocarpic cucumber lines and

will improve the efficiency of selection procedures. The

genotype, PU produced non-parthenocarpic fruits and it was

considered to be homozygous for non-parthenocarpic fruit

development. The development of parthenocarpic fruits in

PPC-6 is characterised by early parthenocarpy with fruit

setting from the beginning or from the base of the plant.

Therefore, PPC-6 was used as a homozygous genotype for
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parthenocarpic fruit development. The F1 hybrid derived from

the cross of PU × PPC-6 with heterozygous conditions

produced some parthenocarpic fruits on the lower nodes, i.e.

10th node and above (Supplementary Figure 1). In segregating

F2 individuals, early, late and non-parthenocarpic fruits were

recorded. Out of 400 plants, 307 produced either early

parthenocarpic or late parthenocarpic fruits and 93 plants

were recorded as non-parthenocarpic plants. The c2 value

indicated a good fit for segregation of parthenocarpy (early,

late and non-parthenocarpy) in the F2 population populations

confirmed with the expected ratio of 1:2:1 for early

parthenocarpy, later parthenocarpy and non-parthenocarpy,

respectively (Table 1). In the back cross progeny with the non-

parthenocarpic genotype, PU the segregation for late

parthenocarpy and early parthenocarpy were in the ratio of

1:1. Similarly, segregation of the plants for early parthenocarpy

and late parthenocarpy was in the ratio of 1:1 for early and late

parthenocarpy in the back-cross progenies with the

parthenocarpic parent (Table 2).
FIGURE 3

The pattern of fruit set in the segregating population at 10 days after anthesis (A-H).
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Pre-processing of reads

The raw reads for both the parents and bulks were subjected

to quality check and removal of adapter sequences. After pre-

processing, the non-parthenocarpic parent (NPP), PU retained

41383222 clean reads while parthenocarpic parent (PP), PCC-6

retained 41255039 clean reads. In case of both the bulks, i.e.,

Parthenocarpic bulk (PB) and Non-Parthenocarpic bulk (NPB),

99904977 and 103354754 cleans reads were obtained,

respectively (Table 1).
Identification of candidate genes in the
QTL regions

After alignment and filtering of clean reads followed

by variant calling using BWA, SAM tools and BCF tools, two

QTL regions related to parthenocarpy were detected. The major

QTL was detected on chromosome 6 while a minor QTL region

was detected on chromosome 3 (Figure 4; Supplementary

Table 1). SNP index of the parthenocarpic and non-

parthenocarpic bulks is presented in Supplementary Figure 2.

For both the regions, 99% confidence interval was considered.

The region covered under the QTL region of chromosome 6

expanded from 13,500,000 till 21,300,000 and 7,000,000 till

9,700,000 for chromosome 3 (Figure 5; Table 3). A total

of 5714 variants (SNP and Indels) were identified in

chromosome 6 while we found 1129 variants on chromosome

3 (Supplementary Table 2). To view the effect of these

variations on the protein sequence, we used the SNPeff

software using Cucumis sativus database. All the identified
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variations were divided into several categories based on the

impact on the protein. These categories are High, Moderate,

Low and Modifier. Chromosome 3 has 4, 67, 110 and 948

SNPs in each category, respectively while chromosome 6 has

12, 183, 348 and 5171 SNPs, respectively (Figure 6;

Supplementary Table 2).
Molecular mapping of parthenocarpy
through conventional approaches

A total of 1285 SSR, Indel and CAPS markers were screened

for parthenocarpy in polymorphic survey between PU and PPC-

6 parental lines to identify polymorphic markers with ability to

distinguish the parental lines. The markers were selected for all

linkage groups of cucumber. A total of 1285 markers were used

for parental polymorphic survey and among them 123 (11.28%)

were polymorphic among the parental lines and produced clear

and easily identifiable amplicons (Supplementary Table 3). The

F2 mapping population comprising of 94 individuals, were

genotyped using selected polymorphic markers and respective

F2:3 progenies were evaluated for parthenocarpy. A total of 123

polymorphic markers were used for linkage analysis and others

were rejected, due to non-amplification, missing data and

difficulty in scoring. To confirm the parthenocarpic locus,

specificity of the markers genotyping data of these 123

polymorphic markers were used for the construction of

linkage map of parthenocarpic locus using Inclusive

Composite Interval Mapping (ICIM) method of Ici Mapping

(4.1.0.0) software at LOD threshold of 3.0 (Lander et al., 1987)

(Figure 7). The linkage map of these polymorphic 123 SSRs,
TABLE 1 Evaluation of the parents along with F1 and F2 and back-cross progenies for studying the inheritance of parthenocarpy.

Crosses / Parents Total number of plants EP LP NP Expected Ratio c2 -value P-Value

PU 10 0 0 10 – – –

PPC-6 10 10 0 0 – – –

PU × PPC-6 (F1) 10 0 10 0 – – –

PU × PPC-6 (F2) 400 87 220 93 1:2:1 4.18 0.12

(PU × PPC-6) × PU 60 0 26 34 1:1 1.06 0.31

(PU × PPC-6) × PPC-6 60 27 33 0 1:1 0.60 0.43
fron
EP, Early parthenocarpy; LP, late parthenocarpy; NP, Non-parthenocarpy.
TABLE 2 Summary of reads’ statistics of the re-sequenced samples of the parents along with the contrasting bulks.

Sample Input Read Pairs Clean reads % Clean reads

PU (NPP) 43632883 41383222 94.84412

PPC-6 (PP) 43799473 41255039 94.19072

Parthenocarpic bulk (Bulk 1) 105030659 99904977 95.11982

Non-parthenocarpic bulk (Bulk 2) 107216823 103354754 96.39789
NPP, non-parthenocarpic parent; PP, parthenocarpic parent.
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Indels, CAPS markers is presented in Supplementary Figure 3.

Out of total 123 markers,10 markers were mapped on 1st linkage

group, 20 on 2nd linkage group, 15 on 3rd linkage group, 12 on

4th linkage group, 17 on 5th linkage group, 30 on 6th linkage

group and 19 on 7th linkage group (Supplementary Figure 4).

Two major effect QTLs associated with parthenocarpy (Parth6.1

and Parth6.2) were mapped to chromosome 6 (Figure 7). These

two QTLs had LOD scores of 5.06, 4.59 and phenotypic variance
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of 16.69% and 12.93%, respectively. The additive effects of

Parth6.1 and Parth6.2 were -13.71 and -12.49, respectively

indicating the contribution of the parthenocarpy trait from

male parent PPC-6. The markers flanking Parth6.1 locus were,

SSR 01148 and SSR 01012, spanning a distance of 5.0 cM. The

markers flanking Parth6.2 locus were SSR10476 and SSR 19174,

spanning a distance of 5.0 cM. The results from this experiment

depicted that markers SSR 01148, SSR 01012, SSR10476, and
FIGURE 4

D(SNP-index) with statistical confidence intervals (orange, 99%; green, 95%). The major QTL identified on chromosome 6 and a minor QTL
region on chromosome 3 of cucumber by QTL-seq (shown in white outline).
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FIGURE 5

Chromosome 3 and 6 of cucumber showing the identified QTL region for parthenocarpy trait (in orange-coloured regions).
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SSR 19174 on chromosome 6 are closely associated with

parthenocarpic traits in cucumber.
Functional annotation of the identified
QTL regions

To identify the major genes, present in these regions, a

reference genome annotation file of cucumber (http://ftp.ebi.ac.

uk/ensemblgenomes/pub/release-53/plants/gff3/cucumis_

sativus) was used. A total of 998 genes were present in

chromosome 6, while 485 genes were present in chromosome

3 of the QTL region (Supplementary Sheet 4). Among the

identified genes, majority of them were under the category of

hypothetical protein. Two genes, Csa_6G396640 and

Csa_6G405890 designated as probable indole-3-pyruvate

monooxygenase YUCCA11 and Auxin response factor 16,

respectively were the potential candidate genes associated with

auxin biosynthesis in plants which is crucial in parthenocarpic

fruit development in cucumber. Csa_6G396640 gene showed

only one variation (insertion) at position 2179 in PU while in

case of Csa_6G405890, more variations were observed between

the two parents which includes both SNPs and few

INDELs (Figure 8).
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Discussion

Parthenocarpic fruit development in cucumber is extremely

important for its cultivation under protected condition. Studies on

inheritance of parthenocarpy by different workers depicted its

complex genetics and number of genes/QTLs associated with

resistance to parthenocarpy. In cucumber, parthenocarpy is

facultative in nature and extent of parthenocarpy varies across

different developmental stages of the plants (Joldersma and Liu,

2018). Pike and Peterson (1969) have reported that an incomplete

dominant gene, P determines parthenocarpy in cucumber. They

have postulated that development of early parthenocarpic fruits in

the lower nodes is controlled by the dominant homozygous state,

PP while late parthenocarpy and lower extent of parthenocarpy are

represented by the heterozygous state, Pp. Whereas, homozygous

recessive state, pp is responsible for non-parthenocarpic fruit

development. In the homozygous condition, PP produces

parthenocarpic fruits early, with the first developing generally by

the fifth node. Heterozygous Pp plants produce parthenocarpic

fruits later than homozygous plants and are fewer in number. The

homozygous recessive pp produces no parthenocarpic fruits.

Besides, several other studies have also reported monogenic

control of parthenocarpy in cucumber (Hawthorn and

Wellington, 1930; Kvasnikov et al., 1970; Juldasheva, 1973;
FIGURE 6

Distribution of SNP according to the effect in chromosome 3 and 6 of cucumber.
TABLE 3 Identified QTL regions in cucumber for parthenocarpy and their distribution in chromosome 3 and 6.

Chromosome QTL Start End Length (bp) nSNPs

Parth3.1 1 7,000,000 9,700,000 2,700,000 1129

Parth6.1 2 13,500,000 21,300,000 7,800,000 5714
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Meshcherov and Juldasheva, 1974). Later on, most of the studies

reported polygenic control of parthenocarpy (El-Shawaf and Baker,

1981; Sun et al., 2006; Yan et al., 2009; Lietzow et al., 2016;Wu et al.,

2016). In the present study, we have recorded that there was varied

types of parthenocarpy in the F2 progenies although the

parthenocarpic parent, PPC-6 was early parthenocarpic type and

started fruiting from 3-5 nodes onwards. We have recorded the

plants as early parthenocarpic when fruiting started from 5th node

onwards and late parthenocarpy when parthenocarpic fruit set was
Frontiers in Plant Science 10
79
recorded after 10th node and considered all the early and late-type

plants as parthenocarpic. Based on these observations, the

parthenocarpy was found to be controlled by single recessive

gene. The present information supported the earlier observation

by Pike and Peterson (1969) which postulated that homozygous

dominant, heterozygous and homozygous recessive forms are

responsible early parthenocarpy, late parthenocarpy and non-

parthenocarpy, respectively. However, it was evident there was a

significant contribution of the back-ground evidenced from the
FIGURE 7

Linkage map of parthenocarpic locus on chromosome 6, constructed using SSR markers. Marker names, LOD score are depicted on the right
side of the estimated map and the genetic distances shown in cM.
FIGURE 8

Variation in the Csa_6G396640 and Csa_6G405890 genes associated with indole-3-pyruvate monooxygenase YUCCA11 and Auxin response
factor 16, respectively in the parents PU (p3_r) and PPC-6 (p4).
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extent of parthenocarpy and therefore, it is possible to introgress

parthenocarpy traits in different elite and non-conventional

genotypes of cucumber through marker-assisted back-cross

breeding with identification and development of molecular

markers closely associated with parthenocarpic trait.

In the recent times, discovery of molecular markers and

physical map construction is greatly facilitated by advancement

in next-generation sequencing technology (Cao et al., 2021). QTL-

seq combines the next-generation sequencing technology with

BSA for rapid detection of QTLs for any particular trait and

facilitate development of closely associatedmolecular markers and

identification of candidate genes. Thereafter, QTL-seq has been

widely used for the detection of QTLs, identification of closely

linked molecular markers and identification of candidate genes for

number of traits in different crops (Singh et al., 2016; Wang et al.,

2016; Wei et al., 2016; Chen et al., 2017; Wen et al., 2019; Arikit

et al., 2019; Li et al., 2020). In cucumber, QTL-seq has been used

successfully for the identification of QTL for early flowering traits

(Lu et al., 2014), flesh thickness (Xu et al., 2015), sub-gynoecy sex

expression (Win et al., 2019), pre-harvest sprouting of the seeds

(Cao et al., 2021) and resistance to powdery mildew (Zhang et al.,

2021). Based on the QTL-seq results, twomajor QTLs, one each in

chromosomes 3 and 6 were identified based on the D(SNP-index).
The QTL, Parth3.1 was Parth6.1 were spanned 2.7 Mb on

chromosome 3 and 7.8 Mb on chromosome 6, respectively.

Besides, a large number of variants were detected in both the

genomic regions in the form of SNPs and InDels. The identified

SNPs and InDels in the genomic regions detected through QTL-

seq will be extremely useful in the development of molecular

markers and fine mapping of the genomic region associated with

parthenocarpy in cucumbers. However, the QTL region identified

through QTL-Seq are often not very precise and needs further

validation and authentication through additional method of

molecular mapping (Xu et al., 2017). Therefore, we have

employed mapping of parthenocarpy through conventional F2:3
population. Based on the QTL-seq results, two major QTLs, one

each in chromosomes 3 and 6 were identified.

In cucumber, systematic efforts have been made for

molecular mapping of number of qualitative traits but for

quantitative traits like parthenocarpy progress is slow and

hence very few public sector parthenocarpic varieties/hybrids

are available in market. Now-a-days, role of marker-assisted

selection (MAS) is increasing in conventional plant breeding

(Miao et al., 2011). Due to narrow genetic base and low

polymorphism, around 30 linkage maps have been constructed

(Kennard et al., 1994). These linkage maps involved use of

RAPDs (Randomly Amplified Polymorphic DNA) or AFLP

(Amplified Fragment Length Polymorphism) (Fukino et al.,

2008 and Yuan et al., 2008) that are not breeder friendly.

Hence, co-dominant markers like SSR/InDel are best suited for

marker-assisted breeding and are breeder friendly.

Two major QTLs for parthenocarpy at chromosome 6

(Parth6.1 & Parth 6.2) were identified using the F2:3 mapping
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population. Locus Parth6.1 was flanked by SSR01148 and

SSR01012 with a LOD score of 5.06 and 16.69% of PVE

(Phenotypic Variance Explained) reflecting that this locus is a

major effect QTL. Second QTL Parth 6.2was flanked by SSR10476

and SSR19174 primers and LOD value was 4.59 with 12.93% of

PVE explaining another major effect QTL. Previously, Lietzow

et al. (2016) identified seven QTLs associated with parthenocarpic

fruit set, one on each chromosomes 5 and 7 (parth5.1 and

parth7.1) and two on chromosome 6 (parth 6.1 and parth 6.2)

were consistently identified in all experiments. Wu et al. (2016)

identified seven novel QTLs on chromosomes 1, 2, 3, 5 and 7. The

identification of QTLs is a valuable resource for cucumber

breeders for the development of parthenocarpic cultivars (Dey

et al., 2022). Molecular markers flanking major effect

parthenocarpy QTLs can prove useful in the Marker Assisted

Breeding (MAB) programme. However, there is need to further

saturate linkage map to narrow-down genetic distance between

flanking molecular markers to get markers better suited for

foreground selection in endeavour of higher/quality production

of cucumber.

Parthenocarpy is a complex trait and determined by

interaction of large number of metabolic pathways interlinked

with each other. Among the different metabolism, auxin,

gibberellins and cytokinins are reported to play key role

determining parthenocarpic fruit set in cucumber (Li et al.,

2014; Su et al., 2021; Sharif et al., 2022; Gou et al., 2022). Cross-

talk between the important phytohomones in determining

parthenocarpy in PPC-6 was recently reported by Mandal et al.

(2022). The QTL region identified through QTL-seq had two

important genes with a possible association with parthenocarpic

phenomenon. Indole-3-pyruvate monooxygenase YUCCA11

(Csa_6G396640) was found to be have one SNP in the non-

parthenocarpic parent, PU when compared with the

parthenocarpic reference genotype. Besides, the auxin response

factor 16 (Csa_6G405890) present in the QTL region also showed

variation in terms of Indels and SNPs in the parental lines. These

two identified genes with key role in auxin biosynthesis could be

possible candidate genes for induction of parthenocarpy in

cucumber. Auxin, through its influence in cell division and

expansion is key determinant in development of fleshy fruits

and reported to be integral part in the initial signal for

fertilisation and increased fruit (Godoy et al., 2021). After

parthenocarpic fruit set their further development is influenced

by auxins which was evidenced by the upregulation of the auxin

biosynthesis-related genes in the later stages of fruit development

in parthenocarpic genotypes in our earlier study (Mandal et al.,

2022). Indole-3-pyruvate is one of the important routes for

tryptophan-dependent auxin biosynthesis which is believed to

be common in all plants (De Smet et al., 2011). Auxin is the key

phytohormone besides gibberellins and cytokinin reported to play

important role in the induction of parthenocarpy (Sharif et al.,

2022). Among the different auxin biosynthesis pathways, the role

of Trp-IPyA (tryptophan-indole-3-pyruvic acid) in
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parthenocarpic fruit development has been reported by several

workers. The role of the YUCCA10, PavYUCCA10, SlTAR1,

ToFZY2, ToFZY3 and PARENTAL ADVICE-1 (PAD-1) genes in

parthenocarpic fruit development of loquat, tomato and eggplants

have been reviewed in details by Sharif et al. (2022). However,

narrow down of the QTL region through fine mapping is required

for the precise identification of candidate genes associated with

parthenocarpy in cucumber.
Conclusion

In cucumber parthenocarpic fruit set is extremely important

trait facilitated large scale protected cultivation worldwide. In one

commercially cultivated parthenocarpic genotype, PPC-6, it was

found that, single incomplete dominant gene control this trait in

spite of significant effect of genetic back-ground in expression of

parthenocarpy. QTL-seq analysis in combination with

conventional mapping using F2:3 population identified one major

effect QTLs, Parth6.1. The flanking markers, SSR01148 and SSR

01012 for Parth6.1 locus were identified for their use in marker-

assisted back-crossing programme. Two major genes,

Csa_6G396640 and Csa_6G405890 designated as probable indole-

3-pyruvate monooxygenase YUCCA11 and Auxin response factor

16, respectively associated with auxin biosynthesis as potential

candidate genes. The study provides insight about the genetics

and genomic regions, closely associated markers and possible

candidate genes associated with parthenocarpy in PPC-6 for

functional genomics studies and future fine mapping.
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SUPPLEMENTARY FIGURE 3

Linkage map of parth locus on chromosome 6, constructed using SSR

markers. Marker names, LOD score are depicted on the right side of the
estimated map and the genetic distances shown in cM on the left are

calculated using software IciMapping ver. 4.1.0.

SUPPLEMENTARY FIGURE 4

Distribution of primers across the seven linkage groups and frequency of
the amplified and polymorphic markers used for the study.
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Amplification pattern of the selected markers closely associated with

parthenocarpy in cucumber genotype, PPC-6.
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Identified QTL regions in chromosome 3 and 6 through QTL-seq.

SUPPLEMENTARY FILE 2

Identified SNPs and InDels in the QTL regions of chromosome 3 and 6,

their impact and associated genes.
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Genome wide association
studies for acid phosphatase
activity at varying phosphorous
levels in Brassica juncea L

Priyanka Upadhyay1, Mehak Gupta1, Simarjeet Kaur Sra1,
Rakesh Sharda2, Sanjula Sharma1, Virender K. Sardana1,
Javed Akhatar1 and Gurpreet Kaur1*

1Department of Plant Breeding and Genetics, Punjab Agricultural University, Ludhiana, India,
2Department of Soil & Water Engineering, Punjab Agricultural University, Ludhiana, India
Acid phosphatases (Apases) are an important group of enzymes that hydrolyze

soil and plant phosphoesters and anhydrides to release Pi (inorganic

phosphate) for plant acquisition. Their activity is strongly correlated to the

phosphorus use efficiency (PUE) of plants. Indian mustard (Brassica juncea L.

Czern & Coss) is a major oilseed crop that also provides protein for the animal

feed industry. It exhibits low PUE. Understanding the genetics of PUE and its

component traits, especially Apase activity, will help to reduce Pi fertilizer

application in the crop. In the present study, we evaluated 280 genotypes of the

diversity fixed foundation set of Indian mustard for Apase activity in the root

(RApase) and leaf (LApase) tissues at three- low (5µM), normal (250µM) and high

(1mM) Pi levels in a hydroponic system. Substantial effects of genotype and Pi

level were observed for Apase activity in both tissues of the evaluated lines. Low

Pi stress induced higher mean RApase and LApase activities. However, mean

LApase activity was relatively more than mean RApase at all three Pi levels.

JM06016, IM70 and Kranti were identified as promising genotypes with higher

LApase activity and increased R/S at low Pi. Genome-wide association study

revealed 10 and 4 genomic regions associated with RApase and LApase,

respectively. Annotation of genomic regions in the vicinity of peak associated

SNPs allowed prediction of 15 candidates, including genes encoding different

family members of the acid phosphatase such as PAP10 (purple acid

phosphatase 10), PAP16 , PNP (polynucleotide phosphorylase) and

AT5G51260 (HAD superfamily gene, subfamily IIIB acid phosphatase) genes.

Our studies provide an understanding of molecular mechanism of the Apase

response of B. juncea at varying Pi levels. The identified SNPs and candidate

genes will support marker-assisted breeding program for improving PUE in

Indian mustard. This will redeem the crop with enhanced productivity under

restricted Pi reserves and degrading agro-environments.

KEYWORDS

Indian mustard, acid phosphatase, phosphorus use efficiency, SNP genotyping,
marker trait associations
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1 Introduction

Phosphorus (P) is one of the most crucial macronutrients

required for the optimal growth and development of plants

(Han et al., 2022; Bhadouria and Giri, 2022). This element is a

prime structural constituent of cell biomolecules, including

ATP, NADPH, phospholipids, and nucleic acids (Kohli et al.,

2020). Significant yield losses in cereal (Plenet et al., 2000;

Wissuwa and Ae, 2001; Lazaro et al., 2010), pulse (Bonser

et al., 1996; Mahamood et al., 2009), fodder (Camacho et al.,

2002; Ceasar et al., 2014 and oilseed crops (Bastani and

Hajiboland, 2017; Grzebisz et al., 2018) have been reported

under P deficient conditions (Maharajan et al., 2018).

Surprisingly, majority (71%) of the global cropland area has

a surplus of P, whereas 29% is in a state of P deficiency (Thudi

et al., 2021). However, soils that carry ample P to support plant

growth also tend to show P deficiency (Raghothama and

Karthikeyan, 2005). It is due to the low (1-10 µM)

availability of soluble inorganic phosphate (Pi; H2PO4
− or

HPO4
2−), the only forms that plants can absorb and assimilate

(Shen et al., 2011). Pi has high propensity to form insoluble

complexes with metal cations such as aluminum and iron in

acidic soils and calcium and magnesium in alkaline soils,

which render Pi unavailable to plants (Bhadouria and Giri,

2022). Also, an abundant amount of P (30–80% of total P)

remains fixed in soil as Po (organophosphate) and becomes

unavailable for root acquisition unless hydrolyzed by enzymes

to liberate absorbable Pi (Richardson and Simpson, 2011;

Dissanayaka et al., 2018). Phosphate fertilizers are routinely

applied to alleviate Pi deficiency and maintain crop yields and

quality. It is estimated that there is a requirement for 51–86%

more Pi inputs by 2050 to sustain global food production

(Mogollon et al., 2018). At the same time, phosphate rock, a

non-renewable Pi resource, is diminishing at a faster rate and

may be completely depleted in the next 100–400 years (Gilbert

et al., 2009; Desmidt et al., 2015). Furthermore, excessive use

of inorganic fertilizers has led to potential environmental

problems as most of the applied Pi is not recovered by crops

(Syers et al., 2008). Most crop plants absorb less than 20% of

applied Pi (Plaxton and Tran, 2011). A significant amount of

Pi coprecipitates and may run off from the soil to surface

waters, resulting in aquatic eutrophication (Zak et al., 2018).

In view of these concerns, there is a need to divert efforts

towards engineering crop cultivars that acquire and utilize Pi

more efficiently to produce higher yields under Pi limited

conditions (Cong et al., 2020).
Abbreviations: Apase, acid phosphatase; LApase, leaf acid phosphatase;

RApase, root acid phosphatase; MTAs, marker trait associations; P,

phosphorus; Pi, inorganic phosphate; PUE, phosphorus use efficiency; LP,

low Pi level; NP, normal Pi level; HP, high Pi level; PCA, principal component

analysis; PCs, principal components.
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Plants elicit a series of alterations at morphological,

physio-chemical and molecular levels such as changes in

root architecture, root to shoot ratio, membrane structure,

anthocyanin accumulation, secretion of organic acids (malate,

citrate, oxalate etc.) and hydrolases (phospholipases,

ribonucleases, acid phosphatases etc.) and activation of

various Pi stress response genes to increase Pi acquisition

and utilization to sustain plant growth under Pi limited

conditions (Plaxton and Tran, 2011; Ryan et al., 2014; Li

et al., 2016). Collectively, these response mechanisms induced

to maintain plant Pi homeostasis are known as Pi starvation

response (PSR). Amongst these adaptive responses, induction

and secretion of acid phosphatase (Apase) enzymes is a

universal response. They catalyze hydrolysis of organic P

complexes (phosphoesters and anhydrides) in acidic soils

and plant tissues to release soluble Pi for plant utilization

(Raghothama, 1999; Nannipieri et al., 2011; Gu et al., 2016).

Significant positive correlations between Apase activity and

PUE (phosphorus use efficiency) have been recorded (Chen

et al., 2003; Radersma and Grierson, 2004; Zhang et al., 2010).

In rice, overexpression of Apase genes (OsPAP10a, OsPAP10c,

and OsPAP21b) significantly increased the hydrolysis and

utilization of externally supplied Po and ATP under low Pi

conditions (Tian et al., 2012; Lu et al., 2016; Mehra et al., 2017;

Deng et al., 2020). Thus, genetic manipulation of Apase

activity is of high interest for improving the PUE of plants

(Han et al., 2022). Purple acid phosphatases (PAPs) are the

most studied class of Apases in relation to P homeostasis. To

date, the identification of PAPs has been completed for several

plant species (Bhadouria and Giri, 2022). They are also known

to be present in bacteria and animals, executing a similar

function (Wang et al., 2021; Bhadouria and Giri, 2022). In

plants, PAPs occur as a multigene family. There are 29

members of PAPs in Arabidopsis thaliana, 26 in Oryza

sativa, 33 in Zea mays ssp. mays var. B73, 38 in Glycine max,

25 in Cicer arietinum, 19 in Camellia sinensis and 25 in

Jatropha curcas (Li et al., 2002; Zhang et al., 2011; Li et al.,

2012; Gonzalez-Munoz et al., 2015; Bhadouria et al., 2017;

Venkidasamy et al., 2019; Yin et al., 2019; Srivastava et al.,

2020). In contrast, other Apases such as halogenated acid

dehalogenase (HAD), polynucleotide phosphorylase (PNPase)

and protein phosphatases (PP2C) are less investigated in

plants in response to Pi variations (Marchive et al., 2010;

Khan et al., 2018; Su et al., 2021; Bhadouria and Giri, 2022).

The molecular regulation of Apase expression is found to be

complex in nature. A number of transcription factors like

PHR1 (PHOSPHATE STARVATION RESPONSE 1) and its

homologues (PHR-like- PHL1, PHL2, and PHL3), WRKY75,

ZAT6 (ZINC FINGER OF ARABIDOPSIS THALIANA 6),

OsMYB2P-1 (Oryza sativa MYB2 phosphate-responsive gene

1), StMYB44 (Solanum tuberosum MYB transcription factor),

and AP2/ERF (APETALA 2/ethylene-responsive element

binding factor) regulate Apase activity (Dai et al., 2012;
frontiersin.org
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Wang et al., 2013; Zhou et al., 2017). SPX proteins (SYG1,

PHO81 and Xpr1) indirectly control PAP activity by binding

to PHR/PHL transcription factors. In monocots, SPX proteins

show low affinity to PHR/PHL transcription factors, thus

inducing PAPs under Pi deficient conditions (Wang et al.,

2014; Puga et al., 2014). The trend is opposite in dicots, where

PAPs are positively regulated by SPX proteins. In addition,

phytohormones (auxins, cytokinins and ethylene) and sugar

signalling, miRNA399 expression, and some post-translation

modifications such as glycosylation strongly influence Apase

activity (Puga et al., 2017). GWAS (genome wide association

study) is a classical method for studying the genetic basis of

complex quantitative traits (Pal et al., 2021). It takes full

advantage of historical recombination events coupled with

high allelic diversity of the association panels for fine mapping

of genetic loci (Rafalski, 2010; Huang and Han, 2014). Indian

mustard (Brassica juncea L. Czern & Coss, 2n = 4x = 36,

genome AABB) is an important crop species that provides oil

for human consumption and protein rich extraction meal for

the animal industry (Goel et al., 2018). Its yield and quality are

severely affected by low Pi availability in the soil (Zhang et al.,

2009; Yao et al., 2011). So, breeding mustard varieties with

enhanced PUE is imperative for sustainable agriculture.

Unveiling the molecular mechanisms of different players of

plant adaptation to low Pi will help to design Pi efficient

cultivars. In the present study, we analyzed a wide germplasm

set (280 genotypes) of Indian mustard for Apase activity in

root and leaf tissues at three Pi levels in a hydroponic system.

GWAS enabled us to study the association of SNP markers

with genetic variation for Apase activity. The identified

marker-trait associations (MTAs) and candidate genes in the

present investigation will support the development of P

efficient cultivars via marker assisted breeding.
2 Materials and methods

2.1 Plant materials

A diversity fixed foundation set of 280 genotypes of B.

juncea, including landraces, historical varieties, cultivars,

resynthesized and determinate B. juncea, alloplasmic lines and

introgression lines was evaluated for Apase activity in the root

(RApase) and leaf (LApase) tissues at three Pi levels: low (LP;

5µM), normal (NP; 250µM) and high (HP; 1mM) in a

hydroponic system (Supplementary Table 1). The diversity

fixed foundation set collection was established at Punjab

Agricultural University, Ludhiana, under the ICAR (Indian

Council of Agricultural Research) funded NASF (National

Agricultural Science Fund) project: “Creating a fully

c h a r a c t e r i z e d g e n e t i c r e s o u r c e s p i p e l i n e f o r

mustard improvement”.
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2.2 Plant growth conditions and Apase
activity measurement

The hydroponic experiment was conducted twice at an

experimental farm of the Department of Soil and Water

Engineering, Punjab Agricultural University, Ludhiana, from

July 2020 to September 2020. An in-house developed

hydroponic system was deployed for the current study. For

this, seven PVC pipes (length: 609.6 cm; diameter: 10 cm) were

installed on an angle iron frame in a pyramidal arrangement.

The bottom pipes were maintained at the height of 75 cm above

the ground. 20 holes/pipe were drilled at a spacing of 30 cm to

retain pots of diameter- 7.5 cm for plant growth. The growth

conditions of the polyhouse were maintained at 25°/18°C day/

night temperature with relative humidity of 70 ± 2%. Two seeds

of uniform size from each of 280 genotypes were sown in

portray, after surface sterilization in a 0.5% (w/v) sodium

hypochlorite solution for 15 minutes, followed by three

washings with deionized water. Virgin plasticware and

glasswares were used in the whole experiment to avoid Pi

contamination, if any. After seed germination, seedlings were

watered with a quarter strength of modified Hoagland’s solution

twice a day. The modified full-strength Hoagland’s solution was

comprised of 4.5 mM Ca(NO3)2•4H2O, 1 mM KH2PO4, 4 mM

KNO3, and 2 mM MgSO4•7H2O as macronutrients, and 0.32

mM CuSO4•5H2O, 46 mM H3BO3, 50 mM EDTA-Fe, 0.37 mM
NaMoO4•2H2O, 9.14 mM MnCl2•4H2O and 0.77 mM
ZnSO4•7H2O as micronutrients (Hoagland and Arnon, 1950).

Three levels of Pi were adjusted using KH2PO4 as low (5µM),

normal (250µM) and high (1mM). Under LP and NP conditions,

5 mM and 250 mM KH2PO4 were supplied along with 0.50 mM

and 0.26 mM KCl respectively. Upon the emergence of true

leaves, seedlings were shifted to the hydroponic system with one

seedling/pot. After five days of shifting, the quarter-strength

nutrient solution was progressively increased to a full-strength

solution once a week until tissue sampling. The pH and EC of

the nutrient solution were adjusted to 5.7 ± 0.2 and 1.5–2.5 ds/m,

respectively (Greenway and Munns, 1980). Twenty-eight days

old seedlings were taken for root and leaf sampling. Fresh

weights of root and leaf tissues were estimated before

measuring Apase activity. The standard protocol was followed

to measure Apase activity in root and leaf tissue (Tabatabai and

Bremner, 1969). 100 mg of root or leaf tissue was ground into a

fine powder in liquid nitrogen and then homogenized in 3 ml of

0.1 M sodium acetate buffer, pH 5.0. The homogenate was

centrifuged at 10,000 rpm for 15 min at 4°C. Further, 0.1 mL

of the supernatant containing enzyme extract/intracellular

proteins was mixed with 1.9 mL of sodium acetate buffer and

1 mL of p-nitrophenyl phosphate (p-NPP) as the substrate.

Reactions proceeded for 15 min at 37°C and was terminated

using one ml of 2N NaOH. p-nitrophenol (pNP) accumulation

was read at 410 nm wavelength in the spectrophotometer
frontiersin.org
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(Techcomp UV 2600) (McLachlan et al., 1987). Apase activity

was recorded as mmol of p-NP liberated min-1 g-1 fresh tissue

weight (FW) from p-NPP.
2.3 Statistical analysis

Pooled analysis of variance was performed using Minitab v

19.0 software to assess the significance of variance due to

genotype, Pi-levels, and environment, and all possible

interactions between these parameters (genotype x

environment, genotype x Pi-level, and Pi-level x environment)

for estimated traits. Descriptive statistics and Pearson’s

correlation coefficients (r) between the estimated traits were

calculated using Minitab v 19.0 software.
2.4 Genotyping by sequencing and
genome wide association study

Genotyping by sequencing data of the NASF diversity set

was generated under National Agricultural Science Fund aided

project “Creating a fully characterized genetic resources pipeline

for mustard improvement” (Bio-Project INRP000037). The

clean reads of genotypes were aligned to the reference genome

of an oleiferous type of B. juncea variety Varuna (NCBI

bioproject: PRJNA550308) using BWA software (Li and

Durbin, 2009). SNP calling was then performed by employing

the NGSEP-GBS (Next Generation Sequencing Experience

Platform-GBS) pipeline (Duitama et al., 2014). From this

marker dataset, SNPs showing minor allele frequency < 0.05,

missing data >30% and heterozygosity >10% were removed. The

resultant 3, 72,285 SNPs were used for GWAS analysis. BLUPs

(Best linear unbiased predictions) datasets across two

environments for the estimated traits (RApase and LApase)

along with 3, 72,285 filtered SNPs were used as input data for

GWAS analysis. BLUPs were estimated using META-R (Multi

Environment Trial Analysis with Version 6.0) (https://data.

cimmyt.org/dataset.xhtml?persistentId=hdl: 11529/10201)
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(Alvarado et al., 2020). Principal component analysis (PCA) of

genotypic data was performed in R. We used different

algorithms GLM (general linear model), MLM (mixed linear

model), MLMM (multiple loci mixed linear model), Farm CPU

(Fixed and random model Circulating Probability Unifcation)

and BLINK (Bayesian-information and Linkage disequilibrium

Iteratively Nested Keyway) installed in the GAPIT3 (Genome

Association Predict Integrate Tools v3.0) package of R software,

incorporating principal components (PCs) and kinship matrices

as covariates, to execute association analysis (Wang and Zhang,

2021). Best fit algorithm was predicted using multiple Quantile-

quantile (Q-Q) plots for the estimated traits. An arbitrary

threshold of -log10 (P) = 3.00 was used as the suggestive

threshold to term an association between SNP and trait as

significant (To et al., 2019; Mai et al., 2021). The GAPIT3

package was also used to construct Manhattan plots. The

genomic regions around the identified peak SNPs (50-kb

upstream and 50-kb downstream of the peak SNP) were

annotated to scrutinize potential candidate genes pertinent to

Apase activity using Blast2GO v5.2.5 tool (Gotz et al., 2008).
3 Results

3.1 Phenotypic variation for
Apase activity

Significant effects of genotype and Pi level were observed for

the estimated traits (RApase, LApase and R/S) among the tested

genotypes. Genotype × Pi level interactions were also significant,

whereas genotype × environment was found to be non-

significant (Table 1). Traits showed near normal distribution

at all three Pi levels, with variations across levels (Figure 1).

Descriptive statistics of the examined traits under three Pi levels

are given in Table 2 and Figure 2. Low Pi induced higher Apase

activity by 67% and 29% in root and 11% and 58% in leaf tissues

as compared to NP and HP, respectively. However, LApase

exhibited a comparatively higher mean value than RApase by

51%, 82% and 18% at LP, NP and HP levels respectively. The
TABLE 1 Analysis of variance for RApase, LApase and R/S at three Pi levels.

Source of variation DF Adjusted mean square

RApase LApase R/S ratio

Genotype 279 0.255*** 1.526*** 0.009***

Pi level 2 71.779*** 252.245*** 3.708***

Environment/experiment 1 0.029 0.004 0.0024

Genotype×Pi level 558 0.232*** 1.056*** 0.007***

Genotype×Environment/experiment 279 0.012 0.017 0.00228

Pi level×Environment/experiment 2 0.025 0.004 0.00136

Error 558 0.012 0.018 0.00277
fro
*Significance at p< 0.05, **Significance at p<0.01 and ***Significance at p<0.001
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mean LApase ranged from 0.05 to 4.31, 0.03 to 4.24 and 0.02 to

1.93 µmole p-NP min-1g-1FW in LP, NP and HP applications,

respectively. Genotypes Pusa-Mahak, JM-06016, IM-170 and

Kranti were found with high LApase activity (>3.6 µmole p-NP

min-1g-1FW) at low Pi dose. Mean RApase ranged from 0.15 to

2.19, 0.05 to 0.83 and 0.05 to 1.14 µmole p-NP min-1g-1FW in

LP, NP and HP doses, respectively. Genotypes RB-50, RH-9308-

1, IM-127 and JT-1 possessed high RApase values (> 2.1 µmole

p-NP min-1g-1FW) at low Pi supply. The R/S increased

significantly by 52% and 56% at LP in comparison to NP and

HP, respectively. IM-170, Kranti, JM-06016 and JT-1 were the

promising genotypes, depicting higher Apase activity and

increased R/S ratio under LP condition. IM-170, Kranti and

JM-06016 showed greater LApase, while JT-1 was identified with

higher RApase activity. The coefficient of variation (CV) was

highest for RApase at NP (55.34) followed by LApase at HP

(48.23%) and NP (47.78%). Pairwise Pearson’s correlation

coefficients revealed a negative correlation between LApase

and RApase at HP (P<0.05), while at LP and NP level they

exhibited no correlation to each other (Table 3). The R/S

exhibited a positive correlation with LApase under LP condition.
3.2 Principal component analysis and
GWAS for Apase activity

To reduce false positives due to population structure, we

used principal components (2 PCs) and kinship matrix as

covariates in GWAS analysis. Two PCs depicted clear

separation among populations (Figure 3). In total, four groups

appeared. Groups I and II were less diverse than groups III and

IV. Group I (shown in turquoise blue color) comprised only 5

genotypes. Groups II (magenta) and III (royal blue) included

seven and twenty-five genotypes, respectively. Group IV (red

color) was the largest group, with 243 genotypes. Groups I and II

primarily comprised of exotic mustard genotypes. Most of the

introgression and advanced breeding lines were in group III.

Group IV was the mix of varieties, resynthesized genotypes and

exotic B. juncea. GWAS was conducted to identify MTAs for
Frontiers in Plant Science 05
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RApase and LApase under LP, NP and HP levels (Table 4). A

total of 3, 72,285 quality SNPs were used as marker dataset. The

GAPIT3 package (Wang and Zhang, 2021) implemented with

five algorithms (GLM, MLM, Farm CPU, MLMM and Blink) in

R software was run for trait-SNP association analysis. An ideal

model is supposed to show a fair degree of correspondence

between the observed and expected p-values in the quantile–

quantile (QQ) plots. We compared p values [observed − log10
TABLE 2 Descriptive statistics of RApase, LApase and R/S ratio at three Pi levels.

Pi level Variables Mean ± SE Range StDev CV (%)

RApase 1.06 ± 0.03 0.15-2.2 0.5 47.11

LP LApase 2.18 ± 0.05 0.05-4.31 0.88 40.10

R/S 0.25 ± 0.004 0.08-0.55 0.08 29.43

NP RApase 0.35 ± 0.012 0.05-0.83 0.19 55.34

LApse 1.94 ± 0.06 0.03-4.24 0.93 47.78

R/S 0.12 ± 0.002 0.04-0.22 0.04 32.14

RApase 0.75 ± 0.02 0.05-1.14 0.27 35.65

HP LApase 0.92 ± 0.03 0.02-1.93 0.44 48.23

R/S 0.11 ± 0.002 0.05-0.23 0.04 30.83
front
A

B

FIGURE 1

Frequency distribution of (A) RApase and (B) LApase at three Pi levels.
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(p-value)] and their expected ranked values [expected − log10

(p-value)] through Q-Q plots to test the predictability of applied

GWAS models, over all environments. MLMM and BLINK were

identified as the best fit models over all environments

(Supplementary Figure 1). They showed minimum deviations

from uniform distribution in multiple Q-Q plots. The estimated

Bonferroni threshold value was 6.87. However, the value was

found to be highly stringent to detect MTAs for a complex trait

like Apase activity which might be controlled by several genes of

minor effects. So, we used an arbitrary threshold value of -log 10

(p) ≥ 3.0 to identify MTAs for Apase activity. Manhattan plots

depicting the associated SNPs for Apase activity in root and leaf

tissues under three environments (LP, NP and HP) are presented

in Figures 4 and 5. Associated SNPs and surrounding genomic

regions were further annotated to decipher trait related genes. A

total of 14 genomic regions involving 44 unique MTAs were

envisioned for Apase activity (including both RApase and

LApase) under LP, NP and HP levels on chromosomes A01,

A03, A04, A05, A08, A09, B05, B06, B07 and B08 of B. juncea

(Table 4). Ten associated regions were predicted for A genome

chromosomes, while four for B genome chromosomes.

Chromosome A01 revealed the maximum number of MTAs

(21 SNPs). The identified QTLs accounted for 4.15 to 7.21% of

phenotypic variation. Among 14, 10 regions were recorded for

RApase and 4 for LApase. The number of QTLs detected

explicitly under LP, NP and HP were 6, 3 and 6, respectively.

We could not find any common MTA for Apase activity across
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three Pi doses. Functional annotation of 100 kbp region (50 kbp

on both sides) of peak-associated SNPs, facilitated the

identification of 15 candidate genes with diverse roles in the

molecular regulation of Apase activity. Four genes encode

diverse family members of Apases. Other genes have roles in

phytohormone or sugar signalling pathways and root

modulation. Genes PAP10 and PAP16, which belong to PAP

family (central family of Apase) of Apase, were predicted in

association with RApase and LApase activities, respectively,

under the NP environment. Also, genes, AT5G51260 (HAD

supe r f am i l y g ene ) and PNP (po l y r i b onuc l e o t i d e

nucleotidyltransferase family gene), encoding Apases, were

envisaged 21.48 and 27.84 kbp away from the peak SNPs

B06_33902675 and A05_33349252, respectively, influencing

RApase under LP condition. In the present study, gene ARF5

(AUXIN RESPONSE FACTOR5) was visualized 4.83 kbp away

from the SNP B07_55242497 governing LApase activity at the

HP level. Gene ABR1 (APETALA2 like ABA repressor 1),

associated with RApase activity at LP, was envisaged 36.31kbp

away from the peak SNP A09_5080851. We annotated genes

PLC2, PLAIVA and PLAIVC, encoding phospholipases that

hydrolyze phospholipids and release secondary messengers for

phytohormone signalling. At LP dose, the gene PLC2 was

predicted for the genomic region B05_52982160-52982181

associated with RApase. Seven SNPs (A01_874995-876161)

were present near PLAIVA and PLAIVC depicting 7%

variation for RApase under HP condition. Another important

gene HXK1 (HEXOKINASE1) involved in the sugar signalling

pathway, was located 15.48 Kbp away from peak SNP

A09_6643946. This gene explained 7% of the phenotypic

variation for LApase activity under Pi deficit condition. Four

genes (RGF1, BRXL1, SHR, and SAUR 41) controlling root

architecture were also recorded in the close surroundings of

associated regions. Under Pi sufficient conditions, a SNP (A03_

20686760) on A03 was linked with a signalling peptide RGF1

(ROOT GROWTH FACTOR1) controlling variation for RApase.

Gene BRXL1 (BREVIS RADIX LIKE 1) was predicted near the

cluster of six SNPs (A04_18578091-18578642), influencing

LApase activity in Pi deficit condition. Gene CIPK6 (CBL-

interacting protein kinase 6) was present in the vicinity of two

SNPs (A08_19805050, A08_19805060) located on the A08

chromosome. CIPK6 codes for a CBL (Calcineurin B-like

proteins)-interacting protein kinase with role in Pi deficiency

and ABA signalling pathways.
TABLE 3 Correlation analysis of BLUP estimated traits at three Pi levels.

Trait 1 Trait 2 LP (5 µM) NP (250 µM) HP (1 mM)

LApase RApase -0.057 0.05 -0.14*

R/S RApase -0.016 -0.074 -0.014

R/S LApase 0.14* -0.026 0.074
* Significance at p< 0.05.
FIGURE 2

Acid phosphatase activity (in root and leaf) at three Pi levels.
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4 Discussion

Breeding for enhanced PUE in Indian mustard is imperative

for yield increment at low production costs. The Apase class of

enzymes is crucial to improve PUE, as their activity is largely

associated to P remobilization within the plant and acquisition

from the soil by hydrolyzing P rich organic compounds (Duff

et al., 1994; Bhadouria and Giri, 2022). There are two groups of

APases depending upon their site of action-extracellular

(secreted; SAPs) and intracellular (IAPs) Apases (Tian et al.,

2012; Tian and Liao, 2015). SAPs act upon external organic P

complexes in rhizosphere to liberate Pi, whereas IAPs are

involved in Pi recycling from internal P reservoirs of plant

cells (Sanchez-Calderon et al., 2010; Chiou and Lin, 2011;

Swetha and Padmavathi, 2016). Some Apases possess both

SAP and IAP properties (Robinson et al., 2012; Deng et al.,

2020). Additionally, Apase enzymes are revealed to regulate

diverse plant processes like seed development, flowering,

senescence, carbon metabolism, response to biotic and abiotic

stresses, cellular signalling pathways, symbiotic association, and

root development. In the present study, we studied the genetics

of Apase activity using GWAS methodology on a diversity set in

B.juncea. Enzyme activity was estimated in two plant tissues (leaf

and root) at three doses of Pi application in a hydroponic system.

Significant differences were observed for both LApase (Apase

activity in leaf) and RApase (Apase activity in root) over three Pi

levels. The mean Apase activity increased in both tissues with a

decrease in Pi input that emphasized the enzyme involvement

under Pi deprived condition. This was in correspondence with

previous reports in Indian mustard, common bean crops and

rapeseed (Haran et al., 2000; Yan et al., 2001; Zhang et al., 2010).

However, at all Pi levels, LApase activity was higher than

RApase. This indicted the greater or earlier response of

LApase than RApase to Pi supply. Zhang et al. (2010) has
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studied the contributions of root secreted Apase and leaf

intracellular APase to PUE in B. napus and reported a

significant contribution of leaf Apase activity towards PUE

whereas root secreted Apase has revealed no direct correlation

with PUE. Intracellular Apases are believed to be synthesized

prior to the secreted Apases under Pi deprived condition (Bozzo

et al., 2004; Bozzo et al., 2006). Apase activity in leaf enables the

plant to remobilize Pi from P rich biomolecules present in older

tissues (Duff et al., 1994; Garcia et al., 2004; Zhang et al., 2010).

In our study, LApase was observed with a significant positive

correlation with R/S at LP level. This may be due to the

additional role of Apase in modulating root architecture by

induction of Pi signalling pathways (Wang et al., 2018; Cai et al.,

2021). At only Pi sufficiency, RApase was negatively correlated

to LApase. It indicated the differential response of Apase activity

in root and leaf to Pi status.

We identified several candidate genes (15) on chromosomes

(A01, A03, A04, A05, A08, A09, B05, B06, B07 and B08) that

might affect Apase activity in the evaluated genotypes of B.

juncea. Important among them were: PAP10, PAP16, PNP and

AT5G51260, which encode different family members of Apases.

In our study, PNP and AT5G51260 were observed for RApase

activity under LP environment, whereas, PAP10 and PAP16

governed the variation at NP dose for RApase and LApase,

respectively. Overexpression of PAP10 (that shows both SAP

and IAP properties) in Arabidopsis and rice have been found to

significantly increase the plant’s ability to degrade Po and

tolerance to low Pi stress (Wang et al., 2011; Deng et al.,

2020). PNP and AT5G51260 regulate Pi tolerance by releasing

Pi during polynucleotide synthesis from nucleotide

diphosphates or triphosphates (Marchive et al., 2010; Deng

et al., 2021). We also predicted several genes with roles in

phytohormone and sugar signalling pathways and root

modulation. ARF5, a gene located 4.8 kbps away from the SNP
A B

FIGURE 3

Principal component analysis of the diversity fixed foundation set of Brassica juncea: (A) Principal components and (B) Scree plot.
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FIGURE 5

Manhatton and Q-Q plots showing marker trait associations for LApase at (A, B) LP, (C, D) NP and (E, F) HP levels.
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FIGURE 4

Manhatton and Q-Q plots showing marker trait associations for RApase at (A, B) LP, (C, D) NP and (E, F) HP levels.
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B07_55242497, explained variation in Apase activity in leaf

under Pi sufficient conditions. It codes for an auxin response

factor 5 which transcriptionally regulates almost one-half of

Aux/IAA genes (Krogan et al., 2014). Another auxin induced

gene SAUR 41(SMALL AUXIN UP RNA41), appeared close to

SNP A09_43265797. It is responsible for developing auxin-

related phenotypes including root meristem repatterning in

Arabidopsis (Kong et al., 2013). Under low Pi conditions, the

gene ABR1 (APETALA2 like ABA repressor 1) encodes a negative

regulator of ABA-regulated gene expression (Pandey et al.,

2 0 0 5 ) . A SNP B05 _ 52 9 8 2 1 8 1 wa s l i n k e d t o a

phosphatidylinositol-specific phospholipase C2 encoded by

gene PLC2 for RApase activity at low Pi. This gene shows

hydrolytic activity against phosphoinositides to release

secondary messengers, myo-inositol-1,4,5-trisphosphate

(InsP3) and diacylglycerol (DAG) that are known to improve

plant tolerance against various types of biotic and abiotic stresses

(Nokhrina et al., 2014). Another two patatin-related

phospholipase A genes (PLAIVA and PLAIVC) were also

predicted for RApase activity but at the high Pi level. They

hydrolyze phospholipids and galactolipids and generate free

fatty acids and lysolipids as secondary messengers that

participate in phytohormone signalling for root development

under normal and Pi stress conditions (Rietz et al., 2010). HXK1

gene encoding HEXOKINASE 1, the first enzyme of glycolysis,

which converts glucose into glucose 6-phosphate. Besides this

phosphorylation activity, it mediates sugar signalling pathway to

influence pant architecture (Barbier et al., 2021). Here, this gene

explained 7% variation for LApase activity at LP level. For

RApase activity at high Pi level, SNP A01_55242497

corresponded to gene CIPK6. This gene (CIPK6) codes for a
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CBL (Calcineurin B-like proteins) interacting protein kinase that

functions in Pi starvation signalling pathway to enhance the

plant tolerance to low Pi stress (Chen et al., 2012). Gene BRXL1

associated with LApase activity under Pi deficit condition in the

present study, determines the extent of cell proliferation and

elongation in the plant roots (Mouchel et al., 2006; Beuchat et al.,

2010). The SHR gene, which controls 7% of the variation in

RApase at HP, plays an important role in the specification and

maintenance of the root stem-cell niche (Niu et al., 2015). Gene

RGF1 encoding a signalling peptide is known to influence the

circumferential cell number in the root meristem in response to

low Pi environment (Cederholm and Benfey, 2015). We could

associate this gene with RApase activity at NP dose. The present

investigation is the first attempt at genome wide association

mapping for Apase enzyme activity in root and leaf tissues of

Indian mustard. Predicted genes could serve as potential targets

for improving PUE in Brassica juncea, after due validation.
5 Conclusion

In this study, 280 mustard genotypes were examined for root

and leaf Apase activities in two environments under three doses

of Pi. GWAS analysis revealed a total of 44 SNPs significantly

associated with two traits at three Pi levels. Functional

annotation of genomic regions in or around SNPs facilitated

the prediction of genes encoding diverse Apase family members,

root modulators, signalling peptides, phytohormone-induced

factors, and secondary messenger releasing enzymes. These

findings provided useful information to improve the PUE of

Indian mustard by marker-assisted selection in the future.
TABLE 4 Summary of marker trait associations identified for RApase and LApase at three Pi levels.

Trait Pi level Chr Position and number of SNPs Candidate Gene Distance from peak SNP(Kb) -log10(p) R2

RApase LP A05 33349252 PNP(AT3G03710) 27.84 3.27 4.47

A09 5080851 ABR1(AT5G64750) 36.31 3.36 4.61

B05 52982160-52982181(3) PLC2(AT3G08510) 47.15 3.16 4.31

B06 33902675 AT5G51260
(HAD superfamily)

21.48 3.05 4.15

NP A03 20686760 RGF1(AT5G60810) 33.93 3.46 6.35

B08 4817280-4817319(3) PAP10(AT2G16430) 38.60 3.48 6.37

HP A01 874995-876161(7) PLAIVA(AT4G37070) 12.25 3.23 7.00

PLAIVC(AT4G37050) 9.00 3.23 7.00

A01 651481-655735(14) SHR(AT4G37650) 26.91 3.21 7.00

A08 19805050, 19805060(2) CIPK6(AT4G30960) 31.63 3.04 7.00

A09 43265797 SAUR41(AT1G16510) 35.82 3.04 7.00

LApase LP A04 18578091-18578642(6) BRXL1(AT2G35600) 49.26 3.35 7.21

A09 6643946-6643948(2) HXK1(AT4G29130) 15.48 3.09 7.00

NP A05 30105013 PAP16(AT3G10150) 21.21 3.15 5.00

HP B07 55242497 ARF5(AT1G19850) 4.83 3.18 6.13
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Plant breeding techniques encompass all the processes aimed at improving the

genetic characteristics of a crop. It helps in achieving desirable characteristics like

resistance to diseases and pests, tolerance to environmental stresses, higher yield

and improved quality of the crop. This review article aims to describe and evaluate

the current plant breeding techniques and novel methods. This qualitative review

employs a comparative approach in exploring the different plant breeding

techniques. Conventional plant breeding techniques were compared with

modern ones to understand the advancements in plant biotechnology.

Backcross breeding, mass selection, and pure-line selection were all discussed

in conventional plant breeding for self-pollination and recurrent selection and

hybridisation were employed for cross-pollinated crops. Modern techniques

comprise of CRISPR Cas-9, high-throughput phenotyping, marker-assisted

selection and genomic selection. Further, novel techniques were reviewed to

gain more insight. An in-depth analysis of conventional andmodern plant breeding

has helped gain insight on the advantages and disadvantages of the two. Modern

breeding techniques have an upper hand as they are more reliable and less time

consuming. It is also more accurate as it is a genotype-based method. However,

conventional breeding techniques are cost effective and require less expertise.

Modern plant breeding has an upper hand as it uses genomics techniques.

Techniques like QTL mapping, marker assisted breeding aid in selection of

superior plants right at the seedling stage, which is impossible with conventional

breeding. Unlike the conventional method, modern methods are capable of

selecting recessive alleles by using different markers. Modern plant breeding is a

science and therefore more reliable and accurate.

KEYWORDS

plant breeding, CRISPR Cas-9, marker-assisted selection, genomic selection,
genotypic technology
Introduction

Plant breeding can be defined as a process wherein, specific heritable changes are induced in

plants through human efforts (Orton, 2020). It is an ongoing attempt in developing plants of

superior phenotypes which produce more yield, resistance to diseases and abiotic stressors,

synchronous maturity etc. (Bhargava and Srivastava, 2019). The scientific and technological

advancements during the 20th century fastened the process of plant breeding and it was no

longer just a skill, people took it up as a profession. Mendel’s laws were of utmost value during
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the 20th century and provided a sturdy framework within which

breeding was extensively practiced. Watson and Crick’s discovery of

DNA as genetic material in the 1940s paved way for a novel era of

biological discoveries which were appropriately incorporated by several

plant breeders. During the late 20th century, the Mendelian laws along

with the upcoming cell and molecular biology approaches, hastened the

plant breeding industry. Currently, with techniques like genome

sequencing and editing, the plant breeding industry has further been

improved and has seen huge profits (Orton, 2020).

Higher yield, pest resistance in crops, etc. is required to keep up

with the rapid growth and demand globally for food crops. In recent

times, this has been achieved using advanced plant breeding

techniques. Although they are extremely reliable and consistent

with their results, they are a method of artificial growth. The

potential risks, drawbacks and challenges of modern breeding

methods are yet to be explored.
Conventional plant breeding

Plant breeding can be classified into two main types based on the

methods and available tools, conventional and unconventional plant

breeding. Conventional breeding can be defined as a process which

involves the development of new varieties by using natural methods.

In conventional breeding, desirable traits are put together from

different gene pools but closely related by a process of cross

hybridisation and therefore the product of conventional breeding is

one in which pre-existing traits are mixed and matched to give rise to

desirable crops (Acquaah, 2015).

Conventional plant breeding follows a particular sequence of

steps. It begins with setting a clear objective, creating and

assembling variation, selection, evaluation, release, multiplication

and finally distribution of the new plant.

The species and intended application of the cultivar being created

will determine the breeding goals. Prior to starting the breeding

programme, the breeder must clearly identify its goals while taking

the demands of end users into consideration. Thinking about it from

the standpoint of cultivating the plant profitably (e.g. need for high

yield, disease resistance, early maturity, lodging resistance, etc.). The

processes should be taken into account when considering how

effectively and affordably to use the cultivar as a source of raw

materials for creating new goods (e.g. canning qualities, fibre

strength, wood quality, mechanised production) (Figure 1).

The next stage is to gather the necessary germplasm for starting

the breeding programme after deciding on the breeding objective(s).

If, for instance, the goal is to breed for disease resistance, the gene

causing the disease must be present when the base population is

created. By artificially crossing suitable parents, the targeted gene is

most frequently introduced into the base population. Breeders may

try to incorporate the gene if it isn’t already present. Mutagenesis is a

widely used traditional technique for generating a gene that does not

exist (Acquaah, 2015).

Breeders have created standardised breeding techniques for

different species based on geneti characteristics. Species can be
Frontiers in Plant Science 0297
selected or bred using techniques based on their reproductive

strategies, genetics, or whether the final result should be uniform or

varied. A small number of genotypes emerge from the breeding

process’ final selection cycle as possible candidates for development

into cultivars and release to farmers. These genotypes are put through

a rigorous assessment process, which must take place in environments

similar to those in which the cultivars will be produced for sale

(Acquaah, 2015).
Advances in conventional breeding
technologies and techniques

Breeders engage in two fundamental tasks when developing elite

cultivars: they build or assemble germplasm and then they distinguish

amongst (select) variability to find and promote suitable individuals

who match the breeding objectives. These two actions account for a

sizable portion of a breeding program’s efficacy and efficiency.

Breeders thus look for new or improved technology and procedures

that support these efforts. Here are a few of the most important, each

of which may also have a related approach.
Selection

The most basic method for crop enhancement is this, and it is

employed by both skilled scientists and inexperienced farmers. In

essence, it is the process of selecting and advancing suitable plants by

differentiating among variety.
Artificial pollination

This kind of controlled pollination is used for a variety of

purposes, including genetic research, breeding stock development,

enhancing fruit set, and seed production.
Hybridization

It entails the use of managed pollination, which may be

accomplished through artificial techniques. Breeders may create

hybridization blocks where controlled pollination takes place,

depending on the programme.
Wide crosses

Wide crosses for cultivated species are those that use components

from outside the primary gene pool. They may entail a cross between

two species or even two genera (intergeneric cross). The likelihood of

genetic difficulties leading to infertility and poor success increases

with the genetic distance between the parents.
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Embryo culture

Because of infertility issues, the embryos resulting from

especially wide crosses do not develop normally and need to be

extracted prematurely.
Chromosome doubling

Wide interspecific crosses include parents with various

chromosomal counts. Due to meiotic incompatibility, the hybrid

arising from such crossings is reproductively sterile.
Doubled haploids

When a haploid cell experiences chromosomal doubling, which

can occur in vivo or in vitro and be naturally occurring or

purposefully generated in plant breeding, the outcome is a doubled

haploid genotype. Doubled haploid methods are currently applicable
Frontiers in Plant Science 0398
to many hundreds of plants, however the technique has benefits and

drawbacks. The main drawback is that the populace cannot be forced

to participate in selection. Hybrid maize breeding has successfully

used doubled haploid technology.
Bridge crossing

Bridge crossing is a method for crossing two parents with varying

ploidy that is employed in broad crossings or to make a transitional or

intermediate cross. The intermediate hybrid is given chromosomal

doubling to make it fertile because it is reproductively sterile.
Protoplast fusion

This method is very beneficial for wide crossing. In situations

where pollination and regular fertilisation are difficult or impossible,

protoplasts may be fused in a laboratory setting to produce
FIGURE 1

Objectives of Plant Breeding.
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hybridization. In order to produce potato plants that were resistant to

the potato leaf roll disease, somatic fusion was employed.
Modern plant breeding techniques

Modern plant breeding techniques came into being when

molecular techniques was integrated along with conventional

breeding techniques in order to achieve higher genetic gains. This

was done by identifying the desired traits of the crop and their

respective phenotypes and genotypes. On application of molecular

techniques and genomics, the crop is enhanced.

There was a need for Modern breeding techniques due to the

extensive time taken for Conventional breeding techniques. Sexual

incompatibility and the sexual barriers in the form of pre and post

fertilization were also major concerns (Bhargava and Srivastava,

2019). To achieve unique and more specific traits like higher

absorption of nutrients, resistance to weeds, prevention of pests,

decreased time of harvest, etc., conventional breeding techniques

were combined with other branches of science (Lamichhane and

Thapa, 2022).

In order to achieve higher genetic gains, genomic selection,

enviromics and High Throughput Phenotyping (HTP) were

utilised. It was also said that “Modern plant- breeding Triangle”

consists of genomics, phenomics and enviromics (Crossa et al., 2017).

Several staple crops like rice, wheat, sorghum and maize have

successfully been bred using the above techniques (Table 1).
Marker assisted selection

In Marker Assisted Selection, genotypic markers are utilised in

determining the phenotypic markers responsible for the desired trait

with the help of bioinformatics tools. This method has proven to be

much more efficient and accurate in comparison to the conventional

method of direct phenotypic selection, which can be highly time

consuming, more labour intensive and also less accurate. (Figure 2)

Markers are broadly categorised into 4 types- Morphological,

Biochemical, Cytological and Molecular (DNA) based markers

(Kumawat et al., 2020).
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Morphological markers

Morphological markers are phenotype- based markers. They are

meant for traits that reflect the qualitative characteristics of a plant

like colour of flower, shape of seed, height of plant, etc.
Biochemical markers

Biochemical markers are commonly known as isozymes. They are

multi- molecular forms of enzymes that perform the same function

but are coded by non- identical genes. These markers have a property

of co-dominance. They have been proved successful in several
TABLE 1 Successful examples of modern plant breeding techniques.

Name of
Technique Mechanism of Technique Example

Marker assisted
selection
Marker Assisted
Selection
(MAS)

GS works on employing DNA markers that are responsible for the expression of
desired characteristics in crops

The DNA marker (9871.T7E2b) linked to the blast resistance
phenotype in the presence of the Pi40 gene in a 70-kb chromosomal
region was obtained from NBS-LRR disease resistance motif
sequences. (Jeung et al., 2007)

Crispr Cas-9
CRISPR/Cas9 edits genes by accurately slicing DNA, which is then repaired by
the body’s own mechanisms. The Cas9 enzyme and a guide RNA make up the
system’s two components

CsLOB1 gene of Citrus was edited using Crispr Cas-9 to provide
resistance to Citrus canker disease. (Nerkar et al., 2022)

High
Throughput
Phenotyping
(HTP)

It is an advanced technology which generates phenotypic data of desired plant
traits on utilising automated trait analysis and also involves automated sensing,
data acquisition and data analysis.

SD1, Hd1, and OsGH3-2 genes of Rice (Oryza sativa L.) were
modified to improve the crop yield and quality. (Xiao et al., 2022)
FIGURE 2

Marker development pipeline for Marker Assisted Selection (MAS).
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applications like detection of population structure, population

subdivision, genetic diversity and gene flow, although, they don’t

have a large variety and don’t identify polymorphism to a great extent.
Cytological markers

Cytological markers are chromosome- based markers that show

variations in distribution of euchromatin and heterochromatin along

with position, shape, size, number and order of chromosomes. They

are widely used in physical mapping.
Molecular (DNA- based markers)

Molecular markers are most commonly used in plant breeding.

These markers, not only identify the gene responsible for the desired

trait, but also flag the gene such that it can be identified even in future

generations. There are mainly 3 types of Molecular markers:
Fron
a. Hybridization-based markers: Examples: Restriction

Fragment Length Polymorphism (RFLP)

b. Polymerase chain reaction (PCR)-based markers: Examples:

RAPD, AFLP, SSR, chloroplast microsatellites (cpSSRs),

randomly amplified microsatellite polymorphisms (RAMP),

and intersimple sequence repeat (ISSR)

c. Sequence-based markers: Examples: Single nucleotide

polymorphism (SNP) that were developed by the

introduction of the DNA sequencing technologies like next-

generation sequencing (NGS) and genotyping by sequencing

(GBS) resulting in high polymorphism (Bhargava and

Srivastava, 2019).
Genomic selection

In recent times, climate change has been quite drastic. Constant

change in rainfall, soil acidity, increased temperature, etc. can

significantly affect the growth and yield of crops.

Selection of crop variants through the method of phenotypic

selection is laborious, time- consuming and does not always promise
tiers in Plant Science 05100
accurate results. Some crops even take a few years before they can

express themselves. This method also provides room for considerable

experimental error (Crossa et al., 2017).

Genomic selection uses DNA- based markers on a training

population that express their genotypes as well as their phenotypes

in order to predict the superior genes with desired traits.

The first a set of genotypes to be phenotyped is called as a training

population, which are identified and phenotyped. A regression model

is then trained to predict GEBVs for individuals which were not

phenotyped. The GEBV (Genomic Estimated Breeding Values) are

determined by adding the impacts of the genetic markers, or

haplotypes of these markers, throughout the whole genome, that

captures all quantitative trait loci (QTL) that affect any variation in

trait (Ibeagha-Awemu and Khatib, 2017).
High throughput phenotyping

The rapid expansion of the food industry has in turn brought the

need for the agronomic industry to produce more crops. HTP works

on the basis of phenotyping (morphological, physiological,

biochemical and molecular factors) as it is the initial and more

important step of plant breeding. It is an advanced technology

which generates phenotypic data of desired plant traits on utilising

automated trait analysis and also involves automated sensing, data

acquisition and data analysis. On using this technology, there is no

need to wait for a plant to mature and express itself later at its life

cycle, as it can be analysed and phenotyped at its initial stage of

growth (Jangra et al., 2021).

Imaging technologies are used for plant phenotyping, which is

mainly carried out by electromagnetic radiation. The properties of

this radiation (absorption, emission, transmission, reflection and

fluorescence) reflect the health of the plant, which cannot be

detected by the naked eye. The spectral information is obtained

through this advanced process of imaging. The ratio of intensity of

reflected light to intensity of illuminated light is measured in different

wavelengths. The reflectance is high on interaction with photoactive

compounds like anthocyanins and chlorophyll when compared to

protein ad water- rich regions which have low reflectance. There are

different types of Imaging which are widely used- Visible Light

Imaging, Fluorescence Imaging, Thermal Imaging and

Tomographic Imaging (Jangra et al., 2021).
TABLE 2 Comparison between conventional and modern breeding techniques.

Conventional plant breeding modern plant breeding

This breeding process places a greater emphasis on phenotype This breeding process places a greater emphasis on genotype

It is labor- intensive and highly time consuming to develop a new
hybrid

It requires lesser time, but needs more expertise to develop a new hybrid

Dominant genes are typically the only ones chosen. Recessive allele
selection is a more process

Newly used technologies like Genomic selection,
enviromics and High Throughput Phenotyping (HTP)
Through the use of markers and the identification of particular gene locations, recessive alleles may
be chosen in a very quick process

It is carried out physically by local breeders using basic tools, making it
less accurate

Advanced technologies like Marker Assisted Selection (MAS), Genomic selection and High
Throughput Phenotyping (HTP) are used
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Novel plant breeding techniques

Genome editing is a technology used to manipulate genes

precisely as Clustered regularly interspaced short palindromic

repeats (CRISPR)/CRISPR associated protein (Cas) system. There

have been some milestones in plant breeding using CRISPR Cas9

technology- i) Solanum pimpinellifolium, a progenitor of the tomato,

may be rapidly domesticated by using CRISPR/Cas-mediated

multiplex editing of “domestication genes” (e.g. loci linked to

desired features). ii) Somatic homologous recombination (HR)

utilising a homologous chromosome as a template can be used to

repair targeted double-strand breaks (DSBs) caused by CRISPR/Cas

(Rönspies et al., 2021).
Discussions and conclusion

The benefit of traditional plant breeding is that it increases the

genetic resources that may be used to enhance crops by introducing

the desired features. However, certain plants run the danger of losing

genetic variety and becoming vulnerable to environmental stress.

Therefore, the problems with global food security cannot be solved by

using traditional agricultural techniques. Several conventional and

molecular methods, such as genetic selection, mutagenic breeding,

somaclonal variations, whole-genome sequence-based methods,

physical maps, and functional genomic tools, have been used to

improve agronomic traits related to yield, quality, and resistance to

biotic and abiotic stresses in crop plants. Modern plant breeding

techniques has, however, been brought about by recent developments

in genome editing technologies utilising programmable nucleases,
Frontiers in Plant Science 06101
clustered regularly interspaced short palindromic repeats (CRISPR),

and CRISPR-associated (Cas) proteins (Table 2).

In the current scenario of constant development, rapid climate

change, unpredictable rainfall, etc., modern breeding techniques is

required to produce the crops with consistent produce. There is also a

need for increased yield with the expanding food industry. Therefore,

using latest and advanced technology to the power of agronomic

development is more practical and sustainable.
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Genetic approaches to exploit
landraces for improvement of
Triticum turgidum ssp. durum in
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Addressing the challenges of climate change and durum wheat production is

becoming an important driver for food and nutrition security in the Mediterranean

area, where are located the major producing countries (Italy, Spain, France,

Greece, Morocco, Algeria, Tunisia, Turkey, and Syria). One of the emergent

strategies, to cope with durum wheat adaptation, is the exploration and

exploitation of the existing genetic variability in landrace populations. In this

context, this review aims to highlight the important role of durum wheat

landraces as a useful genetic resource to improve the sustainability of

Mediterranean agroecosystems, with a focus on adaptation to environmental

stresses. We described the most recent molecular techniques and statistical

approaches suitable for the identification of beneficial genes/alleles related to

the most important traits in landraces and the development of molecular markers

for marker-assisted selection. Finally, we outline the state of the art about

landraces genetic diversity and signature of selection, already identified from

these accessions, for adaptability to the environment.

KEYWORDS

triticum turgidum ssp. durum, landraces, genotyping, breeding, molecular markers,
climate change, abiotic stress
Introduction

Durum wheat (DW) (Triticum turgidum L. ssp. durum) (Desf.) is the 10th most cultivated

cereal worldwide, with a total production of about 38 million tons (Xynias et al., 2020). DW is

grown primarily in the Mediterranean basin, accounting for 75% of global production,

supported mainly by Italy, Spain, France, Greece, Morocco, Algeria, Tunisia, Turkey and

Syria (Table 1). In addition, outside the Mediterranean basin, the major producers are

Canada, Mexico, the USA, Russia, Kazakhstan, Azerbaijan, and India (De Vita and Taranto,

2019; Martıńez-Moreno et al., 2022). Although DW production constitutes only 7% of total

wheat production, the rest is produced from bread wheat (Triticum aestivum), its importance

for the countries of the Mediterranean basin is pivotal. DW is considered a staple food as it
frontiersin.org01102
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constitutes the dominant part of the diet for many populations in this

area. The main products derived from DW include pasta, cous cous,

burghul, and bakery products. Durum wheat-based products have a

low glycemic index which makes them healthy products that can be

recommended for low-carb diets (Di Pede et al., 2021). Furthermore,

DW constitutes the main food source for 1.2 billion poor people,

providing 20/50% of daily calories, 20% of protein, and is considered a

strategic crop for food security. Regarding the economic importance

of DW, Italy is the world’s largest producer of pasta with over 3.36

million tons/year of pasta produced, and the leading country for

exports with 1.9 million tons/year (Altamore et al., 2020). On a

cultural level, DW and its ancestor wild emmer (Triticum turgidum

ssp. dicoccoides) have been at the foundations of food, from the

Neolithic period to the Greeks and the Roman Empire, up to the

present day (Martıńez-Moreno et al., 2020). Its cultivation and

processing constitutes a cultural heritage.

However, the on-going climate change threatens DW production

and is subjecting this crop to stresses rarely experienced. In the

Mediterranean area and western Europe, climate projections for the

2040-2070 interval warn that extreme drought events will become

more frequent and severe due to decreased winter precipitation and

increasingly dry springs (Spinoni et al., 2018). In a recent study, it was

estimated that global warming may reduce the world’s suitable areas

for DW cultivation by 19% in 2050 and by 48% in 2100, with the

greatest losses occurring in the Mediterranean basin which is

recognized as a climate change hotspot (Shayanmehr et al., 2020;

Martıńez-Moreno et al., 2022). The main environmental constraints

influencing the yield of DW in this area are drought, high

temperatures, and salinity (De Vita and Taranto, 2019). These

stresses, if occurring in growth stages such as flowering, pollination,

and grain-filling, can strongly affect crop productivity.

This review aims to highlight the important role of durum wheat

landraces as a useful genetic resource to improve the sustainability of

Mediterranean agroecosystems, with a focus on adaptation to

environmental stresses (Figure 1). We described the most recent

molecular techniques and statistical approaches suitable for the
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identification of beneficial genes/alleles related to the most

important traits in landraces and the development of molecular

markers for marker-assisted selection. Finally, we outline the state

of the art about landraces genetic diversity and signature of selection,

already identified from these accessions, for adaptability to

the environment.
Durum wheat cultivation: An
historical overview

Durum wheat (tetraploid, genome AABB, 2n=4x=48) is a cereal

grain evolved from the tetraploid domesticated emmer wheat

Triticum turgidum ssp. dicoccum (Schrank ex Schübl.) Thell (Özkan

et al., 2002). Domestication of wild emmer (Triticum turgidum L. ssp.

dicoccoides) occurred in the Fertile Crescent (Israel, Jordan, Lebanon,

Syria, south-eastern Turkey, northern Iraq, and western Iran) about

8000 years BCE (Before Common Era) from limited founder lineages

(Özkan et al., 2002; Wang et al., 2022). Emmer wheat has been the

main cereal together with einkorn and barley during the Neolithic

period and the Bronze age. Then, it was progressively replaced by the

tetraploid naked DW, spread by land through the Balkans and the

maritime routes to the Mediterranean regions of Southern Italy,

France, Spain, and Greece (Martıńez-Moreno et al., 2020). Finally,

DW became a prominent crop at about 300 BCE during the

Hellenistic period. DW was commonly cultivated in the Roman

Republic where the writers started to call it Triticum in Latin. Later,

the early Islamic world and then the Arab empire further promoted

the spread of the cultivation of DW through the Mediterranean areas

by introducing several food types based on semolina (dry pasta and

couscous). Until 1950-1955 most of the DW Mediterranean areas

were cultivated with DW landraces, local accessions adapted to their

place of origin (Martıńez-Moreno et al., 2020). However, the first

breeding activities were started in Italy in the early 1900s, resulting in

the release of the most renowned cultivar Senatore Cappelli in 1915,

by the breeder Nazareno Strampelli (Scarascia Mugnozza, 2005).
TABLE 1 Durum wheat of the major producer countries in European Union: area, production, yield and growing seasons (source: DG Agriculture and
Rural Development based on Eurostat crop production annual data).

Country
Durum wheat area (thousand

hectares)
Durum wheat production (thou-

sand tonnes)
Durum wheat yield (tonnes/

hectare) Growing seasons

2019 2020 2021 2019 2020 2021 2019 2020 2021

EU 2,145 2,112 2,206 7,476 7,420 7,822 3 4 4

Italy 1,224 1,210 1,229 3,849 3,885 4,065 3 3 3 July and August

Spain 267 251 298 704 787 744 3 3 2 June and July

Greece 254 263 220 684 794 573 3 3 3 From June to August

France 246 252 294 1,566 1,321 1,581 6 5 5 From June to August

Slovakia 44 34 49 188 174 292 4 5 6 From June to August

Hungary 37 27 30 162 121 160 4 4 5 From June to August

Germany 32 34 38 155 183 207 5 5 6 From June to August

Austria 17 17 19 81 79 88 5 5 5 From June to August

Others EU 26 25 29 86 75 113 n.a. n.a. n.a.
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Since then, the cv. Senatore Cappelli appeared in the pedigree of

almost all new DW varieties due to its repeated use in DW programs

until the end of the 1960s (Laidò et al., 2013). Afterward, the

introduction of the law n. 580/67 for Pasta Pureness gave the

impulse to start the development of private seed companies and

international research centers, such as CIMMYT and ICARDA. In

particular, the development of the CIMMYT-derived semi-dwarf

wheat varieties led to the Green Revolution in several countries.

During the period between 1960’-90’, breeding activities coupled with

mutagenesis generated new genetic variability (Xynias et al., 2020)

and efforts were made to release every year improved varieties with

high yield potential and other interesting traits. Such more productive

cultivars were preferred for cultivation over large areas. Therefore, the

multitude of DW landraces planted for centuries was progressively

replaced. This replacement has led to an important erosion of the

environmental adaptation traits evolved during the years by

the landraces.
Environmental challenges for durum
wheat cultivation

The climate characteristics of the Mediterranean region have

played a significant role in shaping the phenotypic (and the

genotypic) configuration of both DW wild relatives and cultivated

varieties. This basin is characterized by hot and dry summers,

followed by cold and wet winters. Climate change, particularly

important in the last decades, points to an increased variability, in

which drought events, often coupled with heat waves, can hamper

growth and development, eventually affecting crop yield. For

example, yield is reduced of about 5% per Celsius degree of

increase in temperature, with a gross loss reaching 24% under a

growth temperature of 31°C during flowering (Liu et al., 2016).

Clearly, the negative effect of the abiotic stress depends on its
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duration and the phenological phase of the plant. For instance,

sudden and extremely high temperature (T > 32°C) for a short

duration (3 to 5 days) is referred to as a heat shock, while

moderately high maximum temperature (20 to 30°C) for a longer

duration is known as chronic heat stress (Li et al., 2013). In DW, the

most sensitive stages to heat stress are anthesis and grain filling

(Chaparro-Encinas et al., 2021). Heat stress alters membrane fluidity

and enzyme activity which in turn hamper respiration and

photosynthesis, and related processes (e.g. electron flow and carbon

fixation metabolism, starch accumulation and stability, architecture

and functioning of thylakoids), as well as water assimilation and

nutrient absorption and allocation in the plant body. After phase

transition, this results in compromised pollen viability, aberrant

macrosporogenesis, starch synthesis, and grain filling, responsible

for the reduction in yield. Reduced water availability, due to both

erratic or deficient rainfall and limited irrigation, worsens the negative

effect of heat stress, hindering grain yield (in terms of seed number

and weight) and technological quality and protein composition

(Flagella et al., 2010). Drought stress is induced also by soil physical

characteristics, which significantly affect water holding capacity and

supply, influencing water and nutrient absorption by roots. Plants

respond to drought and heat stress by enacting similar physiological

mechanisms. Transcriptome analysis of heat susceptible and tolerant

wheat revealed the involvement of multiple processes associated with

tolerance to heat shock and drought stress, including the formation of

deeper roots, synthesis of heat shock proteins, stomatal control,

coordination of transpiration rate, and enhancement of

osmoprotective response (Kulkarni et al., 2017). Also, the use of

genome wide mapping approaches is providing abundant

information about genomic regions associated to heat tolerance

(Sukumaran et al., 2018).

Soil geo-biochemistry, geographical localization (sea proximity,

with seawater intrusion into freshwater aquifers), and events of rising

groundwater table can increase the amount of salts in soils. Moreover,
D
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FIGURE 1

Development of durum wheat over time, including the loss of the diversity through the genetic bottlenecks of domestication (A) from wild relatives to
the selection of landraces and plant breeding activities (B) moving from landraces to modern cultivars (C). The emergence of climate change (D) requires
to broad the genetic basis of modern cultivars. The exploration and exploitation of genetic variability within landrace germplasm (E) coupled to -omics
approaches will be useful to discover beneficial alleles (F) and develop new modern cultivars best adapted to environmental changes.
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anthropogenic activities, such as inappropriate irrigation and

drainage practices or irrigation with brackish water, determine salt

accumulation in the soil surface or within the solum, causing salinity

stress in plants (Annunziata et al., 2017). Soil salinity is usually

referred to the increased amount of Na+/Cl¯ in the soil upper layer,

but a variety of ions, mainly K+, Ca2+, Mg2+, and SO2−
4 , HCO−

3 , NO
−
3 ,

can also accumulate. On one hand, salinity leads to permanent

modifications of the soil structure by decreasing soil aeration,

leaching, and infiltration rate, and increasing runoff and soil

erosion (Edelstein et al., 2010). On the other hand, salinity affects

plant physiology and growth. Stress effects harbored by salinity are

usually due to both (i) cell toxicity of the accumulated ions, which

often results in nutrient imbalance and enhanced oxidative stress, and

(ii) osmotic stress, due to the extremely low water potential of soil

along with a reduction in water assimilation. Therefore, cellular, and

metabolic processes involved to counteract salt stress are comparable

to those induced by drought (Munns et al., 2006). Interestingly, DW is

conventionally considered a tolerant crop enduring up to 5.9 dS/m

(De Santis et al., 2021). In field conditions with 10 dS/m NaCl, DW

produced a reduced yield, compared with rice that died before

maturity (Munns et al., 2006). Lower level of salinity reduces the

leaf area and shoot biomass, while grain yield is not affected.

Tolerance to salinity is associated with low rate of Na+ root-to-

shoot transport and higher selectivity for K+ than for Na+. Indeed, a

correlation between grain yield and Na+ exclusion from the vegetative

organs, together with the enhanced K+/Na+ discrimination in root

absorption and xylem loading has been identified in tolerant

genotypes (Munns et al., 2000), which confirmed xylem transport,

as one of the main discriminants between sensitive and tolerant

species (Davenport et al., 2005). Tolerance to salinity is a quantitative

trait controlled by many genes. Moreover, it appears that the

expression of genes responsible for salt tolerance depends on plant

age and ontogeny. Also, environmental factors contribute to the large

phenotypic variation reported, enhancing the difficulty of breeding

programs aimed to improve salt tolerance (De Santis et al., 2021). In

wheat, a QTL mapping approach has identified the locus Nax1

(involved in limiting Na+ translocation to the above-ground tissues

and inducing salt tolerance), mapped to the long arm of chromosome

2A, responsible for almost 38% of phenotypic variation in low Na

accumulation in the mapping population, and this locus, together

with closely linked markers, are commonly adopted to select salt

tolerant durum genotypes (Lindsay et al., 2004). Other characteristics

of salt-tolerant genotypes include differential ion partitioning between

aged and young leaves, cell osmotic adjustment contrasting osmotic

stress, and early phase-transition, leading to a shorter growing season

(Colmer et al., 2005).

Drought, heat, and salt stress, being linked to each other, induce

the generation of reactive oxygen species (ROS), including hydrogen

peroxide, superoxide, or hydroxyl radicals, which are continuously

formed mainly in the cytosol, chloroplasts, and mitochondria (Laus

et al., 2022). ROS have a significant role in signaling but, under stress

conditions, their over-accumulation may be responsible for the

oxidative stress characterized by membrane peroxidation, protein

degradation, and DNA mutation, eventually leading to the death of

the plant cell. Plant cells are usually equipped with a great variety of

ROS scavenging enzymes including superoxide dismutase, catalase,

and glutathione peroxidase, and antioxidants, such as ascorbic acid,
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tocopherol or glutathione, which also contribute to ROS

detoxification (Dvorak et al., 2021). Interestingly, the tolerance of

DW genotypes to environmental stresses leading to ROS production

has been widely associated with higher activities of scavenging

enzymes, pointing to a role of these mechanisms in the drought

and salt tolerance in particular genotypes (Laus et al., 2022).

Therefore, they are a good candidate to be considered in DW

breeding programs. Anyway, it should be stressed that as the DW

sensitivity to stress is influenced by the phenology, also the

antioxidant performance depends on the stress characteristics

(severity and duration), on the stage of development at which the

stress acts, and on the plant organs targeted. Finally, (as shown by the

increasing literature on the topic, Li et al., 2013; De Santis et al., 2021),

breeding programs should also keep the attention on the stress effect

on quality traits of DW grains. Indeed, changes in grain content and

composition, affecting technological and health quality (e.g. protein,

starch and dietary fiber accumulation and composition,

phytochemical, and health-related micronutrient accumulation), are

incredibly susceptible to environmental clues and stress and must be

taken into account when implementing the breeding programs.
Durum wheat landraces: An
endless treasure

Many efforts are made by researchers and breeders to constantly

look for new sources of genetic variability to improve the elite

varieties for adaptation traits, to face climate change. The

exploitation of the existing genetic variability, still available in

landraces, is one of the best approaches to adopt. According to

Camacho Villa et al. (2005), a landrace is “a dynamic population of

a cultivated plant that has a historical origin, distinct identity, and

lacks formal crop improvement, as well as often being genetically

diverse, locally adapted, and associated with traditional farming

systems”. It is the result of natural and/or farmer-mediated

evolutionary forces that generated plants better adapted to the local

climate/environmental conditions (Zeven, 1999).

They are considered a reservoir of useful alleles that can be

exploited to broaden the genetic basis of important adaptation

traits. Landraces are rich in micronutrients and have high

concentrations in total phenol and antioxidant content, as well as

in tocols, carotenoids, and lutein (Azeez et al., 2018). Since the

landraces can tolerate abiotic and biotic stresses, their yield is lower

than modern varieties (Tan, 2002). For this reason, landraces are no

longer cultivated over large areas where the more productive cultivars

are preferred. Anyhow, several landraces have been rediscovered and

reused thanks to their adaptation to sustainable and low-input

cropping systems. They produce a great amount of straw, which,

when used for animals, can make them economically more

convenient than modern varieties, or preferable for organic farming

because of their greater competitive ability against weeds (Lemerle

et al., 2001; Annicchiarico et al., 2005).

Indeed, thanks to the efforts of farmers and scientists, wheat

landraces and old cultivars have been collected and conserved by in-

situ or ex-situ strategies. The in-situ strategy relies on individual

farmers who traditionally cultivate landraces for their production or

are sponsored by the government or private companies. The ex-situ
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conservation is managed by international institutions such as

CIMMYT, ICARDA, and USDA or by national projects led by local

universities (Adhikari et al., 2022). With the advance of modern

technologies, phenotyping and genotyping are extremely affordable,

and the landraces can be studied both for their conservation and for

molecular markers development (Nazco et al., 2012; Marone et al.,

2021). The exploration of genetic variability in landrace germplasm

has become an issue of great global interest, mainly during the last

two decades. Figure 2 shows how the number of publications related

both to “plant breeding” and “landraces”, and “plant breeding” and

“climate change”, have had a strong increase since 2005, when “The

2005 United Nations Climate Change Conference” took place and

marked the entry into force of the Kyoto Protocol. From 2005 to 2021

the number of publications related to the plant breeding strategies, to

cope with climate change, has grown exponentially. Also for “durum

wheat” and “landraces”, it can be noted a similar trend, although the

number of publications is scarce. Some works aimed to characterize

specific DW landraces are reported in Table 2, which includes a list of

the most important European landraces specially studied both for

stresses and quality related traits.

Because of the genetically heterogeneous nature of landraces,

which are in a constant state of evolution due to different factors

such as ecogeographical area and conventional or modern breeding

techniques (Casañas et al., 2017), the establishment of core collections

represents an affordable cost approach to reduce the degree of co-

ancestry redundancy and the genetic stratification in the landraces

whole collections. The goal of creating core collections is to maximize

the allelic richness at molecular markers and best represent variation

at phenotypic traits, in order to define the smallest possible number of

individuals that represents a more compact and manageable

population. Core collections were made for Spanish, Indian,

Iranian, and Israeli-Palestinian landraces (Etminan et al., 2017; Ruiz

et al., 2012 and 2013; Frankin et al., 2021; Phogat et al., 2019; Chacón

et al., 2020). In addition, a core set of landraces was developed starting

from the Global Panel of Durum Wheat (GPD), reducing their

number from 416 to 192 (Mazzucotelli et al., 2020 and Kabbaj

et al., 2017). This approach is useful not only to represent whole
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genetic diversity but also to enquire and identify new sources for

interesting traits. For example, SNP markers associated to resistance

to leaf rust, tan spot and Stagonospora nodorum blotch were identified

using the core collection created from the Watkins collection

(Martıńez-Moreno et al., 2021, Halder et al., 2019). Moreover, the

core collections have also been used for unlocking the genetic and

morpho-physiological adaptation traits to semi-arid environments

(Abu-Zaitoun et al., 2018) and to study agronomic and quality traits,

such as root architecture, stem cross section, height, heading date and

carotenoid content (Ruiz et al., 2018; Ávila et al., 2021; Requena-

Ramıŕez et al., 2021).
Durum wheat genome and
pangenome assemblies

The DW sequencing project has been carried out by Maccaferri

et al. (2019) using the modern cultivar Svevo. The annotation led to

the identification of 66,559 genes, where the gene density distribution

reflects the QTL density distribution. The comparison between wild

emmer Zavitan and Svevo genomes identified putative loci under

domestication and selection, and localized the reduction in diversity

mainly in the pericentromeric regions of the chromosomes

(Maccaferri et al., 2019). However, in the evolution of DW

landraces, the reduction of diversity was more spread along the

genome as a consequence of breeding programs.

Resequencing techniques, such as whole genome resequencing,

are not suitable for species with complex genomes, for which a

reduction of genomic complexity prior to NGS-based SNP

discovery is preferred (Borrill et al., 2019). In polyploid species such

as DW, with a large genome size (about 10.45Gb) and a large

proportion of repetitive sequences (> 85%), the presence of

paralogous and multi-copy sequences adds complexity in classifying

the correct scoring of SNPs at a single locus for SNP discovery

(Sandve et al., 2010).

In the last decades, the number of sequenced genomes in crop

species has continued to increase exponentially, highlighting the
FIGURE 2

Number of publications in which climate change, landraces, and durum wheat are associated to plant breeding. The scale of the primary vertical axis
shows the values for the associated data series in green: complete query = (“plant breeding” AND “climate change”) and red: complete query = (“plant
breeding” AND “landraces”); the scale of the secondary vertical axis shows the values for the associated data series in blue: (“plant breeding” AND
“landraces” AND “durum wheat”). The analysis is based on the information available in the Web of Science database (www.webofknowledge.com),
category “Plant science”, considering the time interval of 1990–2021. Different keywords (i.e., “plant breeding”, “landraces”, “climate change” and “durum
wheat”) and Boolean operators were used to query the database.
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presence of large structural variations between individuals of the same

species. Therefore, relying on the single reference genome cannot

represent the entire sequence diversity present in a population (Golicz

et al., 2016). This observation led to the concept of “pangenome”, that
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describes the landscape of genetic variation within a species, in order

to capture a comprehensive view of genetic diversity that include the

entire crop gene pool (Bayer et al., 2020; Khan et al., 2020). In the

pangenome development, it is pivotal to consider the genetic variation
TABLE 2 List of the most important durum wheat landraces.

Country Common name/Accession Trait References

Italy Tumminia SG3 polyphenols profile and content Lo Bianco et al., 2017

Italy Scavuzza polyphenols profile and content Lo Bianco et al., 2017

Italy Russello SG8 polyphenols profile and content Lo Bianco et al., 2017

Italy Ruscia polyphenols profile and content Lo Bianco et al., 2017

Italy Manto di Maria polyphenols profile and content Lo Bianco et al., 2017

Italy Margherito polyphenols profile and content Lo Bianco et al., 2017

Italy Biancuccia polyphenols profile and content Lo Bianco et al., 2017

Italy Bidì suitable characteristics for malting and brewing Alfeo et al., 2018

Italy Francesa suitable characteristics for malting and brewing Alfeo et al., 2018

Italy Gioia suitable characteristics for malting and brewing Alfeo et al., 2018

Italy Giustalisa suitable characteristics for malting and brewing Alfeo et al., 2018

Italy Inglesa suitable characteristics for malting and brewing Alfeo et al., 2018

Italy Martinella suitable characteristics for malting and brewing Alfeo et al., 2018

Italy Bufala Bianca malt charaterisrics suitable for brewing Alfeo et al., 2021

Italy Bufala nera corta malt charaterisrics suitable for brewing Alfeo et al., 2021

Italy Bufala rossa lunga malt charaterisrics suitable for brewing Alfeo et al., 2021

Italy Russello high content of antioxidant phenolic compounds Visioli et al., 2021

Italy Trentino
suitable characteristics for malting and brewing; polyphenols profile and

content
Alfeo et al., 2018; Lo Bianco et al.,

2017

Italy Tripolino polyphenols profile and content
Alfeo et al., 2018; Lo Bianco et al.,

2017

Italy Urria polyphenols profile and content
Alfeo et al., 2018; Lo Bianco et al.,

2017

Italy Timilia high content of antioxidant phenolic compounds Taranto et al., 2022

Portugal PI 192051 stem rust resistance sources Aoun et al., 2019

Portugal Aus26582 leaf rust resistance Qureshi et al., 2018

Portugal Aus26579 leaf rust resistance Qureshi et al., 2018

Cyprus IG-82549 glutenin protein composition Moragues et al., 2006

Portugal Lobeiro de Grao Escuro having high EU quality index and high protein quality Nazco et al., 2014a

France Trigo Glutinoso having high EU quality index and a high sedimentation index Nazco et al., 2014b

Spain BGE-013614 glutenin protein composition Moragues et al., 2006

Spain BGE018675 higher zeaxanthin relative content Requena-Ramıŕez et al., 2021

Spain BGE045643 higher zeaxanthin relative content Requena-Ramıŕez et al., 2021

Spain BGE045657 higher zeaxanthin relative content Requena-Ramıŕez et al., 2021

Spain BGE018321 higher relative b-carotene content Requena-Ramıŕez et al., 2021

Spain BGE045628 higher relative b-carotene content Requena-Ramıŕez et al., 2021

Spain BGE045633 higher relative b-carotene content Requena-Ramıŕez et al., 2021

Spain BGE030921 highest a-carotene content Requena-Ramıŕez et al., 2021
frontiersin.org

https://doi.org/10.3389/fpls.2023.1101271
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Broccanello et al. 10.3389/fpls.2023.1101271
brought by the crop wild relatives, in order to include as much genetic

variability as possible (Khan et al., 2020). In fact, wild species preserve

important genes related to tolerance to various types of stress that

were lost during the domestication process. The increasingly less

expensive sequencing approaches have allowed to deepen the genetic

architecture of the crop wild relatives leading, in the past decade, to

several de novo sequencing projects developed also in crop wild

relatives. In soybean, 14 cultivated and 17 wild accessions were

resequenced, confirming the great allele diversity present in wild

accessions (Zhou et al., 2015). In maize, 75 lines including cultivated,

wild and landrace accessions were resequenced, highlighting the

genes linked to selection and providing evidence for introgression

from wild relatives (Hufford et al., 2012).

In wheat, the first pangenome has been constructed using the bread

cv. Chinese Spring as suitable reference assembly, followed by the

expansion of this reference with 16 additional sequences from other

bread wheat varieties (Montenegro et al., 2017). Graph pangenomes

based on 16 public assemblies (Wheat Panache) was developed with the

aim to discover genome variation between cultivars and to mine the

diversity present in the large and complex wheat genome (Bayer et al.,

2022). However, the mathematical modeling of pangenome expansion

revealed that all these wheat varieties have a closed pangenome; therefore,

the inclusion of more distant accessions such as wild relatives and

landraces could harbor yet unexplored sequence variants that may

further increase the gene content of the pangenome. The use of

divergent individuals may increase the number of novel gene variants

as well as improve the accuracy of the read mapping for SNP discovery.

The use of landraces can support the breeding of cultivars better adapted

to diverse environments and more resilient to climate change; indeed,

plant pangenome assemblies have shown that genetic variations are often

associated with biotic or abiotic stress.

No pangenome has yet been assembled for durum wheat,

although several projects are underway. Indeed, the use of Svevo

genome as suitable reference may accelerate the sequencing of new

durum cultivars enabling the pangenome construction. As far as is

known, at the moment the only reference genome for durum wheat

remains Svevo. Given the growing interest in some European

landraces (Table 2), the release of new genome assemblies from

landraces is expected in the next few years.
High-throughput genotyping
techniques

Exome and RNA sequencing

A widely employed method for de novo SNP discovery and

genotyping in large genome-size species is the exome sequencing.

The workflow involves the fragmentation of high-quality genomic

DNA, repair ends, adenylation, adapter ligation, and the selective

hybridization of probes for target enrichment. Then two consecutive

captures of the hybridization probes ensure high specificity of target

region before the sequencing step (Kaur and Gaikwad, 2017). Ready

to use exome kits and their customization are available for many crop

species such as wheat (Harrington et al., 2019). Exome sequencing

techniques have been used to identify polymorphisms and genes in

the tetraploid wheat genome, also in combination with bulk segregant
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analysis (Saintenac et al., 2011; Mo et al., 2018). In the last few years,

thanks to the release of wheat reference genomes and annotations,

this approach is increasingly used.

An alternative to exome capture is the high-throughput RNA

sequencing which analyzes sequence variations in the transcribed

portion of the genome. RNA-seq is the technique of choice for the

identification of new genes and isoforms, and for the detection of

variants including expressed SNPs and INDELs. Furthermore, this

approach allows the identification of differentially expressed genes in

plants under stress conditions. However, this technique is expensive

since the reagents for the sequencing of the entire transcriptome are

required. To overcome this problem, a new technique that is emerging

also in plants (it is already widely used in human genetics) is the target

RNA sequencing. This technique allows very high precision in the

discovery and quantification of genes because it sequences only those

of interest. The most important step of target RNA-seq is the design of

the specific probes that can be customized to meet the specific needs

of each experiment. Since only the genes of interest are sequenced, the

coverage can also be very high, allowing to increase the power to

assemble low expression transcripts (Ostezan et al., 2021).
Reduced representation sequencing (RRS)

With the decrease in the NGS cost, sequencing techniques are

increasingly used as genotyping tools. However, to afford sequencing in

large genome size species, reduced representation sequencing (RRS)

approaches can be considered (Davey et al., 2011). Genotyping-by

Sequencing (GBS) is the most used technique to greatly reduce genome

complexity using restriction enzyme(s) digestion (Elshire et al., 2011;

Rasheed and Xia, 2019). The digestion occurs in the presence of a

specific combination of enzymes recognizing rare-rare, frequent-rare,

or frequent-frequent restriction sites. In wheat, since the complexity of

the genome is very high, it is normally used a double enzyme digestion

(Poland et al., 2012). The digested DNA is then ligated with adapters,

amplified through PCR, and sequenced. The generated data are directly

used for genotyping (Deschamps et al., 2012). Typically, the sequencing

involves 100-150 bp. This technique has a simple protocol, specific and

reproducible, with a reduced sample handling, without the need of a

reference genome (Davey et al., 2011). These properties make GBS a

genotyping technique suitable for a number of species and genetic

studies (Chung et al., 2017), such as genomic selection (Poland et al.,

2012), SNP marker development (Forrest et al., 2014), and genetic

diversity (Alipour et al., 2017). Diversity Array Technology (DArT),

developed by Diversity Arrays Technology Pty Ltd. (Canberra,

Australia) originally with the microarray technology platform, is one

of the GBS-based techniques widely adopted in wheat, thanks to its

versatility, accuracy, and low cost (Colasuonno et al., 2021).
SNP Array

NGS technology has also created the basis for the establishment of

high-density SNP arrays and the related high-throughput platforms

capable of genotyping large numbers of samples (Ganal et al., 2012).

Currently, the most widely used genotyping platforms for large

scale genotyping are the Infinium platform from Illumina (San Diego,
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CA, USA) and the Axiom technology from Thermo Fisher Scientific

(Waltham, MA, USA) (Scheben et al., 2018). Technically, the Illumina

technology is based on spheres covered with specific oligos adapted to

the microwells and the amplification takes place on a single-base two-

color extension with a single probe SNP marker (Steemers and

Gunderson 2007). On the other side, the GeneChip® array of

Affymetrix uses photolithographic oligos on an array and the

target SNP amplification involves assays with 30-mer probes

(Thomson, 2014).

In wheat, the first SNP array developed was the 9K Infinium SNP

Array by Cavanagh et al. (2013) used for genotyping 2,994 lines of

bread wheat. Later, the array with 90K SNPs was fine-tuned (Wang

et al., 2014). However, both of these chip had a greater representation

in cultivated varieties, thus their use was very limited in the study of

landraces (Rasheed et al., 2018). This problem was overcome by the

development of the 820K Affymetrix Axiom SNP array which relied

on exomes sequencing of 43 bread wheat and wild species accessions

(Winfield et al., 2016). Axiom 35K SNP was then developed from this

array, capable of analyzing even wild accessions at a more limited cost

(Allen et al., 2017). In parallel, the Chinese Academy of Agricultural

Sciences (CAAS) also developed an array containing 660K SNPs (Jin

et al., 2016). More recently, in 2019, Wheat 50K (Triticum TraitBreed

array, Rasheed and Xia, 2019) and 15K SNP arrays were developed

(Muqaddasi, 2017) containing a selection of SNPs from Wheat 35K,

90K, and 660K SNP arrays.

SNP arrays have the advantage of facilitating high-density SNP

scanning, have a high call rate, and are also cost effective when there is

a need to genotype a high number of markers on many samples.

However, a disadvantage, is that the set of SNPs is fixed and cannot be

changed; they are also developed in hexaploid wheat, thus the SNPs

present in the D genome will be unknown if it is applied in DW.
Genotyping for marker assisted breeding

Among the most competit ive technologies used for

marker assisted breeding, with a medium/low throughput, there are

TaqMan (Applied Biosystems, Foster City, CA), KASP (Kompetitive

allele specific PCR, Hoddesdon, UK), and rhAmp (Integrated DNA

Technology technologies, Redwood City, CA), widely used in many

plant species such as wheat and sugar beet (Broccanello et al., 2018;

Ayalew et al., 2019). TaqMan chemistry is based on fluorescently-

tagged, allele-specific probes detected using real-time PCR-based

assays, while KASP technology adopts an endpoint fluorescence

detection to discriminate tagged SNP alleles. The most recent

method is rhAMP, that uses RNase H2 to activate primers after

successful binding to their target site. All these chemistries are suitable

for use on a variety of real-time PCR instruments with different

throughputs. For example, the TaqMan assays can be applied in Real-

Time PCR, but also can be used with the Open Array technology

(Thermo Fisher Scientific, Carlsbad, CA) which allows the

simultaneous analysis of 4 OpenArray plates, each composed of

3,072 through-holes allowing the genotyping analysis of 16, 32, 64,

128, 192, 256 SNPs at a time (Broccanello et al., 2020). Perry and Lee,

(2017) developed an OpenArray plate composed of 16 SNP markers

able to discriminate 47 DW varieties registered for production

in Canada.
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These chemistries have the advantage of being highly

reproducible, sensitive, and cost effective; moreover, they can be

freely customized both for the number of samples and SNPs that

can be analyzed, adapting perfectly to marker assisted selection for

crop improvement (Broccanello et al., 2018).
Advancements in trait genetic
dissection and breeding

Genome wide association study (GWAS)

Genome wide association study is a powerful tool to study the

genetic base of complex traits and detect relationships between

phenotypic variations and the associated genetic polymorphisms

(Taranto et al., 2018). The statistical methods for the analysis of

associations have improved over the years, going from a classic

ANOVA, that generates many false positives to the development of

the mixed model framework, which increases computational speed

and improves statistical power (Pavan et al., 2020; Tibbs Cortes et al.,

2021). Subsequent advancement in statistical analysis methods led the

association analysis of all markers simultaneously. This approach is

based on Bayesian methods which are normally used in genomic

prediction (Fernando and Garrick, 2013). However, the most

common actual methods include TASSEL (Bradbury et al., 2007),

GAPIT (Lipka et al., 2012), and GEMMA (Zhou and Stephens, 2012).

58 candidate genes associated with salt tolerance have been found, in

bread wheat, performing 5 multi locus GWAS models that include

mrMLM, FASTmrMLM, FASTmrEMMA, pLARmEB, and ISIS

EMBLASSO (Chaurasia et al., 2020; Esposito et al., 2022). In DW

genome wide association studies often involve the use of landraces to

identify new causative SNPs. Moreover, the genomic regions linked to

wheat blast resistance were identified in Indian genotypes with a

MLM (mixed linear mode) in TASSEL. A novel GWAS approach is

the environmental GWAS (envGWAS) that associates the single

nucleotide polymorphisms with the geographic information system

(GIS) of the original samples collection sites. In this context, the

genome wide association was performed to study the local adaptation

of Iranian and Pakistani bread wheat landraces using an EigenGWAS

approach and a fixed and random model circulating probability

unification (FarmCPU) (Hanif et al., 2021).
Genomic selection

In a context of climate change, a technique developed to

accelerate breeding procedures and speed up the selection of

superior genotypes is genomic selection (GS) (Crossa et al., 2017).

This statistical model uses SNP molecular markers for a genomic

prediction of genotype performance. The aim of GS is to predict

breeding and/or genetic values. GS uses genotypic and phenotypic

data for the constitution of a training population and then the

predictive equation is used to select candidates that have been

genotyped but not phenotyped. GS has the advantage of being able

to rapidly improve complex and low heritability traits and reduce the

cost of hybrid development. This technique can also be used for less

complex traits with high inheritance and, for this scenario, high
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genomic prediction (GP) accuracy is expected. However, when a trait

is controlled by a high number of loci there are several factors

influencing the prediction accuracy such as the size and genetic

diversity and how distant is the training from the testing

population. Moreover, for complex traits with large numbers of

markers that are not in linkage disequilibrium (LD) with the QTL,

GP accuracy is lower (Daetwyler et al., 2010).

In general, the statistical models developed for GP are based on

single-environment assessments. However, in plant breeding the

presence of a Genotype x Environment (G x E) interaction may

complicate the selection of stable lines. Hence, some genomic

prediction models, considering the G x E interaction, help breeder

select lines with optimal overall performance across different

environments and in a specific target environment. Specifically, a

reaction norm model, which is an extension of the random effect

Genomic Best Linear Unbiased Predictor (GBLUP) model, was

developed by Jarquıń et al., 2014. In this model, the main effect of

lines, the main effect of environments, the main effect of markers, the

main effect of pedigree, and their interactions with environments, are

modeled using random covariance structures that are functions of

marker or pedigree genotypes and environmental covariates (Jarquıń

et al., 2014). Appropriate cross-validation schemes are designed to

obtain valid and unbiased estimates of the predictive ability

obtainable from the developed genomic prediction models (Roberts

et al., 2017). The reaction norm model has already been applied for

the genomic prediction of 8,416 Mexican wheat landrace accessions

and 2,403 Iranian wheat landrace accessions from the CIMMYT by

Crossa et al. (2016). In this work, the authors evaluated two traits in

two different environments and some heritable traits in a single

optimal environment. The accuracy of the prediction for some

traits such as maturity, quality traits, and grain yield and yield

components was around 50-70%. The most used traits of study in

genome selection experiments are related to quality improvement

involving the use of different prediction models divided between

parametric and non-parametric. Michel et al. (2018) proved the

benefit of GS over marker assisted selection investigating the

prediction of dough rheological traits in early generations and

adopting the parametric RRBLUP, W-BLUP function. Genomic

prediction models are routinely used in the CIMMYT spring bread

wheat program since 2013 (Guzman et al., 2016). These models have

also been successfully applied in genomic predictions for Fusarium

head blight resistance in a DW panel (Moreno-Amores et al., 2020).
Landscape genomics

The selective pressure of abiotic stresses often varies in space,

causing the evolution of advantageous mutations under their local

environment, leading that genotype to have better fitness than the

same genotype originating elsewhere. This differentiation process is

called local adaptation and is driven by spatially divergent natural

selection (Kawecki and Ebert, 2004). To trigger local adaptation,

spatially divergent selection needs to overwhelm the homogenizing

effect of gene flow. The study of the genetic bases of plant adaptation

is crucial for the conservation and management of wild and cultivated

species. Climatic stresses require a rapid evolution of populations to
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quickly adapt to new conditions and avoid extinction. Furthermore,

to identify the genetic basis of adaptation, it is necessary to distinguish

the under-selection (adaptive) genes from the pool of neutral genes.

One possible approach is landscape genomics which aims to identify

the gene-environment association, in particular loci associated with

certain environmental variables. The landscape genomics analyses are

providing unprecedented insight into the evolutionary processes and

molecular basis that govern environmental adaptation. In the context

of climate change, this type of analysis investigates how the species are

adapting to the various types of stress they are subjected to but also

could help to identify the wild relative introgression and its

contribution to local adaptation (He et al., 2019). Landscape

genomics integrates molecular analyses with climatic and

geographic data in which samples have been collected to identify

adaptive genes (Sork et al., 2013). This association analysis can be

considered a valid alternative to GWAS when working with wild

accessions or landraces, as they are naturally adapted to the place of

origin. Moreover, the relationship between phenotypic variation and

climatic factors, in DW, has been widely studied and confirmed

(Annicchiarico et al., 1995; Royo et al., 2014). Recently, landscape

genomics has been applied in many species such as Populus

tricocarpa, Beta vulgaris spp. maritima, and Arabidopsis tahaliana.

He et al. (2019) used the landscape genomics approach to find

genomic windows associated with environmental adaptation in

hexaploid wheat underlining the contribution to local adaptation

given by wild emmer. In addition, 93 rice landraces from sub-Saharan

regions were used to study adaptation to the local environment

(Meyer et al., 2016). In landscape genomics, environmental

information is screened for association with genetic variations

through univariate or multivariate gene-environment association

(GEA) analysis (Rellstab et al., 2015; Forester et al., 2018). Many

statistical models have been developed for association analysis. For

example, some methods involve a logistic association model such as

the Spatial Analysis Method (SAM or SAMbADA), multiple logistic

regression, and Generalized Estimating Equations (GEEs). Other

methods involve a linear association model such as General linear

models, redundancy analysis (RDA), bayenv, Spatial Generalized

Linear Mixed Model (SGLMM), Latent Factor Mixed Models

(LFMMs), and GWAS mixed models (Rellstab et al., 2015).

However, to make the results more reliable, it would be a good

practice to compare results coming from different association models.

There are 19 bioclimatic variables that can be screened, which can

be downloaded from the WorldClim database, concerning the period

1970-2000; moreover, data reporting global soil salinity layers for the

years 1986, 1992, 2000, 2002, 2005, 2009, and 2016 are also available.

Using this association model, it is possible to detect candidate genes

associated with salinity, thanks to the historical data available on the

Global Salinity Soil Map website, as it was done in Medicago

truncatula (Guerrero et al., 2018).

The relationship between genotype and environment could be

also used to predict the spatial distribution of adaptive genetic

variants in future climates and the future maladaptation or genomic

offset that provide a direct estimate of the expected genomic

vulnerability of the species toward ongoing climate change

(Capblancq et al., 2020; Cavanagh et al., 2020; Capblancq and

Forester, 2021).
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Speed breeding

Recent advances in high-throughput phenotyping techniques

have greatly increased the accuracy of breeding programs, having

the advantage of being non-destructive and large-scale methods.

However, the classic breeding programs, that have allowed the

improvement of varieties, have the disadvantage of being extremely

long and articulated and they take 10-15 years to release a variety. A

technique that allows a rapid advancement of breeding generations is

known as ‘speed breeding’. This technique allows up to 6 generations

of wheat per year and involves the use of fully enclosed, controlled-

environment growth chambers with the addition of supplementary

lighting (Watson et al., 2018). Several protocols for rapid and high-

throughput phenotyping have been developed for the characterization

of several important traits related to biotic and abiotic stresses in

bread wheat. In durum wheat, a protocol has been developed

providing multi-trait phenotyping and trying to accelerate even

more the breeding cycles by using early filial generations (Alahmad

et al., 2018). These ‘speed breeding’ techniques integrate perfectly

with the new technologies of high-throughput genotyping and

genomic selection.
Genetic diversity and signature of
divergence in landrace germplasm

Until a few years ago, DW was well adapted to the Mediterranean

environment. More recently, due to the climate crisis, drought,

salinity, and low nutrient inputs occurring during flowering,

pollination, and grain-filling represent the major stresses which

adversely affect crop yield and quality, thus hampering agricultural

productivity. Landraces coming from the Mediterranean basin are

considered a particularly important group of genetic resources thanks

to their high variability and tolerance to drought, pests, and

adaptability to low farming systems (Lopes et al., 2015). Nowadays,

the recovery, conservation, and enhancement of landraces are

becoming central to increase the resilience of agricultural systems.

However, how to exploit the genetic diversity of landraces to deal with

environmental stress resilience is unclear and scattered (Lopes

et al., 2015).

With the advance in genomic sequencing technologies and the

release of the DW genome (Maccaferri et al., 2019), there has been a

growing interest in comparing the patterns of genetic variation

observed in landraces and modern varieties. These analyses were

often focused on panels of landraces with a specific geographical

origin. Population structure analysis was conducted for example in

Iranian, Ethiopian, Tunisian, Turkish, and Italian germplasm

revealing that, in most cases, landraces clustered separately from

modern cultivars (Fayaz et al., 2019; Alemu et al., 2020; Alsaleh et al.,

2022; Miazzi et al., 2022). Interestingly, a high level of genetic

variation within landrace populations was detected, according to

their geographical and climate of origin, revealing the importance

of these factors in shaping wheat genome (Alipour et al., 2017;

Taranto et al., 2022). On the other hand, cases of synonyms or

homonyms as well as the presence of higher admixture of accessions

between different populations of landraces were discovered, probably
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due to the exchange of seeds associated with human migration

over time.

Examining wider collections, including landraces from different

geographic origins, opens the possibility of investigating relationships

on a wider global level and provides also a more precise estimation of

the genetic diversity within each group. Genotyping the already

mentioned core GPD by means of the iSelect 90K SNPChip

followed by structure analysis showed comparatively limited genetic

diversity in modern cultivar and a closer relationship to specific

landrace population (North Africa and Transcaucasia). Landraces

from Ethiopia appeared instead as the more isolated and distant to

modern cultivars, while a high admixture level within landrace

populations was confirmed (Maccaferri et al., 2019).

In addition, genome-wide population structure uncovers

divergent selection during modern wheat breeding, suggesting the

existence of untapped gene pools which will provide a basis for DW

improvement in the next future. Many hotspots of selection were

detected in the genomic regions where there are located the genes for

adaptation, quality, grain yield, and stress response (Taranto et al.,

2020; Soriano et al., 2021). These hotspots included important loci

such as the photoperiod (Ppd), the vernalization (Vrn), and the

dwarfing (Rht) genes, as well as loci associated with nitrogen use

efficiency, plant architecture and grain yield (TaASN3, asparagine

synthetase 3; NR1, nitrate reductase 1; Fd-GOGAT, ferredoxin-

dependent glutamate synthase; GS, glutamine synthetase; Sus2,

sucrose synthase 2 and TEF, transcript elongation factor). In

addition, genes related to quality such as pasta-making quality and

color of semolina and other durum wheat-end products were also

divergent between landraces and modern cultivars. In detail, loci for

gluten composition (HMW/LMW, high/low molecular weight, and a,
b, g, and ώ gliadins), as well as loci involved in the carotenoid pathway

(Psy) and polyphenol oxidase reaction (Ppo) were identified in

hotspot regions (Requena-Ramıŕez et al., 2022; Taranto et al.,

2022). Other divergent loci with implications in disease resistance,

plant-microbe interactions, abiotic stresses, and plant development

corresponded to gene models involved in important biological

functions (Soriano et al., 2021). However, the identification of these

genes and their allelic variants in the germplasm of indigenous DW

varieties has been mainly carried out by in-silico analysis, at least for

now. Future studies will be needed to validate the potential of the new

allelic variants discovered in landraces.
Environmental adaptation traits from
durum wheat landraces

In DW, domestication and, more lately, selection and fixation of

favorable alleles had led to genetic erosion, lowering the buffering

capacity of modern elite cultivars towards varied climatic conditions

and strongly reducing potential for improvement (Tanksley and

McCouch, 1997; Lopes et al., 2015). The systematic search and

discovery of genetic resources from landraces by means of

genotypic and innovative phenotypic profiling of genetic resource

collections and the introduction in elite crops through pre-breeding

efforts are being currently implemented in bread wheat and could be a

promising strategy also for DW (Reynolds et al., 2021; Sharma et al.,
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2021; Schulthess et al., 2022). Improvement of yield potential of

landraces, by considering them as recipients, can be undertaken as an

alternative strategy for developing better cultivars adapted to climate

change. Inherent agronomic inferiority and disease susceptibility

would hinder the direct utilization of landraces for breeding

programs. However, the genomic tools and approaches we have

described (i.e. genomic prediction and selection) could also

strengthen pre-breeding efforts aiming at the improvement of

genetic backgrounds of landraces, thereby attempting to achieve

agronomic superiority starting directly from landraces as recipients

and making this second alternative approach a possible and viable

option (Adhikari et al., 2022). Finally, more complex breeding

approaches, to develop new “synthetic” wheat crops exploiting

genetic resources from wild species instead of landraces, also exist

and have been already undertaken in the past (Reynolds et al., 2007;

Balla et al., 2022).

Desirable genes were already identified in landraces and exploited

for DW cultivars improvement by classical breeding. The most

renowned DW cultivar is Cappelli, which is assumed to have been

selected from the North-African landraces (De Cillis, 1942). However,

the cv. Cappelli has a height of about 1.80 meters; therefore, several

breeding activities were focused to create new variability by crossing

the cv. Cappelli with Syriacum landraces (Aziziah, Eiti, Sinai,

Tripolino). The result was the introduction of cultivars such as

Capeiti 8 and Patrizio 6 which had slightly lower height, higher

yield, earliness, and lodging resistance compared to Capelli, while

preserving grain quality. Other similar examples of superior DW

varieties, obtained by introgressing traits from landraces, were

released in the frame of other breeding programs conducted in

different countries (Kabbaj et al., 2017; Martıńez-Moreno et al., 2020).

Molecular mapping technologies such as bulk segregant analysis

(BSA), gene/QTL mapping, and genome-wide association studies

(GWAS), supported by the high-throughput genotyping tools and

strategies previously described, importantly increased the rate

discovery of genes/QTLs regulating biotic, abiotic stress resistance,

agronomic and quality traits from landraces. Several studies have

been already undertaken so far to identify new genes/traits in

landraces useful for breeding (see Table 3 for a comprehensive but

not exhaustive list). As can be clearly appreciated, in most recent

studies traits and genes have been often also mapped by taking

advantage of the newly released genomic tools for DW here

described, to further support their prompt exploitation in breeding.

Besides introducing new abiotic stresses, climate changes are

shaping the dynamics of plants and pathogens resulting in more

complex biological interactions difficult to predict and characterized

by new outbreaks. Therefore, landraces are being widely explored as a

potential source of new resistance traits, in regions where plant and

pathogens co-evolved. Resistance sources to Fusarium head blight,

rust, common bunt, stem sawfly, tan spot, and Septoria tritici blotch

disease have been discovered within different DW landrace collections

and majority of these have also been successfully mapped in the latest

years. As pivotal examples leaf and stem rust resistance sources were

mapped in the Portuguese DW landraces PI 192051 and Aus26582,

by developing RIL mapping populations, beside alternative

contribution from other sources (Qureshi et al., 2017; Qureshi

et al., 2018; Aoun et al., 2019). Similarly, a resistance gene to
Frontiers in Plant Science 11112
Zymoseptoria tritici was mapped in the Tunisian DW landrace

‘Agili 39’ (Ferjaoui et al., 2022).

Concerning abiotic stress resistance, it is well recognized that

Mediterranean DW landraces represent a particularly important

group because of their documented better adaptation to drought

(Moragues et al., 2006; Royo et al., 2014). Therefore, landraces from

this region potentially include adaptive traits that could be exploited

to boost the breeding for heat/drought tolerance and promote

cultivars adaptation to stress-prone environments. Up to now,

drought, heat, and salinity resistance traits have been studied in

landraces coming from the Mediterranean basin, such as in

Jordanian, Israeli-Palestinian, Tunisian, Italian, and Spanish, but

also Afghan landraces (Al Khateeb et al., 2017; Shamaya et al.,

2017; Hamdi et al., 2020; Frankin et al., 2021; Naranjo et al., 2022;

Taranto et al., 2022). However, works concerning the mapping

analysis of resistance traits to abiotic stresses are less in number

than the biotic stresses ones. Just in two cases, abiotic stress resistance

sources have been genetically mapped. A salinity resistance trait has

been identified in an Afghan DW landrace and mapped. Moreover,

using a GWAS approach on a worldwide collection of DW landraces,

drought stress tolerance was associated to a locus of DW genome

found to be collinear with a previously identified QTL in bread wheat

(Shamaya et al., 2017; Wang et al., 2019). In order to improve the

genetic characterization of abiotic resistance traits from landraces, an

important contribution is expected from the development of adequate

protocols for the abiotic stress evaluation, following similar strategies

to those applied in bread wheat for high-throughput and accurate

stress response phenotyping in large collections (Rasheed and Xia,

2019; Langridge et al., 2021; Shan et al., 2022).

Landraces are typically low yielding and can show lower

agronomic attributes. Therefore, several studies enquired agronomic

traits variability in landraces, focusing mainly on yield, phenology and

morphological traits (Table 3). GWAS studies, based on high-

throughput genotyping tools, helped in defining genomic regions

affecting such agronomic traits in landraces highlighting available

superior alleles. Among others, the contribution to the yield of root

system architecture traits and phenology were highlighted (Mengistu

et al., 2016; Kidane et al., 2017a; Desiderio et al., 2019; Gupta et al.,

2020; Alemu et al., 2021; Ávila et al., 2021; Royo et al., 2021).
Quality traits of durum wheat landraces

DW semolina is considered the ideal raw material for the

production of pasta or macaroni products, especially in Italy, which

is the first producer and consumer of DW in Europe (http://www.

internationalpasta.org, accessed on 12 November 2022). The aptitude

of the raw material to be transformed into a high quality end-product

mainly depends on grain protein content (GPC) and composition

that directly affect wheat’s market price and end-use value

(Shewry, 2019).

Grain protein content, mainly above 12-13%, is highly related to

the amount and composition of glutenins and gliadins proteins, that

are the principal components of gluten and are responsible for the

viscoelastic properties and extensibility of semolina, respectively. Past

breeding activities aimed at improving grain yield resulted in a loss of
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TABLE 3 Publication list regarding resistance/tolerance traits to biotic and abiotic stresses, morpho-agronomic and quality traits identified in durum
wheat landraces.

Category Gene/QTL Trait Landrace (Origin) Analysis Type References

Biotic stress Fusarium head blight resistance Tunisia GWAS Ghavami et al., 2011

Fusarium head blight resistance Syria Trait phenotyping Talas et al., 2011

Leaf and stem rust resistance diverse Gene/QTL mapping Aoun et al., 2017

Leaf and stem rust resistance Portugal Gene/QTL mapping Aoun et al., 2019

Leaf and stem rust resistance Kazakhstan GWAS
Genievskaya et al.,

2022

Leaf rust resistance diverse GWAS Aoun et al., 2016

Leaf rust resistance Portugal Gene/QTL mapping Qureshi et al., 2017

Leaf rust resistance Portugal Gene/QTL mapping Qureshi et al., 2018

Leaf rust resistance Middle Est Gene/QTL mapping Kthiri et al., 2019

Resistance to common bunt Syria Trait phenotyping
Mamluk and Nachit,

1994

Septoria tritici blotch disease resistance Tunisia Gene/QTL mapping Medini et al., 2014

Septoria tritici blotch disease resistance Tunisia Trait phenotyping Ferjaoui et al., 2015

Septoria tritici blotch disease resistance Ethiopia GWAS Kidane et al., 2017b

Septoria tritici blotch disease resistance Tunisia Gene/QTL mapping Aouini, 2018

Septoria tritici blotch disease resistance Tunisia Trait phenotyping Ouaja et al., 2020

Septoria tritici blotch disease resistance diverse Trait phenotyping
Ben M’Barek et al.,

2022

Septoria tritici blotch disease resistance Tunisia Gene/QTL mapping Ferjaoui et al., 2022

Stem rust resistance Italy GWAS Laidò et al., 2015

Stem rust resistance diverse GWAS Chao et al., 2017

Stem rust resistance Ethiopia GWAS Liu et al., 2017

Stem rust resistance Italy GWAS
Saccomanno et al.,

2018

Stem rust resistance diverse Trait phenotyping Olivera et al., 2021

Stem rust resistance Ethiopia Trait phenotyping Chiko et al., 2022

Stem rust resistance Iran GWAS Mehrabi et al., 2022

Stem sawfy resistance diverse Gene/QTL mapping Varella et al., 2019

Tan spot resistance diverse Trait phenotyping Laribi et al., 2021

Yellow/stripe leaf and stem rust resistance diverse
Association analysis/single

marker scan
Bansal et al., 2013

Yellow/stripe rust and common bunt resistance diverse Trait phenotyping
Annicchiarico et al.,

1995

Yellow/stripe rust resistance Ethiopia GWAS Alemu et al., 2021

Abiotic
stress

Allelophaty Italy Trait phenotyping Scavo et al., 2022

Cold Iran Trait phenotyping
Mohammadi et al.,

2014

Drought diverse Trait phenotyping Pecetti et al., 1994

Drought diverse Trait phenotyping
Annicchiarico et al.,

1995

Drought Jordania Trait phenotyping Al Khateeb et al., 2017
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TABLE 3 Continued

Category Gene/QTL Trait Landrace (Origin) Analysis Type References

Drought Israeli Palestina Trait phenotyping Frankin et al., 2021

Drought diverse GWAS Wang et al., 2019

Heat diverse Trait phenotyping Sareen et al., 2020

Heat Spain Trait phenotyping Naranjo et al., 2022

Heat Italy Trait phenotyping Taranto et al., 2022

Salinity Afganistan Trait phenotyping Shavrukov et al., 2011

Salinity Afganistan QTL Mapping Shamaya et al., 2017

Salinity Italy Trait phenotyping Maucieri et al., 2018

Salinity Tunisia
Gene functional
characterization

Hamdi et al., 2020

Salinity Jordania Trait phenotyping Al Khateeb et al., 2020

Agronomic
traits

Agromorphological traits Marocco Trait phenotyping Taghouti et al., 2013

Agromorphological traits, phenology Italy Trait phenotyping Fiore et al., 2019

Agromorphological traits (phenology, yield and morphology) Spain Trait phenotyping Ruiz et al., 2012

Agronomic (plant height, yield traits and phenology) and
physiology trait

diverse GWAS Royo et al., 2021

Agronomic trait (phenology, biomass and yield plant height) Ethiopia GWAS Mengistu et al., 2016

Agronomic trait (phenology, biomass and yield plant height) diverse Trait phenotyping Royo et al., 2014

Flowering time diverse GWAS Gupta et al., 2020

Flowering time, yield diverse GWAS Royo et al., 2020

Heading date, seed weight, and morphology Iran Gene/QTL mapping Desiderio et al., 2019

Morphology, phenology, yield component, GXE interaction Ethiopia Trait phenotyping Mulugeta et al., 2022

Morphology and yield diverse GWAS Wang et al., 2019

Morphology and yield, descriptors pigmentation, phenology Oman Trait phenotyping Al Lawati et al., 2021

Phenology, plant height, yield, and yield components Ethiopia GWAS Kidane et al., 2017a

Root system architecture traits Ethiopia GWAS Alemu et al., 2021

Spike height and shape Marocco Trait phenotyping Sahri et al., 2014

Stem cross section height and heading date Spain GWAS Ávila et al., 2021

Yield component India GWAS Sukumaran et al., 2018

Yield component diverse Trait phenotyping Pecetti et al., 1994

Yield component (kernel and spikes) and heading date Italy Trait phenotyping Marzario et al., 2018

Yield component, plant height, phenology and biomass diverse GWAS Soriano et al., 2018

Yield phenology lodging resistance Israeli Palestina Trait phenotyping Frankin et al., 2021

Yield vigour, plant height, phenology diverse Trait phenotyping
Annicchiarico et al.,

1995

Yield vigour, plant height, phenology Algeria Trait phenotyping
Annicchiarico et al.,

2009

Quality Arabinoxylan iron zinc phytate and phenolic acids content Iran Mexico Trait phenotyping
Hernandez-Espinosa

et al., 2020

Carotenoid content Spain Trait phenotyping
Requena-Ramıŕez

et al., 2021
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genetic variability for quality-related traits, probably because of the

negative relationship between yield and GPC (Nazco et al., 2014a;

Subira et al., 2014). As proof of this, Roncallo et al. (2021) observed a

decreasing trend in GPC over the last 85 years using a DW collection

including accessions representative of the Argentina, Italy, Chile,

France, CIMMYT and other countries breeding programs.

Previous studies suggested the potential quality-enhancing

landraces as reservoir of new allelic variants for gluten quality

improvement (Table 3) (Moragues et al., 2006; Nazco et al.,
Frontiers in Plant Science 14115
2014b; Roselló et al., 2018; Ruiz et al., 2018; Hernández-Espinosa

et al., 2018). Roselló et al. (2018) performed a pasta-making quality

QTLome using a Mediterranean collection of DW landraces and

observed how landraces had higher GPC than modern cultivars but

lower gluten strength. This result is due to very few allelic

combinations of glutenin subunit loci in modern cultivars (Nazco

et al., 2014b), while landraces showed a higher genetic variability

useful to recovering and broadening allelic variation of

gluten composition.
TABLE 3 Continued

Category Gene/QTL Trait Landrace (Origin) Analysis Type References

Carotenoid content Spain GWAS
Requena-Ramıŕez

et al., 2022

Carotenoid content, color characteristics, chemical composition
and starch digestibility

Italy Trait phenotyping Melini et al., 2021

Gliadins content Bulgaria Trait phenotyping Melnikova et al., 2010

Gluten strength
Spain, CIMMYT, Italy,

France and US
Trait phenotyping Nazco et al., 2014b

Glutenin protein composition diverse Trait phenotyping Moragues et al., 2006

Low molecular weight glutenin Spain Allelic variation Ruiz et al., 2018

High molecular weight glutenin Italy Mass spectrometry Visioli et al., 2021

Grain morphology and color diverse GWAS Chou et al., 2022

Grain quality Marocco Trait phenotyping Taghouti et al., 2013

Grain quality Mexico Trait phenotyping
Hernández-Espinosa

et al., 2018

Grain quality, yield, protein content, gluten strength and yellow
color index

diverse Trait phenotyping Nazco et al., 2012

Malting brewing related traits Italy Trait phenotyping Alfeo et al., 2018

Morpho-physiological characters diverse Trait phenotyping
Annicchiarico et al.,

1995

Phenolic and flavonoid content Italy Trait phenotyping Dinelli et al., 2009

Phenolic content Italy Trait phenotyping Lo Bianco et al., 2017

Physico-chemical traits, malt related traits, sugars Italy Trait phenotyping Alfeo et al., 2021

Phytochemical, antioxidant capacity and phenolic acids Italy Trait phenotyping Di Loreto et al., 2018

Polyphenolic content and antioxidants Tunisia Trait phenotyping Boukid et al., 2019

Prolamins Spain Trait phenotyping Chacón et al., 2020

Protein content, dry gluten gluten index, yellow index, ash P/L W
G baking aptitude

Italy Trait phenotyping Ruisi et al., 2021

Proteomic profiling (Metabolic and CM-protein fraction) Italy Trait phenotyping
Di Francesco et al.,

2020

Quality and rheological traits diverse Trait phenotyping Ladhari et al., 2022

Quality traits Ethiopia Trait phenotyping Dagnaw et al., 2022

Quality traits Spain Meta-QTL analysis Roselló et al., 2018

Quality traits and nitrogen use efficency Tunisia Trait phenotyping Ayadi et al., 2022

Quality traits Italy Trait phenotyping Fiore et al., 2019

Rheological parameters Italy Trait phenotyping Spina et al., 2021

Volatile organic compounds proteins Italy Trait phenotyping Vita et al., 2016
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Other parameters can affect pasta production such as color

(Table 3). Semolina and pasta color are constituted by yellow

(desirable) and brown (undesirable) pigments (Colasuonno et al.,

2019). Usually, DW landraces showed lower total carotenoid contents

and higher values of browning compounds compared to commercial

cultivars (Digesù et al., 2009; Subira et al., 2014; Taranto et al., 2015).

However, the first DW landraces with carotenoid esterification ability

were identified by Requena-Ramıŕez et al. (2021) and could represent

donor sources in DW biofortification programs.

Although DW is mostly used for pasta production, it is an

ingredient in typical breads in some areas of Southern Italy. It is

the case of “Pane nero di Castelvetrano” and “Pane di Monreale”

which are two traditional breads constituted by two Sicilian landraces,

Timilia and Russello (Palumbo et al., 2008; Melini et al., 2021;Visioli

et al., 2021). The most notable characteristic of Timilia is the dark

color of semolina, due to the high content of antioxidant phenolic

compounds (Giancaspro et al., 2016; Bianco et al., 2017; Taranto et al.,

2022). To preserve these landraces and derived-products, a

traceability approach was developed using the high molecular

weight glutenins, suggesting a method to verify the varietal identity

from the seed to the final product (Visioli et al., 2021).
Conclusions

In conclusion, recent findings unveiled the strategic role of

landraces in the genetic improvement of durum wheat. Studies on

genomic divergence among T. turgidum sub-species indicated that the

allelic variations of domesticated accessions and their wild relatives,

lost during the domestication and breeding processes, were and will

be recovered by exploring and exploiting landraces genetic diversity.

In particular, in a context of climate changes, understanding the

environmental and genetic factors behind the adaptation of landraces

can help to introduce beneficial alleles in elite varieties to overcome

stress and increase yield. The availability of durum wheat reference

genome and the increasingly precise molecular techniques at

affordable costs are giving a big boost to accurately identify the

genetic determinants underpinning resistance/tolerance against

biotic and abiotic stresses.

The recent application of genomic technologies (i.e. genome-wide

association and genomic prediction analysis) on durum wheat

landrace resources paves the way to accelerate the next-generation

breeding programs to overcome the gap of knowledge of these

underexplored resources and identify advantageous alleles that have

been lost in modern varieties.
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Molecular mapping of genomic
regions and identification of
possible candidate genes
associated with gynoecious sex
expression in bitter gourd

Vinay N. D.1, Hideo Matsumura2, Anilabha Das Munshi1,
Ranjith Kumar Ellur3, Viswanathan Chinnusamy4, Ankita Singh5,
Mir Asif Iquebal5, Sarika Jaiswal5, Gograj Singh Jat1,
Ipsita Panigrahi1, Ambika Baladev Gaikwad6, A. R. Rao5,
Shyam Sundar Dey1* and Tusar Kanti Behera1,7*

1Division of Vegetable Science, ICAR-Indian Agricultural Research Institute, New Delhi, India,
2Gene Research Centre, Shinshu University, Ueda, Nagano, Japan, 3Division of Genetics, ICAR-Indian
Agricultural Research Institute, New Delhi, India, 4Division of Plant Physiology, ICAR-Indian Agricultural
Research Institute, New Delhi, India, 5Centre for Agricultural Bioinformatics, ICAR-Indian Agricultural
Statistics Research Institute, New Delhi, India, 6Division of Genomic Resources, ICAR-National Bureau of
Plant Genetic Resources, New Delhi, India, 7ICAR-Indian Institute of Vegetable Research, Varanasi, Uttar
Pradesh, India
Bitter gourd is an important vegetable crop grown throughout the tropics mainly

because of its high nutritional value. Sex expression and identification of

gynoecious trait in cucurbitaceous vegetable crops has facilitated the hybrid

breeding programme in a great way to improve productivity. In bitter gourd,

gynoecious sex expression is poorly reported and detailed molecular pathways

involve yet to be studied. The present experiment was conducted to study the

inheritance, identify the genomic regions associated with gynoecious sex

expression and to reveal possible candidate genes through QTL-seq.

Segregation for the gynoecious and monoecious sex forms in the F2 progenies

indicated single recessive gene controlling gynoecious sex expression in the

genotype, PVGy-201. Gynoecious parent, PVGy-201, Monoecious parent, Pusa

Do Mausami (PDM), and two contrasting bulks were constituted for deep-

sequencing. A total of 10.56, 23.11, 15.07, and 19.38 Gb of clean reads from

PVGy-201, PDM, gynoecious bulk and monoecious bulks were generated. Based

on the DSNP index, 1.31 Mb regions on the chromosome 1 was identified to be

associated with gynoecious sex expression in bitter gourd. In the QTL region

293,467 PVGy-201 unique variants, including SNPs and indels, were identified. In

the identified QTL region, a total of 1019 homozygous variants were identified

between PVGy1 and PDM genomes and 71 among them were non-synonymous

variants (SNPS and INDELs), out of which 11 variants (7 INDELs, 4 SNPs) were

classified as high impact variants with frame shift/stop gain effect. In total twelve

genes associated with male and female gametophyte development were

identified in the QTL-region. Ethylene-responsive transcription factor 12, Auxin

response factor 6, Copper-transporting ATPase RAN1, CBL-interacting serine/

threonine-protein kinase 23, ABC transporter C family member 2, DEAD-box
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ATP-dependent RNA helicase 1 isoform X2, Polygalacturonase QRT3-like

isoform X2, Protein CHROMATIN REMODELING 4 were identified with possible

role in gynoecious sex expression. Promoter region variation in 8 among the 12

genes indicated their role in determining gynoecious sex expression in bitter

gourd genotype, DBGy-1. The findings in the study provides insight about sex

expression in bitter gourd and will facilitate fine mapping and more precise

identification of candidate genes through their functional validation.
KEYWORDS

bitter gourd (Momordica charantia), sex expression, gynoecious, inheritance, QTL-seq,
candidate genes
Introduction

Momordica charantia L. (2n=22), often known as bitter gourd

or bitter melon, is a prominent vegetable cum medicinal plant

grown widely in India, China, Malaysia, Africa, and South America

(Heiser, 1979). Bitter gourd is rich source of ascorbic acid and iron,

and is renowned for its anti-diabetic, anti-carcinogenic, and anti-

HIV properties (Behera, 2004; Behera et al., 2010). Indian bitter

gourd germplasm exhibits wide phenotypic diversity for growth

habit, maturity, fruit shape, size, colour, surface texture and sex

expression (Robinson and Decker-Walters, 1999). To exploit

genetic variation for crop improvement, it is essential

to understand genetic and molecular basis of the traits

under consideration.

In flowering plants, sex determination is a key developmental

process of great biological significance (Kater et al., 2001). The

family Cucurbitaceae, is regarded as model to study the

physiological and molecular mechanisms of sex determination

(Bhowmick and Jha, 2015). Monoecy, bearing separate male and

female unisexual flowers on the same plant, is predominant sex

form in Cucurbitaceae than the more typical bisexual flowers in

higher plants (Behera, 2004). Genetic and molecular basis of sex

determination is well documented in two major Cucumis species,

musk melon (C. melo) and cucumber (C. sativus). Sex expression in

these two species is regulated by highly orthologous and conserved

genes related to ethylene biosynthesis and signalling pathways

(Boualem et al., 2008). For instance, CsACS2 and CmACS7

correspond to the m locus governing andromonoecy in cucumber

and melon respectively. Mutation in M locus leads to bisexual

flowers (Boualem et al., 2008; Boualem et al., 2009; Li et al., 2009).

Mutations in CsACS11 or CmACS11 gene, which correspond to a

(androecy) loci, produce male flowers and androecious plants

(Boualem et al., 2015), while similar androecious plants in

cucumber are produced with mutation of CsACO2 (Chen et al.,

2016). So, it is clearly evident that in Cucumis, ethylene plays a

major role in sex determination. However, mechanisms associated

with sex regulation in Momordica is still unknown.

Bitter gourd is primarily a monoecious species; however,

gynoecious lines with complete femaleness are reported from

China, Japan, and India (Ram et al., 2002; Behera et al., 2006;
02123
Iwamoto and Ishida, 2006). Gynoecy has potential applications in

heterosis breeding in exploiting earliness, high yield, quality and

resistance through hybrid development. Use of gynoecious line as

female counterpart has substantially decreased the hybrid seed cost

and enhanced genetic purity of hybrids (Dey et al., 2010).

Gyneoecious phenotype in cucurbits arises either due to stamen

arrest by enhanced ethylene production (Trebitsh et al., 1997;

Mibus and Tatlioglu, 2004; Boualem et al., 2009) or anther

specific DNA damage (Gu et al., 2011). Both recessive and

dominant gene control of gynoecy is reported in cucurbits; in

cucumber gynoecy is controlled by dominant gene named Acr/

stF/AcrF/F (Shifriss, 1961; Galun, 1962; Kubicki, 1969; Robinson

et al., 1976). The F locus encodes a duplicated copy of CsACS 1 gene

named as CsACS1G (Mibus and Tatlioglu, 2004). So, gynoecious

line with additional ethylene synthase gene (CsACS1G) produces

more ethylene leading to complete femaleness (Atsmon and

Tabbak, 1979). On the other hand, Gynoecious sex expression is

controlled by single recessive gene in muskmelon (g) and

watermelon (gy) (Poole and Grimball, 1939). Gynoecy in water

and musk melon is due to mutation in male determinant CmWIP/

CmWIP1 locus, which encodes a C2H2 zinc-finger-type

transcription factor accountable for carpel abortion in bisexual

flowers (Martin et al., 2009; Zhang et al., 2020). The genetic of

gynoecy is well documented in bitter gourd and is known to be

controlled a single recessive gene (Behera et al., 2006; Ram et al.,

2006; Behera et al., 2009; Matsumura et al., 2014) which is similar to

other species is controlled by the WIP gene. First genetic mapping

of gynoecy locus was done by Matsumura et al. (2014) to a 12.73-

cM genetic interval. Later on Cui et al. (2018), also mapped the gy

locus to a 3.5-Mb physical interval between 17,619,724 bp and

21,144,642 bp on MC01.

Recently Fine mapping of gynoecy locus and candidate gene

detection was done by Cui et al., 2022 by combining BSA seq and

traditional molecular marker linkage analysis. Study mapped

gynoecy locus i. e Mcgy1 locus into a 292.70-kb physical interval

of 20,851,441 - 21,148,382 bp on MC01. Homologous gene of WIP

or CsACS1G was not found Mcgy1 locus, signifying that the casual

candidate of Gynoecy sex may be due to a novel gene than the

previously reported in other cucurbits. Based on evaluation of

candidate mutations in the gynoecy locus and gene expression
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studies and gene annotation information (Cui et al., 2020), gene

MC01g1681 encoding Cytidine triphosphate synthase (CTPS), was

considered as the candidate gene of Mcgy1. CTPS plays rate-

limiting role in final step of de novo synthesis of cytidine

triphosphate (CTP), which is essential for DNA, RNA and

phospholipid biosynthesis in all organisms (Daumann et al.,

2018). In the same study, RNA seq analysis identified several

other candidates genes for gynoecy including, MC02g0607

belonging to AGL1 MADS-box family; MC05g0014 is an

uclacyanin3-like gene; and MC04g1310. The identified novel

candidate genes doesn’t seem to have any direct connection with

ethylene biosynthesis/signaling. Thus, a different mechanism might

be controlling gynoecy sex expression in bitter gourd. However,

several studies have indicated the role of phytohormone perticluarly

ethylene in sex expression of bitter gourd. Cui et al., 2022 observed

differential expression of ethylene signal transduction genes,

MC11g0603, encoding a Constitutive Triple Response 1 (CTR1),

and MC04g0109, encoding an Ethylene Insensitive 3 (EIN3),

between monoecious and gynoecious lines. CTR1 is known to

promote biosynthesis of ethylene (Leclercq et al., 2002), whereas

EIN has the inhibitory effect on ethylene biosynthesis (Wang et al.,

2020). Use of ethylene inhibitory agents such as, Silver nitrate

treatment for altering the sex forms in Momordica is reported

(Hossain et al., 1996). In-Silico gene expression analysis by

Gunnaiah et al., 2014 also reported ethylene biosynthesis and

regulation genes as putative candidates for gynoecy expression in

bitter gourd. These results suggests that ethylene play an important

role in the formation of gynoecy in bitter gourd. Cui et al., 2022 also

identified several other genes involved in the in plant hormone

signal transduction, such as that of gibberellin and auxin. Hence,

similar to other cucurbits, phytohormone and their cross talk may

be associated with formation of gynoecy in bitter gourd. More

elaborated studies need to be conducted to narrow down to exact

candidate genes and to identify the molecular mechanism

regulating gynoecy in bitter gourd.

Cross-talk among the important phytohormone is the well-

known pathway associated with sex differentiation in cucurbits

(Mandal et al., 2022). In addition to ethylene, other plant

hormones like auxin, brassinosteroids (BRs), gibberillic acid (GA)

and ABA also contribute to sex determination either by influencing

ethylene biosynthesis and signalling or through ethylene

independent pathways (Rudich et al., 1972; Trebitsh et al., 1987;

Yin and Quinn, 1995; Papadopoulou and Grumet, 2005; Zhang

et al., 2014; Tao et al., 2018). Exogenous auxin has feminizing effect

in cucumber sex expression (Rudich et al., 1972; Trebitsh et al.,

1987) and C. maxima (Wang et al., 2019) through up regulation of

ethylene biosynthesis and signalling genes. Similarly, Gibberellic

acid (GA) also exhibit male promoting effect on monoecious

cucumber (Peterson and Anhder, 1960), musk melon and

watermelon (Girek et al., 2013; Zhang et al., 2017). The

masculinizing effect of GA is either through inhibition of ethylene

biosynthesis (Yin and Quinn, 1995) or ethylene-independent

manner (Zhang et al., 2014; Zhang et al., 2017). Besides, ABA is

known to promote maleness in cucurbits through inhibition of

ethylene biosynthesis by down-regulating of ACO genes (Gao et al.,

2015; Lee et al., 2017). However, BRs (brassinosteroids) are known
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to promote ethylene induced femaleness thus, indirectly participate

in cucumber sex determination (Papadopoulou and Grumet, 2005;

Pawełkowicz et al., 2012). Similar to BA, cytokinin also acts as

regulatory switch to increase the level of the ethylene by enhancing

the stability of the ACS proteins (Lee et al., 2017). In brief, ethylene

is considered as key regulator in sex determination of cucurbits and

influence of other plant hormones in sex expression mainly through

cross-talk with ethylene.

Marker assisted breeding has significantly accelerated the crop

improvement programme. Success of Marker Assisted Selection

(MAS) depends on QTL analysis though construction of high-

density linkage map and identification of reliable and tightly linked

marker to the trait of interest. However, application of molecular

breeding in bitter gourd is limited due to the unavailability of

decisive linkage map and scarcity of polymorphic markers (Rao

et al, 2018). Therefore, the molecular basis of many economic traits

is still unknown, and the use of molecular breeding in bitter gourd

improvement programmes is still in its infancy. Advancement in

sequencing chemistries and availability of next generation

sequencing (NGS) techniques provide cheaper, rapid and efficient

methods for high-density SNP discovery and genotyping in large

populations (Davey et al., 2011). The availability of whole genome

sequence of bitter gourd in public domain has served as an ideal

resource for genome-wide identification of SSR and SNP markers in

silico (Urasaki et al., 2017; Cui et al., 2020; Matsumura et al., 2020).

This has encouraged researchers to work on genetic map

construction, fine mapping and MAS of bitter gourd (Cui et al.,

2018; Rao et al., 2018; Rao et al., 2021; Kaur et al., 2022). Recently,

QTL-seq has been used as efficient tool for rapid mapping of QTLs

and identification of candidate genes in less time and cost (Takagi

et al., 2013). It has been successfully employed in mapping of

economic traits in variety of vegetable crops including cucumber

and tomato (Lu et al., 2014; Illa-Berenguer et al., 2015; Ruangrak

et al., 2018). Hence, in the present study QTL-Seq analysis was

performed to identify the candidate gene/s associated gynoecious

sex expression in PVGy -201. Although sex expression is a vital

developmental process in plant sexual reproduction, it is poorly

reported in bitter gourd. Elucidating the mechanism underlying

flower development and sex expression serves as a valuable resource

for sex manipulation for academic and economic benefits in bitter

gourd and related crops.
Materials and methods

Plant materials and phenotyping

Two parental lines (PVGy-201 and Pusa Do Mausami) showing

contrasting sex expression patterns were chosen as parents. The line

PVGy-201 is a gynoeious line developed by transferring gynoecy

trait to the Pusa Vishesh background. It exhibit stable-complete

gynoecy (100% femaleness) and high female flower production even

in temperature at high as 38-40°C. Furthermore, it is easy to

maintain through male inducing chemicals such as silver nitrate

and silver thiosulphate. The male parent, monoecious line Pusa Do

Mausami (PDM), exhibits high male expression (> 95%) and
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delayed female appearance, hence serves as ideal monoecious

counterpart. Since androecous lines with complete maleness are

not yet reported in bitter gourd (Kole et al., 2020), monoecious lines

with high male tendency such as PDM is used for genetic studies.

(Figure 1; Table 1). The F1 plants were generated by the cross

PVGy-201 × Pusa Do Mausami during Kharif, 2018 and F2
generation was obtained by self-fertilization (pollination of female

flowers with pollen from the same plant) of the F1 plants during the

spring-summer, 2019. The final experiment with 147 F2 plants

along with parents were grown during Kharif season of 2019. The

aforementioned population generation and phenotyping work was

conducted at the Vegetable Research Farm of Indian Agricultural

Research Institute (IARI), New Delhi, India.

Sex expression of each plant was determined by recording the

sex form of every flower produced from each plant. Subsequently

using this data, male to female sex ratio of each F2 plant was
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computed. The plant with 100% female flowers was considered as

gynoecious and those with both male and female flowers are

considered as monoecious. The gynoecious plants with highest

female flowers were used to formulate gynoecious bulk (G-bulk)

and those with higher male flower percentage (>95%) were included

in monoecious bulk (M-bulk). Each bulk contained 12 F2 plants

exhibiting contrasting sex expression were taken for QTL-

seq analysis.
DNA extraction and whole genome re-
sequencing of parents and bulked DNA

Total genomic DNA was extracted from young-fresh leaves of

the parents (PVGy-201 and PDM), G- bulk and M-bulk (Doyle and

Doyle, 1987). DNA concentration was determined using Nano
FIGURE 1

The parents with contrasting behaviour for sex expression (A) gynoecious line, PVGy-201 with only female flower (B) Monoecious line, Pusa Do
Mousami with < 5% female flowers in any plant.
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Drop 8000 (Thermo Fisher Scientific, Waltham, MA), and equal

amounts (1000 ng) from each of the 12 individuals constituting a

bulk were pooled. Library construction and whole genome re-

sequencing of the parents and the two bulks was performed as

previously described (Abe et al., 2012; Takagi et al., 2013).

Sequencing libraries with 250-600 bp insert sizes were prepared.

Paired-end sequence reads (2 × 150 bp) of each library were

obtained by Illumina HiSeq X. Adapter and low-quality sequences

(<Q20) were trimmed by using fastp program (Chen et al., 2018).
QTL-seq analysis

Sequencing data of parental lines and pooled F2 individuals

were applied to QTL-seq pipeline developed by Takagi et al. (2013)

for identifying location of gynoecious QTL. Briefly, in the pipeline,

clean reads of PDM (monoecious parent) were aligned to reference

genome sequence of OHB3-1 (Matsumura et al., 2020), and SNPs

were called. By replacing these SNPs, PDM genome sequence file

was developed. Thereafter, PVGy-201 (gynoecious parent) reads

were mapped against the PDM genome sequence and SNPs

between parental lines were defined. Subsequently, short reads of

G-bulk and M-bulk were similarly aligned to PDM genome

sequence. For each identified SNP locus between parental lines,

SNP index was calculated as an allele frequency based on the

sequence reads showing maternal or paternal allele. The SNP

index is conferred as 0 if the entire short reads contain the PDM

allele, while the SNP-index is 1 if all the short reads represent the

PVGy-201-type allele. For clarifying SNP loci linked to gynnoecy, D
(SNP-index) was then calculated in each locus by subtracting the

SNP-index values between M-bulk and G-bulk, and sliding-window

(10kb window size) of D (SNP-index) values were plotted for

visualizing QTL region in the genome.
Annotation of variants in the QTL region

For annotation of variants located in the candidate QTL region,

PVGy-201-unique variants were extracted by reference mapping of

sequence reads of both parental lines and applied to SnpEff software

(version 5.0e, (Cingolani et al., 2012) with previously predicted gene

models of reference genome (Matsumura et al., 2020).
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Promoter sequence variation analysis of
putative candidate genes

To analyses the sequence variation, the sequence of the 12

putative candidate genes from the reference genome OHB3-1

(Matsumura et al., 2020) were extracted from NCBI and the

promoter regions were identified through extracting flanking

sequence regions for all the desired genes (if gene is forward

strand, we take –60 for 5’upstream and +10 for 3’downstream

and -10 for upstream and +60 3’ downstream for reverse strand

gene. The corresponding genes were identified from the both

parental assemblies, PDM and PVGy-201 through Blast (https://

blast.ncbi.nlm.nih.gov) and the promoter regions of all the genes in

both parental assemblies were extracted and analysed for any

sequence variation in the parental lines.
Results

Inheritance of the gynoecious sex expression

To determine the inheritance pattern of gynoecy, two parental lines

PVGy-201 and PDM exhibiting contrasting sex expression, its F1 and

F2 population were phenotyped for sex expression. PVGy-201 is a

gynoecious line produce only female flowers while PDM is monoeious

line bearing both male and female flowers separately with predominant

maleness (> 95% male flowers). The F1 plants expressed monoecious

phenotype and in F2, out of 147 plants, 104 were monoecious and 43

plants were gynoecious which was fit to a segregation ratio of 3:1. The

phenotypic expression in F1 indicates the recessive nature of gynoecy

and segregation pattern in F2 suggest monogenic recessive inheritance

of gynoecy in the genotype, PVGy-201.
Whole genome re-sequencing and
mapping of reads

Genomic DNA of two parental line (PVGY-201 and PDM) and

two extreme bulks (G- bulk and M- bulk) were subjected to whole

genome re-sequencing. Two extreme bulks were prepared based on

the phenotype data of F2 population. G-bulk and M-bulk each

contained 12 plants with high female and male flower production,

respectively. Illumina high-throughput sequencing generated 70.4

million and 154.08 million paired- end short reads (150 bp x 2)

from PVGy-201 and PDM, respectively (Table 2). For two extreme

bulks, 100.48 and 129.20 million short reads for G-bulk and M-

bulk, respectively, from F2 population were obtained. Quality

filtering of these reads was carried out and 97-98% of clean reads

were employed for further analysis.
QTL-seq analysis

The two parental lines (PVGy-201 and PDM) and two extreme

pools, G-bulk and M-bulk from the F2 population were paired-end
TABLE 1 Flowering related traits of parents, PVGy-201 and PDM used in
the present study.

Traits PVGy-201 PDM

Node to first male flower – 7.8

Node to first female flower 5.7 13.7

Days to first male flower – 34.9

Days to first female flower 37.6 54.5

Percentage maleness 0% >95%

Percentage femaleness 100% < 5%
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(150 bp) sequenced with an Illumina HiSeq platform. In total 10.56,

23.11, 15.07 and 19.38 Gb of clean reads from PVGy-201 (30×

depth coverage), PDM (67.97× depth coverage), G-bulk (44× depth

coverage), and M-bulk (57× depth coverage) were generated,

respectively. These short reads were aligned to the “OHB3-1”

reference genome for SNP calling.

Using clean sequence reads, QTL-seq analysis for gynoecy was

carried out. As the reference genome, pseudomolecule of OHB3-1

genome sequence was employed and 66,661 SNP loci were defined

as homozygous qualified SNPs as markers. In the QTL-seq, allele

frequency in each bulk sample at each SNP locus was calculated as

the SNP-index. Also, for avoiding false positive signals, DSNP-index
was employed as the difference of SNP-index between two bulk

samples. In the present analysis, neutral SNPs in gynoecy were

expected to show DSNP-index between 0.5 and -0.5 (Supplementary

Table 1). Its value of the SNPs linked to gynoecious QTL should

distribute around 1 or -1. According to sliding window plots of

DSNP-index in each chromosome, only the region between 23.46

Mb and 24.7Mb on chromosome 1 exhibited significant unequal

contributions (Figure 2). In QTL-Seq analysis the DNA samples of

progenies of mapping population showing extreme phenotypic

values are bulked and subjected to whole genome re-sequencing.

We expect the bulked DNA to contain genomes from both parents

in a 1:1 ratio for the majority of genomic regions. However, unequal

representation of the genomes from the two parents is observed in

the genomic regions harboring QTL for the phenotypic difference

between “gynoecy” and “monoecy” bulks (Takagi et al., 2013).

Thus, the G-bulk mainly had PVGy1-type genomic segments in

the 23.46 Mb and 24.7Mb region of chromosome 1, whereas M-bulk

had PDM-type genome in the same region, indicating that there is a

major QTL differentiating PVGy1 and PDM located at this genomic

region. Therefore, 1.31 Mb region on the chromosome 1 is

considered as the candidate QTL associated with gynoecy in

bitter gourd.
Variants annotation and identification of
candidate gene in in gynoecious locus

In the 1.31 Mb genomic region in chromosome 1 identified

through the QTL-seq, the possible candidate genes with variant

responsible for gynoecious sex expression in bitter gourd was

explored. Therefore, PVGy-201-specific sequence variants in this

region were selected and their effects to the structure of encoded

genes (proteins) were estimated as annotation of variants.
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According to reference mapping of PDM and PVGy-201 reads

and variant calling, 293,467 PVGy-201 unique variants, including

SNPs and Indels identified. By using snpEff program and predicted

gene model of the reference genome, impact of variants to the

encoded proteins was predicted. After excluding variants located in

intronic region and causing synonymous change, non-synonymous

variants with high effect (frame-shift or stop-gained) and moderate

effects (missense) on genes were selected. In the identified QTL

region, a total of 1019 homozygous variants were identified between

PVGy1 and PDM genomes. A total of 71 non-synonymous variants

(SNPs and Indels) were identified, out of which 11 variants (7

Indels, 4 SNPs) were classified as high impact variants with frame

shift/stop gain effect. Among the remaining 61 moderate impact

variants (3 Indels, 58 SNPs) majority were missense variants.

Variant annotation identified that, 71 non-synonymous variants

were located in/associated with 41 protein coding genes

(Supplementary Tables 1, 2).
Functional annotation of candidate genes

Genes harbouring these non-synonymous variants were

annotated by BLASTx (Altschul et al., 1990) against the non-

redundant protein database (http://www.uniprot.org/). Gene

ontology classification revealed these 41 genes were mainly

associated with biological processes (Figure 3), such as regulation

of DNA-templated transcription, protein modification process,

generation of precursor metabolites and energy, trans membrane

transport, reproductive process, anatomical structure development;

and molecular function, such as, transcription regulator activity,

transporter activity, transferase activity, ATP-dependent activity

etc. (Figure 4).

The biological processes of the 41 candidate genes were

retrieved from the available bitter gourd genome data and

Uniprot database. Among the 41 genes, 12 genes seemed to be

related with flower development and sex expression, genes

associated with male and female gametophyte development, male

fertility restoration and phytohormone (auxin and ethylene)

biosynthesis and signalling genes (Supplementary Table 3).

In the QTL region, 6 genes namely, Ethylene-responsive

transcription factor 12 (Gene- LOC111025114), Copper-transporting

ATPase RAN1(Gene-LOC111015725), Auxin response factor 6 (Gene-

LOC111015731), CBL-interacting serine/threonine-protein kinase 23

(Gene- LOC111015768), LOB domain-containing protein 36-like

(Gene- LOC111015703 and ABC transporter C family member 2
TABLE 2 Summary of whole genome re-sequencing data used for QTL-seq analysis in the present study.

Genotype Number of plants
for pooling

Sequence data obtained (GB) Number of raw reads Number of clean reads (%a)

PVGy-201 - 10.56 70,445,450 68,707,610 (97.5)

PDM - 23.11 154,084,080 151,581,250 (98.4)

G-bulk 12 15.07 100,480,892 98,278,696 (97.8)

M-bulk 12 19.38 129,201,904 126,867,286 (98.2)
aPercentage represents the ratio of number of filtered reads from number of raw reads by fastp program.
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(Gene - LOC111015826) associated with development of gametophyte

in association with important phytohomenes were identified (Table 3).

Besides, another set of genes associated with male female gametophyte

development and fertility restoration were identifies with possible role

in determination of sex expression in bitter gourd. They were DEAD-

box ATP-dependent RNA helicase 1 isoform X2 (Gene -

LOC111015817), Polygalacturonase QRT3-like isoform X2 (Gene -

LOC111015845), Protein CHROMATIN REMODELING 4 isoform

X1 (Gene -LOC111015742), Pentatricopeptide repeat-containing

protein (Gene - LOC111015813 and LOC111018538), putative F-
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box/LRR-repeat protein 23 (Gene -LOC111015857) and DNA

replication licensing factor MCM6 isoform (Gene - LOC111015792).
Promoter sequence variation analysis of
putative candidate genes

The sequence variation in the promoter region of the 12

putative candidate genes located in the QTL region were

analyzed. The four genes LOC111015768, LOC111015725,
FIGURE 2

Quantitative trait loci (QTL)-seq identifies significant QTL on chromosome 1, for gynious sex expression in bitter gourd. DSNP (M-Bulk SNP Index–G-
Bulk SNP Index) plotted against the physical position based Momordica charantia 11 chromosomes. The dark red line represents a sliding window of
2 Mb moving 500 kb intervals.
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LOC111015857 and LOC111015742 did not exhibit any promoter

region variation and rest eight putative candidates namely, ABC

transporter C family member 2-like, Polygalacturonase QRT3-like

isoform X2, DNA replication licensing factor MCM6 isoform X1,

Auxin response factor 6, Pentatricopeptide repeat-containing

protein, LOB domain-containing protein 36-like, Ethylene-

responsive transcription factor 12-like, DEAD-box ATP-

dependent RNA helicase 1 isoform X2 shown sequence variation

in the promoter region (Supplementary Table 4).
Discussion

Marker-assisted selection (MAS) is a powerful tool for

accelerated breeding program that is quickly replacing tedious,

expensive and time-consuming traditional phenotype-based

breeding methods (Pandurangan et al., 2022) and applied widely

in cucumber (Dey et al., 2020). QTL analysis through construction

of high-density linkage map is a fundamental approach for

molecular dissection of quantitative traits. Several multi-locus

dominant DNA markers including RAPD (Dey et al., 2006; Paul

et al., 2010), ISSR (Singh et al., 2007), and AFLP (Gaikwad et al.,

2008) have been reported for genetic study of bitter gourd.

However, in bitter gourd there is scarcity of genetic markers in

public domain for the construction of a genetic map and marker-

assisted selection (Tang et al., 2007).

Swift advancement in high-throughput sequencing methods

and bioinformatics tools made detection of genome wide genetic

polymorphism precise, quick and cheaper (Salvi and Tuberosa,

2005). Therefore, rapid identification of candidate genomic regions
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associated with a trait of interest through the “QTL-seq” method

has been successfully applied in number of crops (Lu et al., 2014;

Ruangrak et al., 2018; Shrestha et al., 2021). It combines advantages

of bulk segregant analysis (BSA) and whole-genome re-sequencing

for efficient genetic mapping (Takagi et al., 2013). Recently, QTL-

seq is used widely and preferred over other traditional QTL

mapping strategies. It is applied for genetic analysis of various

economic traits in cucurbits such as early flowering (Lu et al., 2014),

fruit length (Wei et al., 2016), subgynoecy (Win et al., 2019) in

cucumber, heat tolerance in bottle gourd (Song et al., 2020) and

mosaic resistance in zucchini (Shrestha et al., 2021). However, till

now there is no study focusing on the successful application of

QTL-seq for trait discovery in bitter gourd is reported.
Genetic analysis of gynoecious trait in
bitter gourd genotype, PVGy-201

In bitter gourd, F1 hybrids are preferred due to earliness, high

yield, quality and tolerance to biotic and abiotic stresses (Behera

et al., 2009; Dey et al., 2012). However, due to predominance of

monoecy sex condition in bitter gourd, manual bagging and hand

pollination is practiced for hybrid seed production which is costly

and labour-intensive. On the other hand, use of gynoecious lines

that produces only female flower as female parent can economise

hybrid seed production with increased seed yield and hybrid genetic

purity (Dey et al., 2010). Identification of gene(s) controlling

gynoecism and (or) tightly linked markers would ease the

identification gynoecious lines and hence their utilization in

breeding programme. Furthermore, tightly linked marker can
FIGURE 3

Gene ontology analysis of the identified genes in the genomic region associated with gynoecious sex expression in bitter gourd (Biological
processes of the candidate genes associated with Non-synonymous variants).
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TABLE 3 List of possible candidate gened associated with gynoecious sex expression in bitter gourd.

Sl
no. Candidate genes Gene function

1 DEAD-box ATP-dependent RNA helicase 1
isoform X2

RNA metabolism (Li et al., 2011), male gametophyte (Li et al., 2011) and female gametophyte (Li et al., 2011)
development

2 CBL-interacting serine/threonine-protein
kinase 23 Sex differentiation by altering ethylene biosynthesis and brassinosteroid signaling (Pawełkowicz et al., 2012)

3 Pentatricopeptide repeat-containing protein
At1g09900 Carpel development and male fertility restoration in CMS (Igarashi et al., 2016; Liu et al., 2016)

4
Auxin response factor 6

Feminizing effect in sex differentiation by promoting ethylene biosynthesis (Mibus & Tatlioglu, 2004; Liu et al.,
2015; Niu et al., 2022)

5
LOB domain-containing protein 36-like

Pollen development (Xu et al., 2016), role in sex differentiation through altering brassinosteroid accumulation
(Bell et al., 2012)

6 F-box/LRR-repeat protein 23 Pollen production and male fertility restoration (Gusti et al., 2009; Han et al., 2021)

7 ABC transporter C family member 2-like Auxin transportation (Geisler et al., 2017; Rea, 2007), pollen development (Yadav et al., 2014; Chen et al., 2017)

8
Polygalacturonase QRT3-like isoform X2

Pollen wall development and pollen maturation (Rhee et al., 2003; Lyu et al., 2015), male fertility restoration
(Shi et al., 2021).

9
Copper-transporting ATPase RAN1

Sex differentiation by activation of ethylene receptors in ethylene signal transduction pathway (Binder et al.,
2010; Hirayama, N. et al., 1999)

10 Protein CHROMATIN REMODELING 4
isoform X1

Female gametophyte development (Huanca-Mamani et al., 2005) and stamen filament elongation (Zhao et al.,
2021).

11 DNA replication licensing factor MCM6
isoform X1 Role in sex differentiation though alternating ethylene biosynthesis (Street et al., 2015; Wang et al., 2019)

12 Ethylene-responsive transcription factor 12-
like

Sex differentiation by transcriptional regulation of ethylene biosynthesis genes (Zhang et al., 2009; Li et al.,
2016).
F
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FIGURE 4

Gene ontology analysis of the identified genes in the genomic region associated with gynoecious sex expression in bitter gourd (Molecular functions
of the candidate genes associated with Non-synonymous variants).
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help in quick transfer of the gynoecious trait to the desirable

parental background. Most genetic studies have reported the

single recessive gene (gy-1) control of gynoecism (Ram et al.,

2006; Behera et al., 2009; Matsumura et al., 2014), whereas

involvement of two pairs of genes was reported recently by Cui

et al. (2018).
Identification of genomic region associated
with gynoecious trait through QTL-seq

In the current study, QTL- seq analysis through comparison of

D SNP-index graph of G-bulk and M-bulk, 1.31 mb region on

chromosome 1 (spanning between 23.46 Mb to 24.7Mb) was

identified as the candidate genomic region associated with

gynoecious sex expression in bitter gourd. Earlier, using RAD

(restriction-associated DNA) based genetic maps in bitter gourd

Matsumura et al. (2014) identified a SNP marker, GTFL-1 linked to

the gynoecious locus at a distance of 5.46 cM. Later on, Cui et al.

(2018) identified QTLs for gynoecy and female flower number using

genotyping by sequencing of F2:3 population of bitter gourd.

Recently, a total of 22 QTLs for four sex expression-related traits

namely gynoecy, sex ratio, node and days at first female flower

appearance were mapped on 20 Linkage groups (Rao et al., 2018).

This study identified a gynoecious (gy-1) locus flanked by markers

TP_54865 and TP_54890 on LG 12 at a distance of 3.04 cM to

TP_54890. In the QTL region identified in present study total of 71

non-synonymous variants (high and moderate impact) associated

with 41 protein-coding genes were found. Among the 41 genes, 12

genes seemed to be related to flower development and sex

expression; genes associated with male and female gametophyte

development, male fertility restoration and phytohormone (Auxin

and Ethylene) signalling genes.
Identification candidate genes associated
with ethylene biosynthesis

Similar to other cucurbits, in bitter gourd also ethylene is known

to play key role in gynoecious sex expression (Matsumura et al.,

2014). Analysis of draft genome (monoecious inbred line, OHB3-1)

sequence of bitter gourd revealed the presence of orthologous

sequences of major ACC synthase genes in the genome.

MOMC3_649 in bitter gourd was presumed to be an ortholog of

CmACS11 (female flower determinant in melon) and two proteins,

MOMC46_189 and MOMC518_1 were similar to CmACS-7 that

control unisexual flower development in melon (Urasaki et al.,

2017). These findings suggest that the sex determination of M.

charantia is similar to that of Cucumis melo and Cucumis sativus,

which is under the control of ethylene biosynthesis pathways.

Ethylene is considered as a key regulator of sex expression

across members of Cucurbitcea family (Yin and Quinn, 1995;

Boualem et al., 2015). “One hormone hypothesis” explains the

dual role of ethylene in deciding sexual morph of individual

flower, inhibition of maleness and promotion of femaleness (Yin

and Quinn, 1995). Ethylene biosynthesis involves series of
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enzymatic reactions involving activity of 1-aminocyclopropane-1-

carboxylic acid (ACC) synthase (ACS) and 1-aminocyclopropane-

1-carboxylic acid oxidase (ACO) (Adams and Yang, 1979; Yang and

Hoffman, 1984). Locus ‘a’ in melon and M locus in cucumber are

orthologs, encoding the rate-limiting enzyme in ethylene

biosynthesis namely, CmACS-7 and CsACS-2, respectively. In

cucumber, locus A encodes CsACS11 a member of ACS gene

family and gynoecy governing F locus, codes for a duplicated

ACS gene CsACS1G (Trebitsh et al., 1997; Mibus and Tatlioglu,

2004). Interestingly, exogenous ethylene application is involved in

up-regulation of ethylene biosynthesis genes CsACS7/CmACS7 and

CsACS11/CmACS11 in cucumber and melon, respectively

(Switzenberg et al., 2014; Tao et al., 2018). To date, except for

WIP1 all the genes reported in cucumber and melon are involved in

ethylene biosynthesis, this clearly establishes the significance of

ethylene in sex expression. Furthermore, in cucumber, application

of exogenous ethylene, ethylene releasing agent (ethephon), or the

ethylene precursor ACC promotes the formation of female flowers

in monoecious plants (Yamasaki et al., 2003), while interference

with ethylene synthesis (with aminoethoxyvinyl-glycine; AVG) or

signalling (with AgNO3) induces male flowers in gynoecious plants

(Takahashi and Jaffe, 1984).

Ethylene-responsive transcription factor (ERFs) proteins

transcriptionally regulate ethylene-responsive genes via

interaction with cis-acting elements or DRE/CRT motif located in

the promoter region (Zhang et al., 2009; Li et al., 2016). In

cucumber, ethylene response factor, CsERF110/CmERF110 and

CsERF31 are known to transcriptionally regulate ethylene

biosynthesis genes by directly binding to promoters of CsACS11/

CmACS11 and CsACS2, respectively (Pan et al., 2018; Tao et al.,

2018). These results provide compelling evidence that ERF proteins,

which control the transcription of the ACS and ACO genes, play

vital role in ethylene biosynthesis in plants. The ethylene receptors

ETR1 and ETR2 also play an important role in sex determination of

cucurbits. The ethylene-insensitive mutant’s etr1a and etr2b of

Cucurbita pepo both disrupt female flower development

(converting monoecy into andromonoecy) and significantly

increase the number of male flowers in the plant. This probably

indicates that ETR1 and ETR2 are able to integrate the two ethylene

biosynthesis pathways, perceiving and signalling the ethylene

produced by ACS2/7 as well as that produced by ACS11 and

ACO2 (Garcıá et al., 2020).

Copper-transporting ATPase RAN1 (Gene-LOC111015725)

identified in the QTL-region is another critical gene associated

with ethylene response. RAN1 is reported to be essential factor for

male flower development in fig and cucumber (Mori et al., 2017;

Terefe, 2005). Further, Terefe (2005) indicated that the CsRAN1

gene is probably linked to the determining A/a gene in cucumber.

RESPONSE TO ANTAGONIST1 (RAN1), which encodes copper-

transporting ATPase enzyme crucial in the first step of ethylene

perception (Woeste and Kieber, 2000). RAN1 transports copper

ions from the cytoplasm to the Golgi apparatus and plays a vital role

in the biogenesis and activation of the ethylene receptors, ETR1

(ETHYLENE RESISTANCE 1), ERS1 (ETHYLENE RESPONSE

SENSOR 1), ETR2, EIN4 (ETHYLENE INSENSITIVE 4), and

ERS2 in plants (Binder et al., 2010). In an active ethylene signal-
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transduction process, the expression of ACS11 relieves the

inhibitory effect of WIP1 on ACS2 (Martin et al., 2009; Hu et al.,

2017). ACS2 promotes ethylene synthesis through positive

feedback, increases cellular ethylene levels which in turn

promotes pistil formation and inhibits stamen development. A

mutated ran1 allows WIP1 expression through reduced sensitivity

of ethylene synthesized by ACS11 or ACS7, leading to stamen

formation or male flower induction.

In plants, auxin is known to enhance endogenous ethylene

production by promoting the expression of ACS genes and ERF

genes (Trebitsh et al., 1987; El-Sharkawy et al., 2014). For instance,

in Arabidopsis exogenous auxin treatment can significantly increase

the expression of AtACS4 and induce more ethylene (Stepanova

et al., 2007). In cucurbits, auxin along with ethylene plays vital role

in flower development and sex determination (Rudich et al., 1972;

Friedlander et al. (1977). Auxin exhibits feminizing effect, evident

from transformation of male flower buds into female flower buds

(Galun, 1962) and increased female flower rate in cucumber

(Takahashi and Jaffe, 1984) upon exogenous IAA treatment.

Exogenous IAA treatment resulted in up-regulation of ethylene

biosynthesis-related genes, ACC synthases (CsACS1, CsACS2 and

CsACS11) and ACC oxidases (CsACO1, CsACO3, and CsACO4)

involved in sex determination in cucumber (Niu et al., 2022).

Furthermore, presence of potential auxin-responsive elements

(AREs) in the promoter region of CsACS1 and CsACS1G

demonstrated the mutual cross-talk in between the auxin and

ethylene in the development of female flowers in cucumber

(Mibus and Tatlioglu, 2004; Knopf and Trebitsh, 2006). Hence,

auxin possibly affects sex determination in cucurbits via ethylene

promoting ethylene production by enhancing the expression of

ethylene biosynthesis and signaling genes (Takahashi and Jaffe,

1984; Trebitsh et al., 1987). Auxin Response Factors (ARFs) are

crucial for the growth of pistils in Japanese Apricot (Song et al.,

2015) and several auxin response elements (CpARFs) are reported

to be involved in increased expression of ethylene signalling

(CpETR) and biosynthesis (CpACS, CpACO) genes (Liu et al.,

2015). In recent study, in cucumber, exogenous IAA treatment

increased the transcription of ERF (CsESR2 and Csa4G630010)

genes and one auxin response factor, ARF gene (Csa2G000030),

suggesting that they may play regulatory roles in this crosstalk (Niu

et al., 2022). Two auxin response factors CsARF13 and CsARF17 act

as upstream regulators of Cucumber MADS-box 1 (CUM1) (Ran

et al., 2018), AG homolog in cucumber which expresses specifically

in the stamens and carpels (Perl-Treves et al., 1998). AGAMOUS

(AG) is a MADS-box gene that determines stamen and carpel

development in Arabidopsis.

Expression of plant MCMs (Mini-chromosome maintenance

protein complex) is greatly spread during the entire cycle (Huang

et al., 2003). The function of plant MCMs is to prevent extra rounds

of DNA replication (Brasil et al., 2017). Gene expression analysis in

gynoecious and weak gynoecious cucumber identified correlated

expression of many cell cycle pathway genes and ethylene related

genes (Wang et al., 2019). An ethylene biosynthesis gene gyneocy

determinant gene CsACS1 (G), two ERFs (CsERF12 and CsERF118)

and two Ethylene receptors, CsETR1 and CsETR2 exhibited

consistent expression pattern with cell cycle pathway and the
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gene (Cs-MCM6, Cs-MCM2, Cs-CDC45, Cs-CDC20, and Cs-Dpri)

involved in the, CsACS1 (G). Interestingly, ethylene also known to

regulate cell cycle to inhibit plant growth during environmental

stress conditions (Street et al., 2015). Integrating the results of these

studies, it seems that the cell cycle genes may be involved in sex

differentiation of cucumber initiated by ethylene, so there is a

regulation relationship between cell cycle genes (Cs-MCM6, Cs-

MCM2, Cs-CDC45, Cs-CDC20,and Cs-Dpri) and ethylene related

genes (CsERFs, CsETRs, CsACS1(G), CsACO1 and CsACO3).
Identification of other important possible
candidate genes

In Cucumis melo, dominant allele Gy/gy gene can be correlated

with the putative serine/threonine kinase gene CsPSTK1

(Pawełkowicz et al., 2012). Dominant Gy allele inhibits CsPSTK1

gene which in turn negatively affects ethylene biosynthesis. On the

other hand, when recessive gy is present, the inhibition is removed

and the CsPSTK1 gene has a positive effect on ethylene levels and

femaleness is promoted (Pawełkowicz et al., 2012). A correlation

exists between BAK1, a receptor in the brassinosteroids (BR)

signalling pathway, and CsPSTK1, which suggests the involvement

of CsPSTK1 in BR signalling (Pawełkowicz et al., 2012). BR

phytohormone indirect ly take part in cucumber sex

determination which increases the number of female flowers

through promoting of ethylene production (Papadopoulou and

Grumet, 2005; Wu et al., 2010). Auxin response factors (ARFs)

and serine/threonine protein kinases were among the 54 genes

linked to plant hormone signal transduction which shown

differentially expression in male and female floral in the dioecious

cucurbit ivy gourd Coccinia grandis (Mohanty et al., 2017).

In cucumber LOB protein (encoded by Cucsa.098680),

contributes to pollen development, as reported by Xu et al.

(2016). LOB protein negatively regulates the accumulation of

brassinosteroids (BR) (Bell et al., 2012) a phytohormone which

indirectly take part in cucumber sex determination, through

promotion of ethylene biosynthesis (Papadopoulou and Grumet,

2005; Wu et al., 2010). The ABC transporter family genes are

associated with trans-membrane transport of diverse substrates

(e.g., lipids, heavy metal ions, sugars, amino acids, peptides, and

secondary metabolites) and/or regulating other transporters

(Jasinski et al., 2003; Rea, 2007). In Arabidopsis ABC transporters

genes (AtPGP1 and AtPGP19) are known to regulate auxin

transportation (Rea, 2007). ABC transporters genes are also

associated with pollen grain development in Arabidopsis

(AtABCG1 and AtABCG16) (Yadav et al., 2014) and pineapple

(AcABCG38) (Chen et al., 2017). ABC transporters exhibited

differential expression patterns in male, female, and

hermaphroditic plants (Pawełkowicz et al., 2019).

RNA helicases are adenosine tri-phosphatases that unwind the

secondary structures of RNAs and are required in almost every

aspect of RNAmetabolism (Liu et al., 2010). Programmed cell death

(PCD) in tapetum degeneration is critical for development of male

gametophytes in flowering plants. In rice, two putative DEAD-box

ATP-dependent RNA helicases (encoded by AIP1 and AIP2) are
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involved in tapetum degeneration during pollen development (Li

et al., 2011). Furthermore, in Arabidospis DEAD/DEAH-box

helicases were specifically enriched in the megaspore mother cell

and a DEAD-box RNA helicase (encoded by SWA3) is known to be

involved in female gametogenesis (Liu et al., 2010). These studies

imply the role of DEAD/DEAH-box helicases in male and female

gametogenesis. Polygalacturonase (PG) is a pectin-digesting

enzyme involved in numerous plant developmental processes and

is described to be of critical importance in pollen wall development.

The QRT3 gene encodes a divergent class of polygalacturonase (PG)

that is transiently expressed in tapetal cells and reported to

participate in the pollen maturation through tetrad pectin wall

degradation and pollen wall formation (Rhee et al., 2003). BoMF25

in Brassica oleracea, a homologous gene of At4g35670 is known to

encode PG that exhibits pollen specific expression and found to be

essential for pollen wall development (Lyu et al., 2015). In

Arabidopsis thaliana “res2” locus which encode QRT3, is

associated with restoration of thermo/photoperiod-sensitive genic

male sterility (P/TGMS) (Shi et al., 2021). Chromatin remodelling

proteins are involved in various biological processes in eukaryotes.

In Arabidopsis, chromatin remodelling proteins (CHR11 and

CHR17) (Huanca-Mamani et al., 2005) and RINGLET proteins

(RLT1 and RLT2) (Li et al., 2012) were identified as the members of

the, Imitation of Switch (ISWI) complex. In Arabidopsis ISWI

complex has role in female gametophyte development (Huanca-

Mamani et al., 2005) and in stamen filament elongation by

regulating Jasmonic acid (JA) biosynthesis (Zhao et al., 2021).

F-Box LRR is a large subfamily of the plant F-box family known to

mediate target protein degradation in response to developmental and

hormonal signals (Kuroda et al., 2002). In Arabidopsis an F-box/LRR-

repeat protein similar to gene04153 is required for pollen mitosis II

(Gusti et al., 2009). The homolog of this gene was found in the

candidate QTL region associated with male sterility in straw berry

Fregeria vesca. ssp. bracteata (Tennessen et al., 2013). In wheat an F-

box/LRR-repeat protein (encoded by TraesCS1B01G085600) was

known to be associated with male fertility restoration in TGMS line-

YS3038 (Han et al., 2021). Earlier Mutation of gene encoding F-box/

LRR (FBL) in Arabidopsis affected the fertility of the male gametes due

to obstruction in transformation process of microspores from the

uninucleate to the binucleate stages.
Promoter sequence variation analysis of
putative candidate genes

In cucurbits various sex forms are produced either due mutations

in the coding region of the candidate genes and also due to mutation/

variation in promoter regions of the candidate gene or even due to the

copy number variation of candidate gene (Trebitsh et al., 1997; Mibus

and Tatlioglu, 2004; Boualem et al., 2008; Zhang et al., 2015; Tao et al.,

2018). In cucumber gynoecy is determined by the copy number

variation (CNV)-based, dominant, and dosage-dependent femaleness

(F) locus. Gynoecious plants contained three genes: CsACS1, CsACS1G,

and CsMYB, of which CsACS1G is a duplication of CsACS1 and loss of

CsACS1G leads monoecy (Trebitsh et al., 1997; Mibus and Tatlioglu,

2004; Zhang et al., 2015). In melon a conserved mutation in the coding
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region CmACS-7 led to andromonoecious sex form (Boualem et al.,

2008). Furthermore, Sex regulation in cucurbits is also due to

transcriptional regulation of sex determining genes by various

transcription factors that interacts with the with regulatory elements

located in the promoters of ethylene biosynthesis and signaling genes

(Zhang et al., 2009; Li et al., 2016). For instance in cucumis through a

conserved mechanism, CsERF110 and CmERF110 respond to ethylene

signaling, mediating ethylene-regulated transcription of CsACS11 and

CmACS11 in cucumber and melon, respectively (Tao et al., 2018).

These studies strongly indicates that the ethylene biosynthesis gene

expressions are modified at transcriptional level by binding of

regulatory proteins to promoter region of ACS and ACO genes. So,

in bitter gourd also variation in promoter region might change the sex

form. In the current study eight of the twelve putative candidate genes

namely, ABC transporter C family member 2-like, Polygalacturonase

QRT3-like isoform X2, DNA replication licensing factor MCM6

isoform X1, Auxin response factor 6, Pentatricopeptide repeat-

containing protein, LOB domain-containing protein 36-like,

Ethylene-responsive transcription factor 12-like, DEAD-box ATP-

dependent RNA helicase 1 isoform X2 exhibited sequence variation

in the promoter region. Therefore, genes are the most potential

candidates determining gynoeciuous sex form in the bitter gourd

genotype, DBGy-1. These findings suggests that the transcriptional

regulation of sex determination genes play a major role in gynoecy

expression in bitter gourd.

Large number of variants identified in the QTL-region will

enable to develop molecular markers and fine mapping of the

gynoecious sex expression in bitter gourd. The set of the possible

candidate genes identified in the study with possible role in sex

regulation will be instrumental for future study in bitter gourd and

their functional analysis across different plant species.
Conclusion

Gynoecious sex expression is an extremely important trait to

facilitate economic hybrid seed production in cucurbits. The

present study involving and F2 progenies of PVGy-201 × Pusa Do

Mousami revealed that the gynoecious sex expression in the

genotype, PVGy-201 is controlled by a single recessive gene. In

the chromosome 1, 1.31 Mb regions was identified to be associated

with gynoecious sex expression. A large number of variants were

identified in the QTL-region which will be instrumental in fine

mapping of gynoecious trait. Among the identified genes in the

QTL-region, Ethylene-responsive transcription factor 12, Auxin

response factor 6, Copper-transporting ATPase RAN1, CBL-

interacting serine/threonine-protein kinase 23, ABC transporter C

family member 2, DEAD-box ATP-dependent RNA helicase 1

isoform X2, Polygalacturonase QRT3-like isoform X2, Protein

CHROMATIN REMODELING 4 were identified as possible

candidate genes associated with gynoecious sex expression in

bitter gourd because of their role in development of male and

female gametophytes in number of crops. The findings in the study

provides insight about sex expression in bitter gourd and will

facilitate fine mapping and more precise identification of

candidate genes through fine mapping and functional validation
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of the identified genes. The present study provides insight into the

genetic and molecular basis of gynoecious sex expression in

bitter gourd.
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Genome-wide identification and
characterization of tissue-
specific non-coding RNAs in
black pepper (Piper nigrum L.)

Baibhav Kumar, Bibek Saha, Sarika Jaiswal, U. B. Angadi,
Anil Rai and Mir Asif Iquebal*

Division of Agricultural Bioinformatics, Indian Council of Agricultural Research-Indian Agricultural
Statistics Research Institute, New Delhi, India
Long non-coding RNAs (lncRNAs) and circular RNAs (circRNAs) are the two

classes of non-coding RNAs (ncRNAs) present predominantly in plant cells and

have various gene regulatory functions at pre- and post-transcriptional levels.

Previously deemed as “junk”, these ncRNAs have now been reported to be an

important player in gene expression regulation, especially in stress conditions in

many plant species. Black pepper, scientifically known as Piper nigrum L., despite

being one of the most economically important spice crops, lacks studies related

to these ncRNAs. From a panel of 53 RNA-Seq datasets of black pepper from six

tissues, namely, flower, fruit, leaf, panicle, root, and stem of six black pepper

cultivars, covering eight BioProjects across four countries, we identified and

characterized a total of 6406 lncRNAs. Further downstream analysis inferred that

these lncRNAs regulated 781 black pepper genes/gene products via miRNA–

lncRNA–mRNA network interactions, thus working as competitive endogenous

RNAs (ceRNAs). The interactions may be various mechanisms like miRNA-

mediated gene silencing or lncRNAs acting as endogenous target mimics

(eTMs) of the miRNAs. A total of 35 lncRNAs were also identified to be

potential precursors of 94 miRNAs after being acted upon by endonucleases

like Drosha and Dicer. Tissue-wise transcriptome analysis revealed 4621

circRNAs. Further, miRNA–circRNA–mRNA network analysis showed 432

circRNAs combining with 619 miRNAs and competing for the binding sites on

744 mRNAs in different black pepper tissues. These findings can help researchers

to get a better insight to the yield regulation and responses to stress in black

pepper in endeavor of higher production and improved breeding programs in

black pepper varieties.

KEYWORDS

circular RNAs (circRNAs), competitive endogenous RNAs (ceRNAs), gene expression
regulation, long non-coding RNAs (lncRNAs), spices
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1 Introduction
Spices have been an important part of human food and nutrition

for thousands of years. Recent studies confirm their diverse significant

potentials against various diseases, in addition to their trivial nutritional

benefits as functional foods. Black pepper is one of the most important

spices containing piperine as the active ingredient. Black pepper also

contains various volatile oils, oleoresins, and alkaloids, and has a role in

suppressing tumor growth and chemoprevention (Butt et al., 2013).

Black pepper consumption also improves nutrients absorption and

gastrointestinal function. Piperine, the main component of black

pepper, inhibits the differentiation of fat cells by lowering PPAR

(peroxisome proliferator activated receptor) activity and reducing

PPAR expression, which is a potential cure for disorders linked to

obesity (Park et al., 2012; Negi et al., 2021).

Studies confirming the existence and important role of short (18-

23 nucleotides) and long (>200 nucleotides) RNAs over the past two

decades have completely changed the view of the cellular mechanism of

gene expression. Non-coding regions of the genome (~98% in

mammals) are now no longer considered “junk” and are believed to

play important regulatory and tissue-specific expression roles (Azlan

et al., 2019). LncRNAs are one such important class of ncRNAs with

lengths >200 nucleotides and are predominantly found in the cell’s

nucleolus, nucleus, or cytoplasm. LncRNAs have little or no coding

potential and may contain an ORF only by chance, but are similar to

protein-coding mRNAs in aspects like they both are transcribed by

RNA polymerase II, spliced and 5′ methyl Guanosine capped and 3′
poly-adenylated. These challenges make the identification and

characterization task of lncRNAs a more tedious task (Mattick, 2004;

Wang and Chang, 2011).

In a typical mammalian genome, approximately 4%–9% of the

genome is transcribed into lncRNAs, which is more than the fraction of

the genome that is transcribed into protein-coding mRNAs (~1%)

(Amaral et al., 2010). LncRNAs are not actively expressed as in proteins

but are involved in a lot of cellular activities. LncRNAs are spread

throughout the genome which contains 98%–99% non-coding region

and are labeled with respect to the genomic location they are

transcribed from, viz., those arriving from the intergenic region are

called intergenic lncRNAs; intronic lncRNAs are those derived purely

from introns, while the exonic lncRNAs are derived from exons of

protein-coding genes (Mercer et al., 2009). LncRNAs have been found

to be involved in various cellular functions mainly regulating the

expression of the genes in cis- or trans- of their origin. cis-Acting

lncRNAs may alter the expression of neighboring genes by either

blocking the formation of pre-initiation complex (PIC) by attaching to

the promoter or interfering the transcription factors or via chromatin

modifications. The best example of chromatin modification mediated

lncRNA function is XIST (X inactive-specific transcript), which is a 19-

kb-long human lncRNA which binds to the PRC2 (Polycomb

Recessive Complex) to induce H3K27me3 histone modification

which leads to transcriptional silencing of genes on the X

chromosome. Also, in plants COLDAIR lncRNA (Cold Assisted

Intronic Non-coding RNA) works as a necessary repressor of FLC

(Flowering Locus C) during vernalization. HOTAIR (Hox Antisense

Intergenic RNA) is a trans-acting lncRNA in humans that transports
Frontiers in Plant Science 02139
itself to other locations on different chromosomes and regulates the

gene expression (Chen and Carmichael, 2010; Song et al., 2016). Apart

from the extensive studies done in humans and other mammals,

various plant lncRNAs have also been identified including

Arabidopsis thaliana (Lu et al., 2017), wheat (Lu et al., 2020), rice

(Wang et al., 2018; Zhou et al., 2021), maize (Li et al., 2014), tomato

(Yang et al., 2019), cucumber (He et al., 2020; Dey et al., 2022), pearl

millet (Kumar et al., 2022), and watermelon (Sun et al., 2020). LDMAR

(Long Day Specific Male-sterility-associated RNA) which is a 1236 bp

long lncRNA can regulate the male sterility sensitive to photoperiod

in rice.

Apart from the linear lncRNAs, another important class of non-

linear ncRNAs, called circRNAs have emerged, which are formed by

the back splicing of 5′ terminus upstream exon of the pre-mRNA with

the 3′ downstream exon (Lai et al., 2018). Evidently, circRNAs are

more resistant to RNAase degradation due to lack of 5′ cap or 3′ tail-
free ends. First reported in 1979 by Hsu, in HeLa cell lines, circRNAs

have been studied in many species since then including rice (Lu et al.,

2015), wheat (Ren et al., 2018), cucumber (Mu et al., 2016; Zhu et al.,

2019), chickpea (Dasmandal et al., 2020) mango (Yang et al., 2022),

and watermelon (Sun et al., 2020). Chu et al. (2018) showed that higher

expression of the circRNAs has a down regulating effect on its parental

genes. Cucumber circRNAs study showed that the circRNAs can also

act as miRNA sponges and have a miRNA-circRNA-mRNA network

relationship of gene regulation mechanism.

Black pepper (Piper nigrum L.) is one of the most widely grown

and traded spices in the world and is recognized as the king of spices

(Nair et al., 1993). Following the release of the reference genome of

black pepper, a lot of studies related to genes of black pepper have been

done but no study has been performed till now of the ncRNAs, except

for the small miRNAs (Ding et al., 2021), where 128 mature miRNAs

and their 1007 target mRNAs were identified. Our work is the first such

study to unravel the characteristics and functional roles of larger

ncRNAs in black pepper along with circRNAs. For this study,

extensive retrieval of black pepper molecular data was made to fetch

53 raw RNA-Seq datasets comprising of >1.2 billion reads covering

eight BioProjects and six tissues (flower, fruit, leaf, panicle, root and

stem) from 6 black pepper cultivars across four countries, followed by

reference transcript assembly for the identification of black pepper

lncRNA and circRNAs. This study also aims at having an insight on the

tissue-specific nature of lncRNAs and circRNAs and their relationship

with miRNAs as competitive endogenous RNAs (ceRNAs), their

functional roles in various pathways, development of a freely

accessible web resource having the list of lncRNAs and circRNAs,

which can be retrieved based on peptide length, sequence length and

tissue-wise, and interaction between lncRNA-miRNA and miRNA-

circRNA found in this study. This would be helpful to fellow

researchers for augmenting related work in the crop.
2 Methods

2.1 Data collection

With the aim to perform a comprehensive study, a total of 53 raw

RNA-Seq datasets (>1.2 billion reads) of black pepper were
frontiersin.org
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downloaded from the NCBI database. The dataset covered eight

BioProjects, seven institutes across four countries, and six tissues

(flower, fruit, leaf, panicle, root, and stem) from six black pepper

cultivars viz. Reyin-1, Bragantina, Thottumuriyan, IPNNo. LK-0-WU-

0014181, panniyur-1, and Genotype 4226 (Supplementary Table 1).
2.2 Data pre-processing and transcriptome
assembly

Raw reads obtained from NCBI were subjected to quality check

using FastQC tool ver. 0.11.8 (Andrews, 2010), which helps us

visualize various quality parameters like per base sequence quality,

per base sequence content, presence of adaptor sequences, etc. The

Trimmomatic ver. 0.39 (Bolger et al., 2014) software was then used

to trim out the probable contaminants like adaptor sequences and

low-quality reads with a Phred score of less than 30. The reference

genome and annotation file of black pepper were downloaded from

the GCGI (Group of Cotton Genetic Improvement, http://

cotton.hszau.edu.cn/EN/index.php) website (Hu et al., 2019). The

HISAT2-build command from HISAT2 ver. 2.2.0 (Kim et al., 2015;

Pertea et al., 2015; Pertea et al., 2016) software was used to index the

reference genome with splice sites and exons information retrieved
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from the annotation file. Index files were then used for aligning

individual clean reads. Sam files obtained after the reads alignment

were converted into binary bam files using Samtools software ver.

1.9 (Li et al., 2009), then the transcriptome assembly of the

individual bam files was performed using StringTie ver 2.1.4

(Pertea et al., 2015) software to give out gtf files for each of the

reads. Individual files corresponding to each tissue were then

merged using StringTie–merge to get a single gtf (Gene Transfer

Format) file for each tissue.
2.3 Genome-wide identification of lncRNAs
in black pepper

Identification of lncRNA candidate transcripts from the

assembled transcripts involved various steps as shown in Figure 1.

First the fasta sequences corresponding to each transcript in the

merged assembly file were extracted from their respective reference

genome fasta files using the gffread program ver 0.12.3. As lncRNAs

are RNA transcripts longer than 200 base pairs, using in-house Perl

scripts, transcripts shorter than 200 bp were removed. Studies have

shown that lncRNAs in general have a lower quality shorter ORFs

than the protein-coding mRNAs. ORFPredictor (Min et al., 2005)
FIGURE 1

Pipeline of lncRNA identification.
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was used to predict the ORFs in each transcript and those having

ORFs longer than 300 nucleotides were removed. Binary classifiers

like CPC2 ver 1.0.1 (Kang et al., 2017) and PLEK (Li et al., 2014)

were used to classify the remaining sequences into coding or non-

coding. Transcripts showing coding labels in all of them were

discarded and kept as coding transcripts. The remaining

transcripts may contain some housekeeping RNAs like rRNAs,

tRNAs, snoRNAs, and other ncRNAs. So to get novel ncRNAs we

did a BlastN search against the databases like SILVA database

(https://www.arb-silva.de/download/arb-files/release138.1),

GtRNAdb (http://gtrnadb.ucsc.edu/release18.1), and RNACentral

(https://rnacentral.org/release16.0) and removed the transcripts

showing >=95% identity (Sharma et al., 2017). Transcripts

matching any reported proteins or protein families were identified

and removed using Blast against NCBI-nr protein and Pfam (http://

pfam.xfam.org/release33.1) databases (Altschul et al., 1990).
2.4 Conservation analysis by comparison
with known plant lncRNAs in CANTATAdb

LncRNAs are poorly conserved compared to protein-coding

mRNAs across species. Yet to check the conservativeness of black

pepper’s lncRNAs, reported lncRNAs of 38 plant species available at

the CANTATAdb ver. 2.0 (http://cantata.amu.edu.pl/) (Szcześniak

et al., 2019) database were downloaded and a local BlastN search

was performed against our identified black pepper lncRNAs as a

query with 10-20 e-value as the cutoff.
2.5 LncRNA and circRNA characterization
and functional annotation

2.5.1 LncRNAs acting as a precursor of mature
miRNAs

Plant cells contain small non-coding RNA transcripts miRNAs

endogenously, which can bind to mRNAs and suppress their

expression in the cell. These miRNAs are derived from longer

primary miRNA transcripts which are converted to comparatively

shorter pre-miRNAs (precursor) (Paraskevopoulou and

Hatzigeorgiou, 2016). Finally, 18–24 nucleotide long mature

miRNAs are produced by endonuclease action upon the pre-

miRNAs. These lncRNAs can also act as a source for the

biogenesis of mature miRNAs. Identified lncRNAs were matched

against precursor miRNAs from the miRBase database using the

BlastN software to find such black pepper lncRNAs which can act as

a precursor miRNA.

2.5.2 Identification of lncRNAs acting as target
mimics of miRNAs

To find out the miRNAs, which may use the identified black

pepper lncRNAs as their target mimics, the psRNATarget (Dai

et al., 2018) (http://plantgrn.noble.org/psRNATarget/) server was

used with black pepper miRNAs (Ding et al., 2021) and lncRNAs as

inputs in the options of small RNA sequences and target sequences.

Matches with stringent criteria of expectation ≤2 and allowed
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maximum energy to unpair the target site (UPE) = 25 were

considered significant for our study.

2.5.3 Identification of mRNA targets of identified
miRNAs and their annotation

For creating the lncRNA-miRNA-mRNA network, mRNA

targets of the identified miRNAs are to be found. PsRNATarget

was run with identified miRNA sequences and black pepper cDNA

sequences as input. Matches with expectation ≤2 and UPE ≥25 were

considered significant. Identified mRNAs were annotated using

OmicsBox (https://www.biobam.com/omicsbox/) software and

GO terms obtained were used to functionally characterize the co-

expressed lncRNAs. REVIGO (http://revigo.irb.hr/) server was used

to further analyze the GO terms by summarizing the GO terms

present and provides a graph based visualization of the GO terms.

2.5.4 Identification of black pepper circRNAs
CircRNA identification pipeline starts from obtaining the clean

reads after trimming out the low-quality bases and adaptor

sequences. Reads retained from each sample were aligned to the

reference genome of black pepper by BWA software ver. 0.7.17

(BWA mem–T 19) after creating an index using BWA–index

module. Aligned sam files corresponding to each tissue were

merged using Samtools ver. 1.14. The merged alignment files of

each tissue were then provided to the CIRI2 ver.2.0 (Gao et al.,

2018) tool as input for circRNA prediction. Novel circRNA were

identified by comparing the identified circRNA with plant circRNA

in PlantcircBase database (http://ibi.zju.edu.cn/plantcircbase/,

release 7) (Figure 2).
2.5.5 CircRNAs as miRNA sponges and miRNA-
circRNA-mRNA relationship study

For understanding the relationship of the network between the

miRNA, circRNA, and mRNA, previously identified and reported

black pepper miRNAs by Ding et al. (2021) were collected and used.

The circRNA targets of the miRNAs were found using TargetFinder

software (Fahlgren and Carrington, 2010). The possible circRNA

targets of the miRNAs were found by command line software

TargetFinder. After this, the mRNA targets of the identified

miRNAs were identified using the webserver psRNAtarget with

miRNA sequences as small RNA sequences and CDS (coding

sequence) of black pepper as the target sequences.
2.6 Black pepper lncRNA web-resource
development

A web-resource, a Black pepper ncRNA database BPncRDB was

created using the three-tier architecture, viz., client, middle, and

database tiers that house all the results of this study related to the

lncRNAs, circRNAs and their interactions with the miRNAs. The

database was developed in MySQL database (https://

www.mysql.com/) while the web-interface was prepared in PHP

(https://www.php.net/) and HTML while designing was done using

CSS and made dynamic using JavaScript. It was hosted on Apache
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server (https://httpd.apache.org/). XAMPP framework was used to

design and deploy the webpage. The user can retrieve data as: (a)

request from user to webserver, (b) query sent to MySQL database,

(c) response generated by database and sent to web-interface, and

(d) response of web-server to user. BPncRDB includes information

of tissue-specific lncRNAs and circRNAs and their relationship with

miRNAs, interaction between lncRNA-miRNA and miRNA-

circRNA, etc.
3 Results

3.1 Data pre-processing and
transcriptome assembly

The library was sequenced using the Illumina HiSeq X platform

and 1,278,079,048 raw reads in 16 samples were collected. After

discarding the Illumina platform’s adaptor sequences and other

low-quality reads using the Trimmomatic software, we obtained

1,251,005,293 (97.88%) clean reads (Supplementary Table 2). The

trimmed clean reads were aligned to black pepper’s reference

genome using HISAT2 and approximately 70%–94% of reads

were mapped across the 53 samples (Supplementary Table 2).

StringTie software was then used to assemble the mapped reads

of individual samples with respect to the reference annotation file of

black pepper. Individual assembly files for each tissue were merged

using the StringTie-merge module in order to get tissue-wise

lncRNAs, and 294,777 transcripts were obtained.
3.2 Identification of long non-coding RNAs
in black pepper

A stringent filtering pipeline for the assembled transcripts was

developed and used for the identification of those transcripts which

fulfill the criteria of lncRNAs (Figure 1). GffCompare program was

used to compare the four GTF files with an annotation file of black

pepper and annotate the transcripts corresponding to their location
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on the genome with respect to the known genes (Pertea and Pertea,

2020). Out of the 15 class codes, i (intronic), u (intergenic), and x

(natural antisense transcripts) represent the most probable non-

coding transcripts and were selected for the downstream analysis,

and the rest were discarded. Gffread was used to extract fasta

sequences corresponding to the class codes and a total of 41090

sequences were found. In-house developed Perl scripts were used to

remove sequences smaller than 200 nucleotides. To remove the

potentially coding transcripts, ORFpredictor was used to find out

the ORFs in each transcript and those having an ORF length >300

nucleotides were discarded. The coding probability of the remaining

transcripts was calculated using CPC2 and PLEK software and

taking the intersection of the results. Transcripts with CPC2 score

>0.5 and predicted coding by PLEK were considered coding and

discarded. Housekeeping RNAs were removed by BlastN against

ncRNA databases, viz., Silvadb, gtRNAdb, and RNACentral and

having percent identity >95%. Transcripts having similarity

matching with any of the protein families in Pfam or genes in the

NCBI-nr database were removed using BlastX (e-value 10-3).

Finally, we identified 6406 novel black pepper long non-coding

RNAs in black pepper, out of which 1115, 2621, 2727, 828, 1214,

and 1003 were expressed in flower, fruit, leaf, panicle, root, and stem

tissues, respectively (Figure 3A; Supplementary Table 3).
3.3 Characterization of identified black
pepper lncRNAs

The study presents the first ever identification and characterization

of black pepper lncRNAs to understand the functional importance of

lncRNAs via various mechanisms affecting the crop’s yield and stress

responses. In consistency with the previous lncRNA studies most

(~80%) of the identified black pepper lncRNAs are intergenic in

nature (Figure 3B). The length of the identified lncRNAs was

distributed in the range of 200–10667 nucleotides which is much

shorter than mRNAs which ranges up to 16.6 mega bases in length.

More than 80% of the lncRNAs were shorter than 1500 nucleotides

while only 10% were longer than 2000 nucleotides (Figure 3C). With
FIGURE 2

Schematic diagram of circRNA identification.
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an average of 1.88 exons per lncRNA, a major proportion (84.85%) of

the lncRNAs in all six tissues were derived from 1 or 2 exons while only

1.68% were from ≥5 exons (Figure 3D). Chromosomal distribution of

the identified lncRNA was depicted in (Figure 3E) and further

visualized using the Circos software (Figure 4).
3.4 Conservation analysis of identified
black pepper lncRNAs

To check on the conservation level of identified black pepper

lncRNAs, BlastN against the previously known and reported

lncRNAs of 38 plant species was performed with 10-20 as e-value

cutoff. Only 45 high-confidence matches were found where 42

identified black pepper lncRNAs matched with 27 database

lncRNAs from 13 plant species with a maximum of five matches

to Oryza barthii and four matches to Oryza rufipogon andMedicago

truncatula each (Supplementary Table 4). This result agrees with

the literature suggesting the very poor conservation levels of

lncRNAs compared to protein-coding mRNAs and are species-

and tissue-specific.
3.5 Identified black pepper lncRNAs acting
as miRNA precursors

lncRNAs are long RNAs present in the nucleus, nucleolus, and

or cytoplasm and can function as the precursor for smaller ncRNAs
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such as snRNAs, snoRNAs, as well as the miRNAs (18–23 nts). To

find out the black pepper lncRNAs which can possibly be precursors

of known miRNAs, a BlastN search against the mirBase database

was done (Supplementary Table 5). A total of 14 pre-miRNAs were

matched >=90% with 36 unique lncRNAs, which suggests those

lncRNAs can give rise to the mature miRNAs after being acted upon

by nuclease enzymes like dicer and/or drosha. Figure 5A shows

lncRNA TCONS_00294108 containing the precursor and mature

sequences of miRNA vvi-miR156i.
3.6 Identification of lncRNAs and
endogenous target mimics of miRNAs and
analyzing lncRNA-miRNA-mRNA
interaction network

Micro RNAs (miRNAs) are small ncRNAs (18–23 nts) which have

the major function of mRNA expression regulation by binding the 3′
UTR of the protein coding mRNAs. The expression is suppressed or

silenced depending upon the complementarity of the miRNA-mRNA

binding. A full complementarity leads to mRNA degradation thus

silencing while a partial binding decreases the mRNA expression level

downregulating the genes. LncRNAs sometimes interfere in the process

and act as a miRNA sponge and prohibit miRNA-mRNA binding.

Identified lncRNAs and known plant miRNAs available at the

psRNAtarget server were taken for this analysis. Identified black

pepper lncRNAs were submitted to the psRNAtarget server as target

sequences against the available plant miRNAs and run with default
A B

D

E

C

FIGURE 3

(A) Tissue-wise distribution of black pepper lncRNAs. (B) Classes of identified lncRNAs. (C) Length distribution of lncRNAs. (D) Exon distribution of
lncRNAs. (E) Chromosome-wise distribution of identified lncRNAs.
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parameters of max UPE 25 and expectation ≤2 (Supplementary

Table 6); 1702 interactions with 1054 unique miRNAs and 396

unique lncRNAs were found (Figure 6). Figure 5B shows the

RNAFold structure of lncRNA TCONS00240461 (blue) with the

binding sites of miRNAs Osa-miR159e (red) and Zma-miE159c

(green). Target mRNAs of the identified miRNAs were also found

using psRNAtarget by submitting black pepper CDS (coding sequence)

as target and identified 1054 miRNAs as small RNAs (Supplementary

Table 7); 3274 total interactions were found between the black pepper

genes and miRNAs suggesting the possible gene regulations involved.

Individual lncRNA-miRNA and miRNA-mRNA networks were

merged and visualized using the Cytoscape software (Figure 7A),
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where we can see various networks involving miRNA and target

mRNAs which can potentially be meddled by lncRNA thus regulating

the normal gene regulation mechanism. For instance, miRNA pta-

miR156b meant to be targeting mRNA Pn2.1339 is also capable of

targeting four lncRNAs viz. TCONS_00067586, TCONS_00076072,

TCONS_00072122, and TCONS_00076071. (Figure 8A).
3.7 Identification of black pepper circRNAs

After removing the low-quality reads from the raw sequences,

the clean reads (>1.2 billion reads) were aligned to the reference
FIGURE 6

ceRNA analysis of lncRNA/circRNA.
FIGURE 4

Black pepper circRNA/lncRNA shown chromosome wise. Outermost
(dark blue) circle represents the black pepper circRNA, green circle
represents intergenic lncRNAs, red circle represents intronic
lncRNAs, and inner light blue circle represents antisense lncRNAs.
A

B

FIGURE 5

(A) RNAFold structure of lncRNA TCONS_00294108 showing the
precursor (red) and mature (yellow) sequence of miRNA vvi-miR156i.
(B) Structure of lncRNA TCONS_00240461 harboring the target
sites of two miRNAs zma-miR159c and osa-miR159e.
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genome using BWA-mem generating 53 SAM files for each sample

which were then merged corresponding to each of the six tissues

and submitted to a reliable, sensitive, and widely used command

line tool CIRI2. A total of 4621 distinct circRNAs with ≥2

backspliced reads were identified including 3871 novel circRNA.

A total of 750 circRNAs were found to be overlapping with known

plant circRNAs in PlantcircBase. Tissue-wise analysis revealed 333,

2939, 1004, 156, 400, and 386 circRNAs identified in the flower,

fruit, leaf, panicle, root and stem tissues, respectively

(Supplementary Table 8). Most the circRNAs were found to be

≤1000 nt (3077 circRNA smaller than 1000 nt) with a median

length of approximately 400 nt, which is in consist with previous

reports (Figure 9A) (Zheng et al., 2016). As described in previous

studies, the abundance of circRNA was found to be lower than that

of mRNA and lncRNA. Despite being widely distributed over all the

chromosomes, genomic origin analysis showed most of the

identified circRNA were coming from intergenic (47.98%) region

followed by exonic (43.37%) regions and only few (8.66%) came

from the intronic portion of the genome (Figures 9B, C).
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3.8 Identification of circRNAs as sponges
of miRNAs and analysis of the miRNA–
circRNA–mRNA relationship
Various studies suggesting circRNAs can regulate gene expression

by acting as ceRNAs for the miRNAs by competing and inhibiting the

miRNA binding with the mRNAmolecules. The result of TargetFinder

revealed 2591 interactions where 690 unique miRNAs were found

targeting 432 circRNAs in all tissues combined (Supplementary

Table 9). CircRNA Pn4:30202222-30202678 was found to contain

the putative miRNA binding site of aly-miR838-3p. mRNA targets of

the identified miRNAs were identified using the psRNAtarget web

server and a total of 6213 miRNA-mRNA interactions were found in

which 619 unique miRNAs were targeting 744 unique black pepper

mRNAs. Unique miRNA Pn3.1899 was found to be targeting 15

different mRNAs of black pepper (Supplementary Table 10). The

miRNA–circRNA–mRNA network relationship was visualized using

Cytoscape software (Figures 7B, 8B).
BA

FIGURE 8

Representative figure showing the (A) lncRNA–miRNA–mRNA network (B) circRNA–miRNA–mRNA network.
A B

FIGURE 7

Cytoscape diagram showing the ceRNA network relationship between (A) lncRNA–miRNA–mRNA and (B) circRNA–miRNA–mRNA; green triangles
representing mRNA, red ellipses representing miRNA, and blue rectangles representing lncRNA/circRNA.
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3.9 Functional annotation of target genes
of competitive endogenous lncRNAs and
circRNAs

In this study, we have focused on the trans-regulating action of

lncRNAs and circRNAs where they regulate the target gene

function by sequestering the miRNAs thus acting as ceRNAs in

the cell. A total of 781 and 744 mRNAs were found to have an

interaction in 6406 lncRNAs and 4621 circRNAs. To know the

functional significance of the identified target mRNAs, GO

annotation was performed. Results of the GO analysis revealed

important GO subcategories involved, for instance “protein

modification process”, “transmembrane transport”, “anatomical

structure development”, and “signaling” annotated in the

biological process category of GO. Similarly, “transferase activity”,

“catalytic activity”, and “oxidoreductase activity” were annotated in

the molecular function category and “nucleus”, “membrane”, and

“plastid” in the cellular component category of GO. KEGG pathway

analysis further revealed gene functions. Highly enriched pathways

included the ras singaling pathway, diterpenoid biosynthesis, fatty

acid biosynthesis, and plant–pathogen interaction. Both the GO and

KEGG analyses strongly suggest the potential role of lncRNAs and

circRNAs in diverse biological processes in the black pepper plant

(Supplementary Tables 11–14).
3.10 Development of web-genomic
resource for the black pepper lncRNAs and
circRNAs

The black pepper non-coding RNA database, BPncRDB, is

freely accessible at http://backlin.cabgrid.res.in/bpncrdb/

index.php. The website features six tabs including Home, Search

lncRNA, Interaction, circRNA, Download and Team (Figure 10).
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The database catalogues the black pepper’s 6406 lncRNAs and 4621

circRNAs along with the miRNAs’ interactions involved with them.

The database also contains the information regarding the mRNA/

genes involved in the ceRNA pathways with the lncRNA/circRNAs.

All of the analyzed data that is available in the MySQL database can

be downloaded using the links on the “Download” page.
4 Discussion

According to the ENCODE project, only 1%–2% of the human

genome codes for proteins, and the vast majority of RNAs are non-

coding RNAs such as tRNAs, rRNAs, microRNAs, lncRNAs,

circRNAs, and others. LncRNAs and circRNAs are the most

abundant non-coding RNAs present in the cell and have been

recognized as the key regulators in genetic expression and are

actively involved in the plant developmental stages and its response

to biotic and abiotic responses. Understanding the functions of non-

coding RNAs in biology has received more attention as a result of

recent advancements in RNA sequencing technology, epigenomic

methodologies, and computational prediction tools. LncRNAs/

circRNAs are involved in a wide range of biological activities in all

walks of life, which requires additional research (Quinn and Chang,

2016). Low levels of conservation of these ncRNAs between species

make their characterization and functional annotation more

challenging. Therefore, additional approach is required to create a

distinct catalogue of lncRNAs/circRNAs based on numerous datasets

for particular species such as black pepper for which there is no such

study is available yet. In this study, a stringent methodology was used to

identify 6406 lncRNAs and 4621 circRNAs from 53 RNAseq datasets,

and they were then classified into three groups based on their position

in respect to protein-coding genes. According to the earlier research,

the lncRNAs found in this study differ from mRNAs in various unique

ways, including having fewer exons, shorter transcript lengths, and
A

B

C

FIGURE 9

(A) Length-wise distribution of circRNA. (B) Chromosomal distribution of circRNA. (C) Class distribution of circRNA.
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lower conversation levels (Wang et al., 2019; Yan et al., 2020). It was

found that most of the lncRNAs were between 200-800 base pairs in

length and only a few over 2000 base pairs. A similar pattern was found

in capsicum (Baruah et al., 2021). Although not evenly distributed, the

identified black pepper lncRNAs were found to be distributed across all

chromosomes. A similar trend has been reported in crops like rice,

wheat and maize (Li et al., 2014; Wang et al., 2018; Lu et al., 2020).

Identified lncRNAs belonged to the classes exonic, intergenic and

intronic supporting the previous findings suggesting the genome-wide

transcription of the lncRNAs (Sun et al., 2020; Baruah et al., 2021).

Studies reporting long non-coding RNAs that act as competitive

endogenous RNAs (ceRNAs) have been published, for example, BLIL1

(blue light induced lncRNA), an Arabidopsis thaliana lncRNA, was

found to be capable of reducing the hypocotyl elongation when

subjected to blue light condition by having a competitive

relationship with the miRNA miR167 and its mRNA target ARF6/8

(Sun et al., 2020). In rice, an intergenic lncRNA TCONS_00049880

regulates the expression of the SPL gene family by competitively

binding to the miRNA osa-miR156. MiRNA-mediated gene

regulation by the lncRNAs/circRNAs, also known as target mimicry,

miRNA decoy, miRNA sponge, or competitive endogenous RNAs

(ceRNAs) is one major interaction between ncRNAs and miRNAs.

The first such case of lncRNA-miRNA binding was found in

Arabidopsis thaliana where miRNA miR399 pairs with lncRNA

IPS1 (Induced by Phosphate Starvation 1) leading to inability of

miR399 to mediate PHO2 degradation. Similar cases of interactions

were also found in our study, for instance, miRNA Osa-miR159e

targets lncRNA TCONS_00240461 and sequesters the miRNA,

hampering its probable functions in the cell (Meng et al., 2021).

CircRNA studies in plants have also revealed their role as

miRNA sponges, where circRNAs with the miRNA binding sites

attach and sequester the miRNAs thus regulating the expression of
Frontiers in Plant Science 10147
the miRNA targets (Fernandes et al., 2018). In Chinese cabbage

circRNA A03:5084249|5089986 has the binding site of miRNA

bra-miR5716 known for 15 target mRNAs possibly altering their

functions including oxidation-reduction, ATPase activity,

electron carrier activity, Myb-type HTH DNA-binding, and

transmembrane transport (Wang et al . , 2019). These

interactions may alter the normal expression of mRNAs thus

causing regulatory effect. Similar results were obtained in our

study where identified black pepper circRNAs, for instance,

miRNA aly-miR838-3p interacts with four circRNAs viz.

Pn14:23023113-23045736, Pn7:6896576-7091369, Pn:30202222-

30202678, and Pn:23028998-23052175, and is also targeting

several mRNAs viz. Pn1.1750, Pn10.1460, Pn10.1414, etc., which

are according KEGG analysis involved in processes like plant–

pathogen interaction (ko04626), ribosome (ko03010), and

carotenoid biosynthesis, respectively (ko00906). Plant cells

endogenously produce small RNAs called miRNAs from larger

precursor transcripts which can interact with the coding mRNAs

causing partial transcriptional repression or complete silencing by

cleavage, thus acting as a template (Fernandes et al., 2018). For

example, lncRNA MSTRG.24217.2 of Jatropha curcas act as a

precursor of miRNA miR396a which targets growth regulating

factors (GRF) which controls the development of plant seeds (Yan

et al., 2020). We found four such black pepper lncRNAs that can

serve as the precursors for 20 miRNAs which could be involved in

multiple cellular processes.

To date, there is no study on lncRNA/circRNAs and ceRNAs

network analysis in black pepper. Here we identified genome-wide

lncRNA and circRNA as well as explored the lncRNA-miRNA-mRNA

and circRNA-miRNA-mRNA networks. BPncRDB, a comprehensive

online database of black pepper lncRNAs and circRNAs accessible for

academic and research around the world, would provide a platform to
FIGURE 10

Layout of BPncRDB web-resource.
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better understand the critical roles that these lncRNAs and circRNAs

play in the growth and development as well as the responses towards

biotic/abiotic stresses in black pepper.
5 Conclusion

With the goal of creating a comprehensive resource of black

pepper lncRNA/circRNA (BPncRDB) and investigating their role as

ceRNAs, 53 RNAseq datasets were downloaded by performing a

comprehensive search of the publicly available repository NCBI and

6406 and 4621 lncRNAs and circRNAs were each identified using a

stringent pipeline. Conservation analysis of the identified lncRNAs

revealed 42 identified lncRNAs matching with the previously

known plant lncRNAs in the database confirming the weakly

conserved nature of lncRNAs. In addition to that 36 lncRNAs

were also found to be acting as precursor of 14 miRNAs. A total of

744 and 781 genes were found to be in regulation network via

lncRNA/circRNA-miRNA-mRNA pathways. Functional

enrichment analysis of GO and KEGG revealed pathways such as

diterpenoid biosynthesis, RAS signaling pathway, fatty acid

biosynthesis, plant-pathogen interactions, etc., suggesting the

potential role of lncRNA/circRNA in black pepper growth,

development, and resistance against both biotic and abiotic stresses.
Data availability statement

Data presented in the study are included in the article/

Supplementary Material. Any further inquiries can be directed to

the corresponding author/s.
Author contributions

SJ and MI conceived and designed the study, BK and BS did the

data curation and analysis. BK, BS, and UA were involved in

database development. BK, BS, SJ and MI wrote the first draft of

the manuscript. SJ, MI, UA and AR provided overall guidance and

finalized the edited manuscript. All authors contributed to the

article and approved the submitted version.
Frontiers in Plant Science 11148
Funding

The authors are thankful to the Indian Council of Agricultural

Research, Ministry of Agriculture and Farmers’ Welfare, Govt. of

India, for providing financial assistance in the form of a CABin

grant (F. no. Agril. Edn.4-1/2013-A&P). The grant of the IARI

Merit scholarship to BK is duly acknowledged.
Acknowledgments

The financial grants, ICAR- CABin and IARI Merit scholarship

to BK are duly acknowledged. The authors further acknowledge the

supportive role of the Director, ICAR-IASRI, New Delhi, India.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1079221/

full#supplementary-material
References
Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). Basic
local alignment search tool. J. Mol. Biol. 215 (3), 403–410. doi: 10.1016/S0022-2836(05)
80360-2

Amaral, P. P., Clark, M. B., Gascoigne, D. K., Dinger, M. E., and Mattick, J. S. (2010).
lncRNAdb: A reference database for long noncoding RNAs. Nucleic Acids Res. 39
(suppl_1), D146–D151. doi: 10.1093/nar/gkq1138

Andrews, S. (2010). FastQC: A quality control tool for high throughput sequence
data. Available online at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc.

Azlan, A., Obeidat, S. M., Yunus, M. A., and Azzam, G. (2019). Systematic
identification and characterization of aedes aegypti long noncoding RNAs
(lncRNAs). Sci. Rep. 9 (1), 1–9. doi: 10.1038/s41598-019-47506-9

Baruah, P. M., Krishnatreya, D. B., Bordoloi, K. S., Gill, S. S., and Agarwala, N.
(2021). Genome wide identification and characterization of abiotic stress responsive
lncRNAs in capsicum annuum. Plant Physiol. Biochem. 162, 221–236. doi: 10.1016/
j.plaphy.2021.02.031

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: A flexible trimmer for
illumina sequence data. Bioinformatics 30 (15), 2114–2120. doi: 10.1093/bioinformatics/btu170

Butt, M. S., Pasha, I., Sultan, M. T., Randhawa, M. A., Saeed, F., and Ahmed, W.
(2013). Black pepper and health claims: A comprehensive treatise. Crit. Rev. Food Sci.
Nutr. 53 (9), 875–886. doi: 10.1080/10408398.2011.571799

Chen, L. L., and Carmichael, G. G. (2010). Decoding the function of nuclear long non-
coding RNAs. Curr. Opin. Cell Biol. 22 (3), 357–364. doi: 10.1016/j.ceb.2010.03.003

Chu, Q., Shen, E., Ye, C. Y., Fan, L., and Zhu, Q. H. (2018). Emerging roles of plant
circular RNAs. J. Plant Cell Dev. 1, 1–14. doi: 10.14302/issn.2832-5311.jpcd-18-1955

Dai, X., Zhuang, Z., and Zhao, P. X. (2018). psRNATarget: A plant small RNA target
analysis server, (2017 release).Nucleic Acids Res. 46 (W1),W49–W54. doi: 10.1093/nar/gky316
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2023.1079221/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1079221/full#supplementary-material
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1093/nar/gkq1138
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.1038/s41598-019-47506-9
https://doi.org/10.1016/j.plaphy.2021.02.031
https://doi.org/10.1016/j.plaphy.2021.02.031
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1080/10408398.2011.571799
https://doi.org/10.1016/j.ceb.2010.03.003
https://doi.org/10.14302/issn.2832-5311.jpcd-18-1955
https://doi.org/10.1093/nar/gky316
https://doi.org/10.3389/fpls.2023.1079221
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Kumar et al. 10.3389/fpls.2023.1079221
Dasmandal, T., Rao, A. R., and Sahu, S. (2020). Identification and characterization of
circular RNAs regulating genes responsible for drought stress tolerance in chickpea and
soybean. Indian J. Of Genet. And Plant Breed. 80 (01), 1–8. doi: 10.31742/IJGPB.80.1.1

Dey, S. S., Sharma, P. K., Munshi, A. D., Jaiswal, S., Behera, T. K., Kumari, K., et al.
(2022). Genome wide identification of lncRNAs and circRNAs having regulatory role
in fruit shelf life in health crop cucumber (Cucumis sativus l.). Front. Plant Sci. 13.
doi: 10.3389/fpls.2022.884476/full

Ding, Y., Mao, Y., Cen, Y., Hu, L., Su, Y., Ma, X., et al. (2021). Small RNA sequencing
reveals various microRNAs involved in piperine biosynthesis in black pepper (Piper
nigrum l.). BMC Genomics 22 (1), 1–12. doi: 10.1186/s12864-021-08154-4

Fahlgren, N., and Carrington, J. C. (2010). miRNA target prediction in plants. In
Plant MicroRNAs, Methods in Molecular Biology, 592, 51–57. B.C. Meyers and P.J.
Green (eds.),©Humana Press, a part of Springer Science+Business Media, New Jersey,
USA, LLC 2010 doi: 10.1007/978-1-60327-005-2

Fernandes, D. P., Bitar, M., Jacobs, F. M., and Barry, G. (2018). Long non-coding
RNAs in neuronal aging. Non-coding RNA 4 (2), 12. doi: 10.3390/ncrna4020012

Gao, Y., Zhang, J., and Zhao, F. (2018). Circular RNA identification based on
multiple seed matching. Briefings Bioinf. 19 (5), 803–810. doi: 10.1093/bib/bbx014

He, X., Guo, S., Wang, Y., Wang, L., Shu, S., and Sun, J. (2020). Systematic
identification and analysis of heat stress responsive lncRNAs, circRNAs and
miRNAs with associated coexpression and ceRNA networks in cucumber (Cucumis
sativus l.). Physiol. plant. 168 (3), 736–754. doi: 10.1111/ppl.12997

Hu, L., Xu, Z., Wang, M., Fan, R., Yuan, D., Wu, B., et al. (2019). The chromosome-
scale reference genome of black pepper provides insight into piperine biosynthesis. Nat.
Commun. 10 (1), 1–11. doi: 10.1038/s41467-019-12607-6

Kang, Y. J., Yang, D. C., Kong, L., Hou, M., Meng, Y. Q., Wei, L., et al. (2017). pl2: a
fast and accurate coding potential calculator based on sequence intrinsic features.
Nucleic Acids Res. 45 (W1), W12–W16. doi: 10.1093/nar/gkx428

Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: A fast spliced aligner with
low memory requirements. Nat. Methods 12 (4), 357. doi: 10.1038/nmeth.3317

Kumar, B., Kumar, A., Jaiswal, S., Iquebal, M. A., Angadi, U. B., Tomar, R. S., et al.
(2022). Genome-wide identification of long non-coding RNAs in pearl millet
(Pennisetum glaucum (L.)) genotype subjected to drought stress. Agronomy 12 (8),
1976. doi: 10.3390/agronomy12081976

Lai, X., Bazin, J., Webb, S., Crespi, M., Zubieta, C., and Conn, S. J. (2018). CircRNAs
in plants. Circular RNAs, 1087. 329–343. doi: 10.1007/978-981-13-1426-1_26

Li, L., Eichten, S. R., Shimizu, R., Petsch, K., Yeh, C. T., Wu, W., et al. (2014).
Genome-wide discovery and characterization of maize long non-coding RNAs.
Genome Biol. 15 (2), 1–15. doi: 10.1186/gb-2014-15-2-r40

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., et al. (2009). The
sequence alignment/map format and SAMtools. Bioinformatics 25 (16), 2078–2079.
doi: 10.1093/bioinformatics/btp352

Li, A., Zhang, J., and Zhou, Z. (2014). PLEK: A tool for predicting long non-coding
RNAs and messenger RNAs based on an improved k-mer scheme. BMC Bioinf. 15 (1),
1–10. doi: 10.1186/1471-2105-15-311

Lu, T., Cui, L., Zhou, Y., Zhu, C., Fan, D., Gong, H., et al. (2015). Transcriptome-
wide investigation of circular RNAs in rice. Rna 21 (12), 2076–2087. doi: 10.1261/
rna.052282.115

Lu, Q., Guo, F., Xu, Q., and Cang, J. (2020). LncRNA improves the cold resistance of
winter wheat by interacting with miR398. Funct. Plant Biol. 47 (6), 544–557. doi:
10.1071/FP19267

Lu, Z., Xia, X., Jiang, B., Ma, K., Zhu, L., Wang, L., et al. (2017). Identification and
characterization of novel lncRNAs in arabidopsis thaliana. Biochem. Biophys. Res.
Commun. 488 (2), 348–354. doi: 10.1016/j.bbrc.2017.05.051

Mattick, J. S. (2004). RNA Regulation: A new genetics? Nat. Rev. Genet. 5 (4), 316.
doi: 10.1038/nrg1321

Meng, X., Li, A., Yu, B., and Li, S. (2021). Interplay between miRNAs and lncRNAs:
Mode of action and biological roles in plant development and stress adaptation.
Comput. Struct. Biotechnol. J. 19, 2567–2574. doi: 10.1016/j.csbj.2021.04.062

Mercer, T. R., Dinger, M. E., and Mattick, J. S. (2009). Long non-coding RNAs:
Insights into functions. Nat. Rev. Genet. 10 (3), 155. doi: 10.1038/nrg2521

Min, X. J., Butler, G., Storms, R., and Tsang, A. (2005). OrfPredictor: Predicting
protein-coding regions in EST-derived sequences. Nucleic Acids Res. 33 (suppl_2),
W677–W680. doi: 10.1093/nar/gki394

Mu, C., Wang, R., Li, T., Li, Y., Tian, M., Jiao, W., et al. (2016). Long non-coding
RNAs (lncRNAs) of sea cucumber: Large-scale prediction, expression profiling, non-
coding network construction, and lncRNA-microRNA-gene interaction analysis of
lncRNAs in apostichopus japonicus and holothuria glaberrima during LPS challenge
and radial organ complex regeneration.Mar. Biotechnol. 18 (4), 485–499. doi: 10.1007/
s10126-016-9711-y

Negi, A., George Kokkat, J., Jasrotia, R. S., Madhavan, S., Jaiswal, S., Angadi, U. B.,
et al. (2021). Drought responsiveness in black pepper (Piper nigrum l.): Genes
Frontiers in Plant Science 12149
associated and development of a web-genomic resource. Physiol. Plant. 172 (2), 669–
683. doi: 10.1111/ppl.13308

Paraskevopoulou, M. D., and Hatzigeorgiou, A. G. (2016). “Analyzing miRNA–
lncRNA interactions,” in Long non-coding RNAs (New York, NY: Humana Press), 271–
286. doi: 10.1007/978-1-4939-3378-5_21

Park, U. H., Jeong, H. S., Jo, E. Y., Park, T., Yoon, S. K., Kim, E. J., et al. (2012). Piperine, a
component of black pepper, inhibits adipogenesis by antagonizing PPARg activity in 3T3-L1
cells. J. Agric. Food Chem. 60 (15), 3853–3860. doi: 10.1021/jf204514a

Pertea, M., Kim, D., Pertea, G. M., Leek, J. T., and Salzberg, S. L. (2016). Transcript-
level expression analysis of RNA-seq experiments with HISAT, StringTie and ballgown.
Nat. Protoc. 11 (9), 1650. doi: 10.1038/nprot.2016.095

Pertea, G., and Pertea, M. (2020). GFF utilities: GffRead and GffCompare.
F1000Research, 9:304 doi: 10.12688/f1000research.23297.2

Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T. C., Mendell, J. T., and
Salzberg, S. L. (2015). StringTie enables improved reconstruction of a transcriptome
from RNA-seq reads. Nat. Biotechnol. 33 (3), 290. doi: 10.1038/nbt.3122

Quinn, J. J., and Chang, H. Y. (2016). Unique features of long non-coding RNA
biogenesis and function. Nat. Rev. Genet. 17 (1), 47–62. doi: 10.1038/nrg.2015.10

Ren, Y., Yue, H., Li, L., Xu, Y., Wang, Z., Xin, Z., et al. (2018). Identification and
characterization of circRNAs involved in the regulation of low nitrogen-promoted root
growth in hexaploid wheat. Biol. Res. 51, 43 doi: 10.1186/s40659-018-0194-3

R.R., Nair, B., Sasikumar, and P.N., Ravindran (1993). Polyploidy in a cultivar of
black pepper (Piper nigrum l.) and its open pollinated progenies. Cytologia 58 (1), 27–
31. doi: 10.1508/cytologia.58.27

Sharma, S., Taneja, M., Tyagi, S., Singh, K., and Upadhyay, S. K. (2017). Survey of
high throughput RNA-seq data reveals potential roles for lncRNAs during
development and stress response in bread wheat. Front. Plant Sci. 8. doi: 10.3389/
fpls.2017.01019/full

Song, X., Sun, L., Luo, H., Ma, Q., Zhao, Y., and Pei, D. (2016). Genome-wide
identification and characterization of long non-coding RNAs from mulberry (Morus
notabilis) RNA-seq data. Genes 7 (3), 11. doi: 10.3390/genes7030011

Sun, Z., Huang, K., Han, Z., Wang, P., and Fang, Y. (2020). Genome-wide
identification of arabidopsis long noncoding RNAs in response to the blue light. Sci.
Rep. 10 (1), 1–10. doi: 10.1038/s41598-020-63187-1

Sun, Y., Zhang, H., Fan, M., He, Y., and Guo, P. (2020). Genome-wide identification
of long non-coding RNAs and circular RNAs reveal their ceRNA networks in response
to cucumber green mottle mosaic virus infection in watermelon. Arch. Virol. 165 (5),
1177–1190. doi: 10.1007/s00705-020-04589-4
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Anuj Kumar2, Nisha Singh3* and Chakresh Kumar Jain1*

1Department of Biotechnology, Jaypee Institute of Information Technology, Noida, India,
2Department of Microbiology and Immunology, Dalhousie University, Halifax, NS, Canada,
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Legumes comprise one of the world’s largest, most diverse, and economically

important plant families, known for their nutritional and medicinal benefits.

Legumes are susceptible to a wide range of diseases, similar to other

agricultural crops. Diseases have a considerable impact on the production of

legume crop species, resulting in large yield losses worldwide. Due to continuous

interactions between plants and their pathogens in the environment and the

evolution of new pathogens under high selection pressure; disease resistant

genes emerge in plant cultivars in the field against those pathogens or disease.

Thus, disease resistant genes play critical roles in plant resistance responses, and

their discovery and subsequent use in breeding programmes aid in reducing yield

loss. The genomic era, with its high-throughput and low-cost genomic tools, has

revolutionised our understanding of the complex interactions between legumes

and pathogens, resulting in the identification of several critical participants in

both the resistant and susceptible relationships. However, a substantial amount

of existing information about numerous legume species has been disseminated

as text or is preserved across fractions in different databases, posing a challenge

for researchers. As a result, the range, scope, and complexity of these resources

pose challenges to those who manage and use them. Therefore, there is an

urgent need to develop tools and a single conjugate database to manage genetic

information for the world’s plant genetic resources, allowing for the rapid

incorporation of essential resistance genes into breeding strategies. Here,

developed the first comprehensive database of disease resistance genes

named as LDRGDb - LEGUMES DISEASE RESISTANCE GENES DATABASE

comprises 10 legumes [Pigeon pea (Cajanus cajan), Chickpea (Cicer arietinum),

Soybean (Glycine max), Lentil (Lens culinaris), Alfalfa (Medicago sativa),

Barrelclover (Medicago truncatula), Common bean (Phaseolus vulgaris), Pea

(Pisum sativum),Faba bean (Vicia faba), and Cowpea (Vigna unguiculata)]. The

LDRGDb is a user-friendly database developed by integrating a variety of tools

and software that combine knowledge about resistant genes, QTLs, and their

loci, with proteomics, pathway interactions, and genomics (https://ldrgdb.in/).

KEYWORDS

disease resistance genes, genomics, LDRGDb, legumes, proteomics, QTLs data
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Introduction

Legumes are seed plants belonging to the Leguminosae family,

spanning more than 13000 species across 600 genera. Legumes are

diverse; they are suitable for cultivation in a variety of environments

and temperatures (Magrini et al., 2019). They are an excellent

source of antioxidants, micronutrients, and proteins, finding use as

natural fertilizers, medicines, and animal fodder (Shah et al., 2020;

Singh et al., 2022). Apart from their health benefits, legumes

naturally have the ability to fix nitrogen from the atmosphere

symbiotically, which has positive effects on agriculture and soil

enrichment that are both long-lasting and economically viable.

Improvement in legume cultivation and their increased usage can

help ensure food security and contribute to better soil fertility

(Foyer et al., 2016; Singh et al., 2020).

However, one of the main impediments in the way of abundant

and quality yield of legume crops is pests and diseases Figure 1.

Furthermore, climate changes have made it easier for various

species to move freely, which has led to the emergence of new

diseases that could grow into uncontrollable epidemics and

endanger food security (Piquerez et al., 2014). Thus, crop

improvement is a key component of sustainable agriculture and

can be accomplished using a variety of techniques, ranging from

traditional breeding to genetic engineering. To increase the

effectiveness of the breeding process, it is necessary to have a

thorough understanding of host-pathogen interactions as well as

effective resistance mechanisms at the cellular, genetic, and

molecular levels . The most effect ive, affordable , and

environmentally friendly of the various control techniques

available is breeding for resistance (Rubiales et al., 2014). These

factors drive plant breeders and scientists to focus their efforts on

finding mechanisms for plant disease resistance (Osuna-Cruz et al.,

2018). Indeed, studies into the genes and genomes of legumes have

provided valuable insight into disease resistance components and

other agronomic traits (Leal-Bertioli et al., 2009; Khera et al., 2018;

Zhuang et al., 2019; Sampaio et al., 2020).

Resistance genes (R genes) are variable plant genes that confer

resistance to vast varieties of biotrophic pathogens, including

viruses. As they can specifically recognise the matching pathogen

effectors or associated protein(s), resistance (R) genes are the most

potent defences against pathogen invasion (Liu et al., 2007). This
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allows plants to mount an effective defence at the site of infection. R

genes are capable of expressing PR proteins in response to physical

or chemical stimuli (Rodrıǵuez-Sifuentes et al., 2020). As PR

proteins have hydrolytic activity, contact toxicity, involvement in

defence signalling, and pathogen enzyme inhibition, they constitute

a variety of weapons against pathogens. We have seen that plant R

genes have been divided into several groups based on their typical

domains (Zheng et al., 2016). A class of proteins containing

nucleotide binding (NB) and leucine-rich repeat (LRR) domains

is encoded by the majority of R genes (Friedman and Baker, 2007).

It is now known that R genes also produce proteins with a series

of carboxy-terminal leucine-rich repeats (LRRs), a putative amino-

terminal signalling domain, and a nucleotide binding site (NBS).

There are two primary classes of “NBS-LRR” proteins: first which

encodes an amino-terminal coiled-coiled motif (CC-NBS-LRR or

CNL proteins) and second which has an amino-terminal TIR (Toll/

interleukin receptor) domain (which are known as TIR-NBS-LRR

or TNL proteins) (Meyers et al., 2005). Figure 2 depicts the various

classes of R-Gene. Hence, the participation of multiple R genes,

post-transcriptional regulators, and biotic and abiotic stressors

limits the ability of plants to resist disease.

R gene mechanisms work on the gene-for-gene concept

(Kaloshian, 2004). The resistance occurs only when the R gene

proteins engage with the pathogen Avr gene in a certain form. They

can interact with the pathogen gene in two ways, first by directly

interacting with its protein product and second, if it plays a catalytic

role by interacting with something created by the Avr gene product

(Hulbert et al., 2001). Any attempt of an infection is thus governed

by both the genotype of the host and that of the pathogen. Once this

recognition has taken place, the defence reactions are triggered.

Hypersensitive reaction is frequently characterized in these defence

reactions, which results in the death of the initial cell or cells

infected and also the local accumulation of antimicrobial

compounds (Moffett, 2009). Phytophthora root and stem rot in

nonhost common bean has been found to induce a strong

hypersensitive response to Phytophthora sojae due to upregulation

of genes promoting phaseollidin and glyceollin production, which

have significant inhibitory effects on oospore production and

mycelial formation (Bi et al., 2022). Transcription factors have

also been implicated in multilayer defence signalling against

Fusarium wilt disease in chickpea (Chakraborty et al., 2020).
FIGURE 1

Graphical Abstract.
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Legumes exhibit resistance through other means as well; a recent

study on Faba beans indicated that its resistant genotype withstood

the Chocolate spot infection caused by Botrytis fabae due to a better

Photosystem II Repair mechanism at early stages of the infection

(Castillejo et al., 2021). Leaf spot infected alfalfa, when colonized by

arbuscular mycorrhizal fungus (AMF), has shown to ameliorate the

effects of the infection, thus displaying the potential to serve as a

biocontrol strategy for leaf spot infection of alfalfa (Li et al., 2019).

Development of cost-effective next generation sequencing

platforms with enhanced performances have given way to copious

amounts of data. In order for these data to be effectively analysed and

compared, various data management practices are being employed

(Bauchet et al., 2019). Many databases exist for comprehensive study

and management of the insurmountable data generated by plant

genome studies. However, these repositories either only focus

individually on model genomes such as soybean (https://

soybase.org/) (Grant et al., 2009), Medicago truncatula (https://

www.legoo.org) (Carrere et al., 2019), (http://www.medicago.org/

MtDB) (Lamblin, 2003), or a combination of multiple model

species (http://www.plantgdb.org/) (Dong, 2004), (http://

plantgrn.noble.org/LegumeIP/) (Li et al., 2011). Currently, there is

a lack of repositories that can pool the numerous disease resistance

genes with proteomics and facilitate the quick integration of crucial

resistance genes into breeding methods. Keeping this in mind, we

have established and developed the first comprehensive database of

disease resistance genes in legume plants named as LDRGDb, that

incorporates knowledge about resistant genes, QTLs, and their loci,

with proteomics, pathways interactions as well as structural

conformations of proteins. The database serves as a medium for

comprehensive search and retrieval of relevant information, and will

help researchers understand various biological phenomena with

relative ease. Our database has been constructed so as to aid in

research of disease resistant common legume cultivars and their

underlying mechanisms. LDRGDb spans 10 legume species, with

genes, QTL information such as linkage group, neighbouring marker,

population, maternal and paternal parent, proteomics, informatics

such as molecular weight, theoretical pI, length of amino acids, half-

life of protein, and aliphatic index with emphasis on structural
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conformation, which can aid in a thorough understanding of

various pathways and interactions involved in disease resistance,

functioning as a single repository for assisting in research.
Methodology

Data collection

The database has major 10 legume crops with their common

disease-related genes and QTLs incorporated. QTLs data has been

combined from numerous databases for a single model organism,

such as soybase (Grant et al., 2009), databases for several species,

such as pulsedb (Humann et al., 2019), prgdb (Calle Garcıá et al.,

2021), and other databases. Further, the QTLs related to diseases

were manually curated from the available scientific literature,

books and journals. We incorporated gene data from various

journals and books using the Pubmed (PubMed Labs, 2021)

search box and varied search queries incorporating different

diseases and crops from the last 5 years. (Figures 3, 4) show the

number of genes and QTLs incorporated into the database.
Annotation of genes and QTLs

We performed functional annotation studies at genes and QTLs

levels to develop comprehensive information for the collected data.

Uniprot (Bateman et al., 2020) was used to retrieve protein-related

data of the genes while protparam (Gasteiger et al., 2005) was used

to retrieve individual protein details such as theoretical pI, the total

number of negatively and positively charged residues, protein’s

half-life, aliphatic index, and molecular weight etc. To mine and

integrate the biological, molecular, and cellular processes involved

in genes Uniport was utilized, (Bateman et al., 2020) whereas

Interpro (Paysan-Lafosse et al., 2022) database for protein family

and domain retrieval. The Swiss model (Waterhouse et al., 2018)
FIGURE 2

Image depicting various classes of R-Gene.
FIGURE 3

Percentage of QTls available in the Database.
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was used to incorporate the structure of the protein of a gene with

its template included.
Database design

The database is made up of two tables: Genes andQTLs, and one-

to-many relationships were utilised to create the complete database

structure, allowing for the inclusion of any number of connections.

The data’s detailed data flow is documented in (Figure 5). For website

development, Django v4.1.3 with in-built sqlite3 has been utilized.

Django offers speedy development, fast processing, and scalability for

website development, while sqlite3 provides a lightweight disk-based

database that doesn’t require a separate server process and allows

accessing the database using a nonstandard variant of the SQL query
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language. Special care has been taken to protect the database’s

structure, consistency, and the accuracy of the data stored.
Key features

The LDRGDb is a comprehensive search and retrieval

database of significant information that serves as a centralised

repository for research purposes. It is the only legume repository

that includes not only QTL information such as linkage group,

neighbouring marker, population, and maternal and paternal

parent, but also genes with proteomics information such as

theoretical pI, the total number of negatively and positively

charged residues, protein half-life, aliphatic index, and

molecular weight, among other things. The inclusion of protein

pathway interactions with diverse biological, cellular, and

molecular processes aid researchers in understanding a wide

range of processes. The incorporation of protein structural

conformations with the template annotated through the Swiss

model is a major aspect of the LDRGDb that can aid in full

knowledge of protein interactions involved in disease resistance.

(Figure 6) depicts how the LDRGDb is utilized for the retrieval of

significant information.
Conclusion

Disease-resistant mechanisms of plants are constrained by the

involvement of various genes, post-transcriptional controls, biotic

and abiotic stresses. The understanding of these mechanisms and

their impact on plant proteomes and metabolomes is important

for improvement of legume production. To obtain knowledge

about the mechanisms of resistance, LDRGDb serves as an

exemplary one stop database for quick access of disease
FIGURE 4

Percentage of Genes available in the Database.
FIGURE 5

Depicting the data flow diagram of the program.
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FIGURE 6

Depicting how to utilize the LDRGDb.
BA

FIGURE 7

Images showing the (A) Front Page and (B) Search Page of the website.
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resistance genes, QTLs, and the proteins and pathways associated

with them for various legume species. Users can search using

either disease names, crop names, or both, facilitating easy and

comprehensive ingress into the data. The data collected from

various databases and literature has been meticulously structured

to allow for rapid searches for diseases, legumes and the genes

associated with them using user-friendly web interfaces. The

database has specific sections for particular crop characteristics,

prevalent diseases, as well as a FAQ section for frequently asked

questions. These are the webpage screenshots (Figure 7).
Data availability statement

The original contributions presented in the study are included

in the article/supplementary material. Further inquiries can be

directed to the corresponding author.
Author contributions

HS contributed to collection of data implementation and initial

draft writing. AiK contributed to collection of data, initial

draft writing tables, and figures. AA contributed to collection of

data and initial draft writing. AK contributed to designing and

editing the manuscript. NS conceived, supervised and edited the

final manuscript. CJ conceived, supervised and edited the final
Frontiers in Plant Science 06155
manuscript. All authors contributed to the article and approved the

submitted version.
Acknowledgments

We are thankful for Department of Biotechnology, Jaypee

Institute of Information Technology, Noida, India and

Department of Bioinformatics, Gujarat Biotechnology University,

Gandhinagar, Gujarat, India for providing the necessary support.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
Bateman, A., Martin, M.-J., Orchard, S., Magrane, M., Agivetova, R., Ahmad, S., et al.
(2020). UniProt: the universal protein knowledgebase in 2021. Nucleic Acids Res. 49
(D1), D480–D489. doi: 10.1093/nar/gkaa1100

Bauchet, G. J., Bett, K. E., Cameron, C. T., Campbell, J. D., Cannon, E. K. S., Cannon,
S. B., et al. (2019). The future of legume genetic data resources: challenges,
opportunities, and priorities. Legume Sci. 1 (1), e16. doi: 10.1002/leg3.16

Bi, X., Song, G., Yu, H., Zhang, Z., Liu, H., Yang, Z., et al. (2022). Changes in
biochemistry and cellular ultrastructure support different resistance mechanisms to
phytophthora sojae in nonhost common bean and host soybean. Plant Pathol. 71 (4),
917–926. doi: 10.1111/ppa.13527
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Agricultural Research Institute, New Delhi, India, 2Genomics Laboratory, Indian Council of Agricultural
Research (ICAR)- National Institute for Plant Biotechnology, New Delhi, India, 3Division of Agricultural
Bioinformatics, Indian Council of Agricultural Research (ICAR)- Indian Agricultural Statistics Research
Institute, New Delhi, India, 4Division of Food Science and Postharvest Technology, Indian Council of
Agricultural Research (ICAR)- Indian Agricultural Research Institute, New Delhi, India, 5Division of Genomic
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Introduction: Mango (Mangifera indica L.), acclaimed as the ‘king of fruits’ in the

tropical world, has historical, religious, and economic values. It is grown

commercially in more than 100 countries, and fresh mango world trade

accounts for ~3,200 million US dollars for the year 2020. Mango is widely

cultivated in sub-tropical and tropical regions of the world, with India, China,

and Thailand being the top three producers. Mango fruit is adored for its taste,

color, flavor, and aroma. Fruit color and firmness are important fruit quality traits

for consumer acceptance, but their genetics is poorly understood.

Methods: For mapping of fruit color and firmness, mango varieties Amrapali and

Sensation, having contrasting fruit quality traits, were crossed for the development

of a mapping population. Ninety-two bi-parental progenies obtained from this

cross were used for the construction of a high-density linkage map and

identification of QTLs. Genotyping was carried out using an 80K SNP chip array.

Results and discussion: Initially, we constructed two high-density linkage maps

based on the segregation of female and male parents. A female map with 3,213

SNPs and male map with 1,781 SNPs were distributed on 20 linkages groups

covering map lengths of 2,844.39 and 2,684.22cM, respectively. Finally, the

integrated map was constructed comprised of 4,361 SNP markers distributed on

20 linkage groups, which consisted of the chromosome haploid number in

Mangifera indica (n =20). The integrated genetic map covered the entire genome

of Mangifera indica cv. Dashehari, with a total genetic distance of 2,982.75 cM
frontiersin.org01157

https://www.frontiersin.org/articles/10.3389/fpls.2023.1135285/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1135285/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1135285/full
https://www.frontiersin.org/articles/10.3389/fpls.2023.1135285/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2023.1135285&domain=pdf&date_stamp=2023-06-07
mailto:manishfht@gmail.com
mailto:nksingh4@gmail.com
https://doi.org/10.3389/fpls.2023.1135285
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2023.1135285
https://www.frontiersin.org/journals/plant-science


Srivastav et al. 10.3389/fpls.2023.1135285

Frontiers in Plant Science
and an average distance between markers of 0.68 cM. The length of LGs varied

from 85.78 to 218.28 cM, with a mean size of 149.14 cM. Phenotyping for fruit

color and firmness traits was done for two consecutive seasons. We identified

important consistent QTLs for 12 out of 20 traits, with integrated genetic linkages

having significant LOD scores in at least one season. Important consistent QTLs

for fruit peel color are located at Chr 3 and 18, and firmness on Chr 11 and 20. The

QTLs mapped in this study would be useful in the marker-assisted breeding of

mango for improved efficiency.
KEYWORDS

Color, firmness, fruit quality QTLs, Mangifera indica L., molecular linkage map,
SNP markers
Introduction

Mango (Mangifera indica L.) belongs to the plant family

Anacardiaceae and has historical, religious, and economic

importance. It is a diploid fruit tree with 20 chromosome pairs

and a small haploid genome size of ∼439 Mb (Arumuganathan and

Earle, 1991). Cytogenetic analysis based on a partial allopolyploid

genome for mango has also been suggested (Mukherjee, 1950). In

the last two decades, enough evidence has been produced of the

inheritance of genetic markers in a disomic fashion, which confirms

the diploid nature of mango (Duval et al., 2005; Schnell et al., 2005;

Viruel et al., 2005; Schnell et al., 2006; Singh et al., 2016; Kuhn

et al., 2017).

World mango production was 57.37 million tons in 2020 from

an area of 56.8 million hectares. The majority (76%) of the world

production comes from Asia, followed by America (12%) and

Africa (11.8%). Mango is commercially cultivated in 102

countries. India’s share in the world’s mango production is

41.6%, followed by a 10% share in China (Bally et al., 2021). In

2020, the global mango export volume was 2.3 million tons,

accounting for a 3.2 billion USD export value (FAOSTAT, 2020).

Indian share in the global mango export is very less accounting for

<5.0% of the global trade in 2020.

Mango fruit size, firmness, color, and aroma are quality

characteristics of this climacteric fruit that need to be investigated

at the genomic level to improve mango fruit quality (Bally et al.,

2021). These traits are important factors determining the suitability

of cultivars for domestic as well as overseas markets. In general,

consumers from America and Europe prefer attractive, red-colored

fruits having a pleasant aroma, a blend of sweet and sour tastes, and

moderate sweetness. However, consumers from Gulf countries and

the Indian continent prefer very sweet aromatic mangoes. One of

the major objectives in most mango breeding programs globally is

the attractive peel color in hybrids, which makes the fruits more

attractive and export worthy. In addition, fruit quality parameters

like total soluble solids, acidity, sugars, carotenoid contents, flavor

compounds, etc. are important traits that decide the superiority of a

variety. Mango breeding programs targeting overseas markets

consider red peel color and high fruit firmness as important traits
02158
to improve. Fruit firmness has great value in the transportation,

storage, and processing of mango. However, the genetics of these

traits in mango is poorly understood. Despite the recognized high

quality of a few well-known mango cultivars, considerable cultivar

improvement is needed in most regions of mango culture. Mangoes

have a wider adaptability to both tropical and subtropical regions of

the world (Singh et al., 2016). Mango originated in the South East

Asian or Indo-Myanmar region, having 69 recognized species

originating as forest trees with fibrous and resinous fruits

(Kostermans and Bompard, 1993). Mango cultivation began at

least 4,000 years ago in India (Mukherjee, 1953). The majority of

commercial cultivars have originated as chance seedlings and

occupied prominent places in domestic as well as overseas markets.

Although domestication and selection of mango varieties have

occurred for thousands of years, the systematic breeding of mangoes is

relatively recent. Mango is a difficult fruit species to handle in breeding

programs due to inherent problems of long juvenility, high

heterozygosity, polyembryony, and significant fruit drop, which

result in low recovery of hybrid fruits. As a result, the development

ofmeaningfulmappingpopulations and their use in understanding the

genetics of horticultural traits has been limited. In India, breeding

efforts to develop mango varieties with desirable traits started seven

decades ago at the ICAR-IndianAgricultural Research Institute (IARI),

New Delhi, and have a notable history of varietal improvement. To

date, 10 mango hybrids have been released for commercial cultivation.

Mango hybrids, namely Amrapali andMallika, identified in the 1970s,

became the choice of growers at the domestic level and got the

attention of mango breeders globally. Amrapali, being a highly

regular, dwarf, profuse bearer with excellent fruit quality, is the

preferred parent in mango breeding programs. Considering

consumer demand and potential overseas markets for mild

sweetness, attractive colorful peel, and pleasant aroma, the Floridian

cultivar Sensation has been used as a male donor parent to impart the

red peel color in Amrapali, which otherwise has light green peel at

maturity. These efforts yielded several hundred full-sib bi-parental

progeny populations showing phenotypic polymorphism for

agronomic traits and served as a core resource for genetic studies in

mango (Ramachandra et al., 2021). Full-sib hybrid populations from

two known parents chosen for their horticultural traits are more
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https://doi.org/10.3389/fpls.2023.1135285
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Srivastav et al. 10.3389/fpls.2023.1135285
effective in the construction of genetic linkagemaps and are considered

a powerful tool to identify linkages between traits and markers for

MAS (Ogundiwin et al., 2009; Martıńez-Garcıá et al., 2013; Harel-Beja

et al., 2015; Kuhn et al., 2017).

Despite huge economic significance, genomic resources for

mango have been limited. The first genetic map of mango

produced by Kashkush et al. (2001) was with a relatively low

number of markers, which limited the accuracy and resolution of

the resulting linkage map. The first draft of a whole genome

sequence of mango was reported in India (Singh et al., 2014;

Singh et al., 2016). A high-resolution map reported by Luo et al.

(2016) may prove useful in genetic studies. Kuhn et al. (2017)

reported a consensus genetic map based on seven populations and

significant traits-markers association. However, the marker density

across 20 LGs was relatively lower. In the current decade, a wealth of

information on the mango genome has been generated (Singh et al.,

2014; Luo et al., 2016; Singh et al., 2016; Kuhn et al., 2017; Wang

et al., 2020). This advancement in mango genomics has opened a

new vista and may contribute to future mango improvement

programs. Our group led by Prof. Nagendra Kumar Singh made

significant progress in whole genome sequencing of mango using

next-generation sequencing technologies and identified millions of

SNP markers from the genome sequence data (Mahato et al., 2016;

Singh et al., 2016; Iquebal et al., 2017). An increase in the number of

unbiased markers and a highly resolved genetic map are essential

molecular tools for mango breeders (Kuhn et al., 2017). The

demand for new improved cultivars having desirable quality traits

is difficult to address by breeders only relying on traditional

breeding techniques. The adoption of molecular genomic tools

has the potential to identify markers associated with important

horticultural traits and, in general, improve the efficiency of mango

breeding programs.

In the present study, we generated a high-resolution integrated

genetic map based on segregation from female, male, and both

parents. This map may serve as a valuable resource that can be

used to improve efficiency and overcome the challenges in mango

breeding.We also used the genetic linkages to study the association of
Frontiers in Plant Science 03159
SNP marker(s) with fruit color and firmness traits. We report here

the identification of significant QTLs governing the color and

firmness of mango fruit. The findings of this study are novel and

have significance in improving the breeding efficiency of mango.
Materials and methods

Mapping population

Ninety-two F1 bi-parental hybrids obtained from a cross of

Amrapali as a female parent and Sensation as a male parent along

with the parents were used for the QTL mapping. These parents

were selected based on their contrasting features for key fruit

quality-related traits including fruit color and firmness. The

hybridity of the progenies has been confirmed earlier using SSR

markers (Ramachandra et al., 2021). The population was

phenotyped for multiple years and shows considerable variation

for different fruit quality traits (Figure 1). This mapping population

is conserved at the field repository of ICAR-Indian Agricultural

Research Institute, New Delhi, India.
Genotyping of the mapping population
and parents

Genotyping of the mapping population and parents in duplicate

was carried out using an Affymetrix mango genome 80K SNP

genotyping chip array (MiSNPnks 96 array, Dr. N. K. Singh,

unpublished) having a total of 18,816 genes belonging to five

different categories of genes such as single-copy mango genes

(SCM), conserved single-copy genes between citrus and mango

(CSCCM), cloned horticulturally important mango genes (HIM),

disease resistance defense response-like mango genes (DRDRM),

and multi-copy genes (MCR). The average SNP density is ~6 per

gene, which is highly significant in linkage mapping and QTL

identification studies in mango.
FIGURE 1

Variations in mango fruit peel color in mapping population and parents. Fruit No. 1 showing location where peel color and firmness was measured:
1. shoulder, 2. middle, and 3. bottom.
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DNA for genotyping was isolated from the young leaves of

individual trees of the mapping population and parents following

the CTAB method as modified by Ramachandra et al., 2021.

Genomic DNA quality was checked by electrophoresis in 1%

agarose gel and quantified using a nanodrop spectrophotometer

(NanoDrop 2000 Spectrophotometer, Thermo Scientific, USA). For

target probe preparation, 50 ml of genomic DNA with a

concentration of 10 ng/ul was used according to Affymetrix

Axiom® 2.0 Assay Manual. The DNA samples were pre-amplified

using Target Prep Protocol QSCB1 (P/N 702990), fragmented and

hybridized on the chip, followed by single-base extension through

DNA ligation and signal amplification. The Affymetrix GeneTitan®

platform was used for staining, washing, and scanning of the chip

signals as per manufacturer’s protocol. SNP allele calling was done

using Axiom™ Analysis Suite version 2.0 using its three workflows,

i.e., best practices, sample QC, genotyping, and summary on the

Affymetrix Gene Titan. The Axiom Analysis Suite requires stored

library files to convert CEL files into genotype calls. SNPs with low

call rate across the samples were removed, and only good quality

SNPs with a DQC of >0.85 and call rates of >95% were used for

further analysis.
SNP data formatting

Genotype calls from all SNPmarkers generated by theAffymetrix

GeneTitan® platform from 92 progenies and parents were appended

into a single csv file for export to Excel. A total of 80,816 SNPs were

amplified, out of which loci with >5% missing data were filtered out.

Markers amplified in only one of the two replications of the parents

were also removed. The SNP allelic patterns between parents were

taken as a reference for allele assignment in the mapping population.

Monomorphic SNP markers were removed because they would not

be informative for finding recombination events. Further,

homozygous SNP markers for different alleles between the parents

(aa, bb, or vice versa) were also removed, as there would be no

segregation for such markers in the F1 population. Thus, a total of

32,916 informative polymorphic SNP markers were identified

between Amrapali and Sensation (Table 1).
Linkage mapping

Based on analysis of allelic variation between parents for each

polymorphic locus, SNP markers were classified as per the expected
Frontiers in Plant Science 04160
Mendelian segregation ratio in themapping population. This set of SNP

markers weremapped on theDashehari physical map (unpublished) to

assign their location on the chromosomes, and only those which

mapped back on the chromosomes were retained. Polymorphic SNPs

identified between parents represented multiple SNPs per gene.

Therefore, only single SNPs per gene were selected (Tables 1, 2).

Linkage analysis was performed using homozygous SNPmarkers

in one parent and heterozygous in the other parent (lm × ll or nn ×

np) and heterozygous in both parents (hk × hk) using JoinMap

version 4.1 (Kyazma, Wageningen, The Netherlands). Further, the

selection of SNPmarkers was based on their disomic inheritance and

chi-square test of goodness of fit (p >0.05). Initially, for the

construction of individual female and male maps, 4,834 markers in

lm × ll and hk × hk, and 3,964 markers in nn × np and hk × hk were

used, respectively. The initial grouping of markers was based on the

independence log of the odds (LOD) tests in step ranging from 1.0 to

7.0. Other parameters were set as default. The regression mapping

algorithm and Kosambi’s mapping function with minimum LOD of

3.0 were used for calculating the marker’s order. Markers showing

suspect linkages were excluded in phases. Integration of female and

male maps in which genotypes of some or all loci were determined in

both populations took place, and the data from the separate

populations were combined to calculate the integrated map. The

groups that related to the same LG with at least two loci in common

were combined by using the combined groups from the map

integration function of the Join menu. The recombination

frequencies and LOD scores of the selected sets of loci were

combined into a combined group node in the navigation tree.

Such a combined group node is identical to a group node of a

pairwise data population. The map calculations are based on mean

recombination frequencies and combined LOD scores. For each pair

of loci, the numbers of recombinant and non-recombinant gametes

in the individual populations were calculated from the estimated

recombination frequencies and corresponding LOD scores. The total

numbers of recombinant and non-recombinant gametes of overall

populations were calculated by totaling the numbers of the individual

populations. From this, the mean recombination frequency and the

combined LOD score were obtained. For map integration, the

regression mapping algorithm was used.
Fruit quality measurement

Matured fruits from the F1 trees of Amrapali/Sensation

population and parents were carefully harvested with a 2 cm
TABLE 1 SNP genotyping data formatting.

Type SNPs

Total SNPs 80,816

SNPs (>95% call rate) 67,188

SNPs homozygous for same allele (aa/aa or bb/bb) 27,226

SNPs homozygous for different alleles (aa/bb or bb/aa) 7,046

SNPs heterozygous in one parent and homozygous in other or heterozygous in both parents (ab/bb or aa/ab or ab/ab) 32,916
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pedicel portion. The fruits were selected from all direction of the

tree for evaluating fruit color and firmness traits for two consecutive

years, 2019 and 2020. Fruits were washed thoroughly to remove the

adhering dirt and dust, and rolled over the blotting paper to remove

extra moisture on the surface and air dried. Fruit maturity was

determined after harvest, and fruits having a specific gravity of

~1.01 to 1.02 were selected. These fruits were then wrapped in kite

paper and placed in wooden boxes to ripen uniformly at room

temperature. Initially, 30 fruits per individual genotype were

subjected to ripening, of which 12 fruits showing uniform

ripening and that were free from damage were selected for

further analysis.

Peel and pulp color in terms of L*, a* and b* were measured

using a Hunter-Lab Colorimeter (Model No. Miniscan® XE plus

4500 L, Hunter Associates Laboratory, Inc., VA, USA). The

instrument (45 / 0 geometry, D 65 optical sensor, 10 observer)

was calibrated with black and white reference tiles through the tri-

stimulus values X, Y and Z, taking as standard values those of the

white background (X = 79.01; Y = 83.96; Z = 86.76) tile. Fruit peel

color was measured at three points on the fruit surface, i.e.,

shoulder, middle, and bottom (Figure 1). Mango pulp collected

from ripe fruits was homogenized, and the color of homogenized

pulp was measured using a ring and disk attachment.

The firmness of ripe mango fruits was measured with the help of

the TA-XT Plus Texture Analyzer (Stable Micro Systems, UK). A

2.0 mm diameter stainless steel cylinder probe was used for the test

in compression mode using the load cell of 5 kg capacity. Fruit

firmness was expressed in Newton (N). Firmness was measured at

three points (shoulder, middle, and bottom) of the fruits of each

individual and parents (Figure 1) with pre-test, test, and post-test

speeds of 5, 2, and 10 mm/s, respectively (Jha et al., 2006; Jha et al.,

2010). During the compression of mango fruit by the cylinder

probe, firmness was determined by the highest force recorded in the

force-time curve recorded by the Texture Analyzer. The first peak in

the texture curve was taken as peel firmness. The average force

between the first and second anchors was used to calculate the flesh

firmness. Fruit color and firmness concerning individual progenies

were observed under three replications having a minimum of three

fruits per replication. The data on various parameters were

subjected for Qstats analysis to know the basic quantitative

statistics, viz., mean, variance, standard deviation, skewness,

kurtosis, and average deviation. To test the normal distribution of

traits in the mapping population, a test of normality was performed,

and the critical values for rejection were 5.99 and 9.21 for the tests at

the 5% and 9% levels of probability, respectively.
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QTL mapping

Phenotypic data of fruit color and firmness for the bi-parental

F1 population was used for QTLmapping with an integrated linkage

map using MapQTL®6 (Van Ooijen, 2009; Kyazma B.V.R,

Wageningen, The Netherlands) using cross-pollinated (CP) for

population type and Multiple QTL model-based MQM mapping

for association statistics with mapping step size of 1 cM and

regression function. Other calculation parameters were set with

MapQTL default. The QTL statistics were reported for those in

which the LOD score exceeded the threshold, and LOD peaks were

used for determining the position of a significant QTL

on chromosomes.
Results

Linkage maps of the 20
mango chromosomes

A total of 3,317 markers heterozygous in female (1:1) and 1,517

heterozygous in both parents (1:2:1) were used for the construction

of the female map. Similarly, 2,447 heterozygous in male (1:1) and

1,517 heterozygous in both parents (1:2:1) were used for male

linkage mapping.

Finally, two high-density individual linkage maps with 3,213

and 1,781 SNPs distributed on 20 LGs in each segregation category

were constructed as female and male maps, respectively

(Supplementary Table 1).

The female map had 3,213 markers on 20 chromosomes with an

average of 160.65 markers/chromosome. It covered a total map distance

of 2,844.39 cM with individual chromosomes ranging from 82.41 cM

(Chr 15) to 222.19 cM (Chr 3) with an average length of 142.22 cM. The

average interval ranged from 0.43 cM (Chr 15) to 2.50 cM (Chr 3), with

an average interval of 1.01 cM. The number of markers on each

chromosome ranged from 75 (Chr 17) to 262 (Chr 4). This map is

highly dense, and the density of SNPs ranged from 0.40 per cM (Chr 3)

to 2.34 per cM (Chr 15) with an average of 1.21 SNPs per cM (Table 3).

A total of 1,781 markers were successfully mapped on the 20

chromosomes in the male map with an average of 89.05 markers/

chromosome. The male map covered a total map distance of

2,684.22 cM. The individual chromosome length ranged from

62.55 cM (Chr 15) to 187.86 cM (Chr 6), with an average length

of 134.21 cM. The number of markers ranged from 42 (Chr 7) to

208 (Chr 11). The average interval ranged from 0.64 cM (Chr 15) to
TABLE 2 Details of polymorphic SNP markers mapped on Dashehari physical map.

Reference
genome

Segregation Allelic
pattern

Expected segre-
gation

SNPs SNPs
mapped

One SNP/
gene

SNPs used for linkage
mapping

Dashehari Amrapali ab/aa or bb 1:1 14,763 11,631 6,269 3,317

Sensation aa or bb/ab 1:1 10,435 8,450 4,886 2,447

Amrapali/
Sensation

ab x ab 1:2:1 7,718 6,097 3,554 1,517

32,916 26,178 14,709 7,281
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3.68 cM (Chr 6), with an average of 1.74 cM. The number of SNPs

per cM ranged from 0.27 (Chr 6) to 1.57 (Chr 15), with an average

of 0.69 markers per cM (Table 3).

Map integration was attempted using individual female and

male linkage data, and a high-resolution integrated map comprising

4,361 markers mapped on the 20 chromosomes was constructed.

Before the construction of integrated map, the LGs of individual

maps were matched chromosome-wise, and a minimum of two

markers common to individual maps were used for the construction

of the integrated map. This map is highly dense, as the number of

SNPs ranged from 108 (Chr 17) to 315 (Chr 11) with an average of

218.05 SNPs per chromosome. The integrated map covered a higher

total map distance of 2,982.75 cM of mango genome compared to

individual female and male maps. The individual chromosomes

ranged from 85.78 cM (Chr 15) to 218.29 cM (Chr 4), with an

average of 149.14 cM per chromosome. The average map interval

on 20 chromosomes ranged from 0.34 cM (Chr 15) to 1.33 cM (Chr

3), with an average interval of 0.73 cM. The number of SNP markers
Frontiers in Plant Science 06162
per cM ranged from 0.75 for Chr 3 to 2.96 for Chr 15, with an

average of 1.54 (Table 3; Figure 2).
QTLs for the fruit quality traits

Phenotypic data on fruit color and firmness traits were

generated for the 92 bi-parental F1 population for two

consecutive years in 2019 and 2020 (Figures 3–5), and their mean

value with genetic linkages observed in the integrated map was used

for QTL mapping. Color coordinates a*, b*, and L* indicate the red
and yellow colors, and brightness on three points on the mango

fruit in 2019, 2020, and the mean of two seasons were considered as

individual traits. MQM mapping using MapQTL6 resulted in the

identification of QTLs for 12 out of 20 phenotypic parameters

analyzed for mapping with significant LOD scores in at least one

season. Tables 4–6 show the 12 traits with significant LOD scores

and their QTL position on the chromosomes.
TABLE 3 Genetic linkage mapping statistics.

Chr Female map (Amrapali) Male map (Sensation) Integrated map

SNPs Map
length
(cM)

Interval
(cM)

SNPs Map
length
(cM)

Interval
(cM)

SNPs and distribute the width of
columns equally

Map
length
(cM)

Interval
(cM)

1 114 212.66 1.87 86 184.84 2.15 175 195.24 1.12

2 246 125.62 0.51 64 132.18 2.07 277 171.58 0.62

3 89 222.19 2.50 82 137.44 1.68 159 211.41 1.33

4 262 216.89 0.83 46 136.39 2.96 297 218.29 0.73

5 143 117.83 0.82 91 121.15 1.33 212 160.07 0.76

6 184 143.22 0.78 51 187.86 3.68 226 144.08 0.64

7 170 172.16 1.01 42 95.19 2.27 184 182.42 0.99

8 136 181.84 1.34 86 149.64 1.74 208 136.36 0.66

9 165 95.29 0.58 82 122.16 1.49 213 164.75 0.77

10 202 145.34 0.72 106 161.44 1.52 243 157.65 0.65

11 229 123.34 0.54 208 137.09 0.66 315 130.09 0.41

12 150 161.34 1.08 162 160.92 0.99 278 115.97 0.42

13 213 146.52 0.69 110 158.14 1.44 275 166.54 0.61

14 144 145.68 1.01 97 165.57 1.71 212 148.16 0.70

15 193 82.41 0.43 98 62.55 0.64 254 85.78 0.34

16 184 102.76 0.56 65 114.52 1.76 235 111.71 0.48

17 75 93.55 1.25 43 88.76 2.06 108 111.97 1.04

18 140 116.05 0.83 92 137.97 1.50 198 134.29 0.68

19 88 128.22 1.46 115 104.89 0.91 182 116.04 0.64

20 86 111.45 1.30 55 125.52 2.28 110 120.33 1.09

Total 3,213 2,844.39 1,781 2,684.22 4,361 2,982.75

Mean 160.65 142.22 1.01 89.05 134.21 1.74 218.05 149.14 0.73
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Peel and pulp color
Chromaticity coordinates observed on the shoulder, middle,

and bottom portion of mango fruits revealed that expression of a*

indicative of red color on the shoulder is associated with Chr 3 of

integrated genetic linkage map. Four significant QTLs were

identified, one at a position of 49.18 cM (6.31 to 6.72 LOD)

explains 28.2 to 29.2% of phenotypic variation, the second at a

position of 73.79 cM (LOD 7.84 to 8.08) explaining 33.2 to 34.5% of

phenotypic variance, the third QTL at a position of 98.75 cM (5.43

to 5.59 LOD) and fourth at 129.83 cM (LOD 5.13 to 5.73) explain

around 25.0% of phenotypic variation in the population. These

QTLs were observed in both seasons, i.e., 2019 and 2020, as well as

with the mean phenotypic values over the years (Table 4;

Figure 6A). However, expression of a* at middle of fruit is

associated with Chr 2, 12, and 17. In the present study, peel a*

value observed at fruit bottom did not result in the identification of

any significant QTLs. This may be because the observed red blush

on the shoulder differed significantly compared to the middle and

bottom portions of the fruit. Expression of b* presenting yellow

color is associated with Chr 2, 14, 15, and 18. Results revealed that

Chr 2 showed one QTL at a position of 85.75 cM (LOD 4.28; R2

20.1), and Chr 14 showed another QTL at a position of 77.15 cM,

explaining 20.3% phenotypic variation in 2019. Similarly, Chr 15

showed one QTL in 2020 with mean value at a position of 28.75 cM

and with a LOD score of 4.21 to 4.34, explaining 18.3 to 20.7%

phenotypic variations in the population (Table 4). Two consistent

QTLs identified on Chr 18 (79.42 and 83.20 cM) explain 19.9 to

25.2% phenotypic variations for b* of fruit bottom (LOD 4.14-5.56)

(Figure 6B). It was also noted that the b* value observed at the fruit

shoulder and middle did not yield any significant QTL. QTLs

governing the brightness of fruit were located on Chr 2, 3, 4, 10,
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15, and 17 (Table 4; Figure 6C). We did not observe any significant

QTL(s) for pulp color in the present study.

Peel and pulp firmness
Peel firmness observed at shoulder and bottom of mango fruit

was associated with SNPs located on Chr 6, 11, and 20. Total 12

SNPs on Chr 11 at position ranging from 27.78 to 95.19 cM (R2

16.3-20.4) were identified as having an association with peel

firmness at fruit shoulder. Similarly, eight SNPs hosted on Chr 11

at a position 8.69 to 94.82 cM (LOD 3.51 to 4.83; R2 16.6-22.6)

consistently appeared with traits observed on fruit bottom

(Table 5). One QTL at a position of 18.15 cM (LOD 4.08-5.46; R2

19.6-24.5) on Chr 20 appeared consistently, with peel firmness

observed on fruit shoulder and bottom in both seasons (Figure 7A).

One minor QTL at Chr 6 at 19.23 cM (LOD 3.59; R2 16.6) was also

identified. Fruit firmness measured at the fruit middle did not result

in significant QTLs, while firmness observed at the shoulder and

bottom of the fruit confirmed significant SNP association. However,

average peel firmness of three different positions confirmed

association of seven SNPs.

SNPs located on Chr 3, 4, 11, and 19 had an association with

pulp firmness (Table 6). SNPs located on Chr 11 at a position of

94.82 to 95.19 cM (LOD 4.54-7.42; R2 20.4-32.4) consistently

appeared for pulp firmness observed at three different positions

on the fruit and with the mean value (Figure 7B). One QTL on Chr

3 at a position of 99.63 cM (LOD 4.54-4.93), explaining 20.8-23.2%

of phenotypic variations, was also identified. Pulp firmness

observed at the fruit bottom showed an additional four SNPs on

Chr 19 at a position of 54.33-56.47 cM (LOD 4.50-5.33) and

explains 20.4-24.8% of phenotypic variations in the population.

QTL analysis using a year-wise mean of pulp firmness observed at
FIGURE 2

Integrated genetic linkage map and distribution of SNP markers on 20 chromosome, green color indicates marker segregating in 1:1 (Amrapali), red
in 1:1 (Sensation), and blue in 1:2:1 (Amrapali/ Sensation).
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FIGURE 4

Violin-plot distribution and phenotype individual values (bars on Y axis) of fruit pulp color in two years. Black bar median values. Green bar indicates
‘Amrapali’ female and red bar indicates ‘Sensation’ male parental values. Symbol * used as standard symbol for chromaticity coordinates L, a, and b.
FIGURE 3

Violin-plot distribution and phenotype individual values (bars on Y axis) of peel color observed at shoulder, middle, and bottom portion of fruit in two
years. Black bar median values. Green bar indicates ‘Amrapali’ female, and red bar indicates ‘Sensation’ male parental values. Symbol * used as
standard symbol for chromaticity coordinates L, a, and b.
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FIGURE 5

Violin-plot distribution and phenotype individual values (bars on Y axis) of peel firmness (A–D) and pulp firmness (E–H)measured at shoulder, middle, and
bottom portion of fruit in two years. Black bar median values. Green bar indicates ‘Amrapali’ female, and red bar indicates ‘Sensation’ male parental values.
TABLE 4 Significant QTL(s) identified for mango peel color (a*, b*, L*) using integrated map data.

Season Chr Position
(cM)

Peaks LOD % Expl.

a* fruit shoulder

2019 3 49.18 AX-171381971 6.61 29.2

2020 3 49.18 AX-171381971 6.31 28.2

Mean 3 49.18 AX-171381971 6.72 28.8

2019 3 73.79 AX-171379053 8.08 34.5

2020 3 73.79 AX-171379053 7.84 34.3

Mean 3 73.79 AX-171379053 7.98 33.2

2019 3 98.75 AX-171375294 5.59 25.4

2020 3 98.75 AX-171375294 5.43 25.2

Mean 3 98.75 AX-171375294 5.58 24.6

2019 3 129.83 AX-169929951 5.73 25.9

2020 3 129.83 AX-169929951 5.13 24.0

Mean 3 129.83 AX-169929951 5.63 24.8

a* fruit middle

2019 2 8.10 AX-171382092 4.21 19.8

Mean 12 3.40 AX-171383356 4.06 18.6

2020 17 8.64 AX-171386135 4.03 19.4

Mean 17 8.64 AX-171386135 3.98 18.2

(Continued)
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TABLE 4 Continued

Season Chr Position
(cM)

Peaks LOD % Expl.

b* fruit bottom

2019 2 85.75 AX-169902987 4.28 20.1

2019 14 77.15 AX-169888716 4.33 20.3

2020 15 28.75 AX-169875771 4.34 20.7

Mean 15 28.75 AX-169875771 4.21 18.3

2019 18 79.42 AX-171377288 5.56 25.2

2020 18 79.42 AX-171377288 4.14 19.9

Mean 18 79.42 AX-171377288 4.92 22.0

2019 18 83.20 AX-169935441 4.63 21.5

2020 18 83.20 AX-169935441 4.40 21.0

Mean 18 83.20 AX-169935441 4.89 21.9

L* fruit shoulder

2019 4 123.72 AX-171379971 4.73 21.9

2020 4 123.72 AX-171379971 4.68 20.2

Mean 4 123.72 AX-171379971 4.33 19.7

2019 10 46.25 AX-169943716 4.84 22.4

2019 10 76.62 AX-171376164 4.62 21.5

2020 10 76.34 AX-171378162 4.56 20.6

Mean 10 76.23 AX-171375190 4.46 20.2

Mean 10 76.62 AX-171376164 4.93 22.1

2020 15 49.25 AX-169946547 4.57 20.6

Mean 15 49.25 AX-169946547 4.57 20.6

L* fruit middle

2019 2 33.08 AX-171373991 4.44 20.7

2020 2 33.52 AX-169925508 4.47 21.3

Mean 2 33.08 AX-171373991 4.46 20.2

2019 3 75.36 AX-171376560 4.31 20.2

2019 4 123.72 AX-171379971 4.44 20.7

Mean 4 123.72 AX-171379971 4.41 20.0

2020 15 49.25 AX-169946547 4.78 22.6

Mean 15 49.25 AX-169946547 4.39 19.9

2020 17 29.23 AX-169910005 4.77 22.6

2020 17 30.57 AX-171383828 4.34 20.7
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TABLE 5 Significant QTL(s) identified for mango peel firmness using integrated map data.

Season Chr Position
(cM)

Peaks LOD % Expl.

Fruit shoulder

2020 6 89.28 AX-171383358 3.72 18.1

Mean 11 27.78 AX-169943051 3.6 16.7

2019 11 29.49 AX-169928966 3.84 18.2

2020 11 29.49 AX-169928966 3.55 17.3

Mean 11 29.49 AX-169928966 4.13 18.9

2019 11 29.64 AX-169902238 3.70 17.6

Mean 11 29.64 AX-169902238 3.98 18.2

Mean 11 30.49 AX-171382227 3.51 16.3

2020 11 30.77 AX-171380495 3.56 17.4

Mean 11 30.77 AX-171380495 3.76 17.3

2019 11 30.79 AX-169900539 3.50 16.7

2020 11 30.79 AX-169900539 3.57 17.4

Mean 11 30.79 AX-169900539 3.76 17.3

Mean 11 31.81 AX-169901747 3.75 17.3

2019 11 32.33 AX-169938965 3.76 17.9

2020 11 32.33 AX-169938965 3.70 18.0

Mean 11 32.33 AX-169938965 4.03 18.4

2020 11 32.58 AX-169925476 3.73 18.1

Mean 11 32.58 AX-169925476 3.60 16.6

2020 11 94.82 AX-169878695 4.25 20.4

Mean 11 94.82 AX-169878695 3.75 17.3

2020 11 94.97 AX-169881574 4.03 19.4

2020 11 95.19 AX-171386999 3.69 17.9

2019 20 18.15 AX-171386901 4.17 19.6

2020 20 18.15 AX-171386901 4.08 19.6

Mean 20 18.15 AX-171386901 4.28 20.2

Fruit bottom

Mean 6 19.23 AX-169909744 3.59 16.6

2019 11 8.69 AX-169936159 3.51 16.8

Mean 11 8.69 AX-169936159 3.69 17.0

2020 11 8.69 AX-169936159 3.89 18.8

2019 11 9.16 AX-169915899 3.85 18.2

Mean 11 9.16 AX-169915899 3.96 18.2

2020 11 9.16 AX-169915899 3.64 17.7

Mean 11 17.91 AX-169900237 3.59 16.6

Mean 11 21.29 AX-169937148 3.58 16.6

Mean 11 27.78 AX-169943051 3.62 16.7

(Continued)
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different positions of mango fruits confirmed three SNPs on Chr 11

(94.82 to 95.19 cM; LOD 5.47-7.48; R2 24.1-33.0).
Discussion

High density genetic maps from
SNP markers

Traditional mango breeding is cumbersome and time-

consuming. In the present decade, rapid advancement in DNA

sequencing and molecular genetic techniques has generated a

wealth of information on mango genomics. Apart from

conventional breeding approaches, efforts have been made in the

recent past to utilize biotechnological tools for marker-aided

breeding. Significant progress has been made in the area of
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genome sequencing of mango by several researchers (Singh et al.,

2014; Luo et al., 2016; Singh et al., 2016; Kuhn et al., 2017; Wang

et al., 2020). The wealth of genome resources has also been

generated by our group as genome sequences of important mango

cultivars (unpublished), and millions of SNPs have been identified,

which has immense value in future mango breeding (Singh et al.,

2014; Mahato et al., 2016; Singh et al., 2016; Iquebal et al., 2017).

As a key step in genetic linkage mapping, the mapping

population is highly important. F1, F2, backcross populations, and

haploid populations can be used for genetic mapping (Wang, 2001).

The F1 population is an ideal mapping population for highly

heterozygous tree species like mango and can be obtained by one-

generation hybridization between contrasting parents with high

heterozygosity (Lu et al., 2019). There are several examples where

genetic maps have been constructed based on the F1 population

such as Poncirus trifoliata (Xu et al., 2021), Ziziphus jujuba (Wang
TABLE 5 Continued

Season Chr Position
(cM)

Peaks LOD % Expl.

2019 11 29.68 AX-169924307 4.18 19.7

Mean 11 29.68 AX-169924307 4.83 21.7

2020 11 29.68 AX-169924307 4.79 22.6

2020 11 60.95 AX-169896842 4.08 19.6

2020 11 94.82 AX-169878695 3.73 18.1

2019 20 18.15 AX-171386901 5.06 23.3

2020 20 18.15 AX-171386901 5.25 24.5

Mean 20 18.15 AX-171386901 5.46 24.1

Average of three positions (shoulder, middle, and bottom)

2020 11 8.69 AX-169936159 3.87 18.7

Mean 11 8.69 AX-169936159 3.51 16.3

2019 11 9.16 AX-169915899 3.58 17.1

2020 11 9.16 AX-169915899 3.85 18.6

Mean 11 9.16 AX-169915899 3.89 17.9

Mean 11 21.29 AX-169937148 3.50 16.2

Mean 11 27.78 AX-169943051 3.43 15.9

2019 11 29.68 AX-169924307 3.85 18.2

2020 11 29.68 AX-169924307 4.17 20.0

Mean 11 29.68 AX-169924307 4.30 19.6

2019 11 94.82 AX-169878695 3.58 17.1

2020 11 94.82 AX-169878695 4.28 20.5

Mean 11 94.82 AX-169878695 3.81 17.5

2020 11 94.97 AX-169881574 4.02 19.4

2019 20 18.15 AX-171386901 4.51 21.0

2020 20 18.15 AX-171386901 4.49 21.4

Mean 20 18.15 AX-171386901 4.71 21.2
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TABLE 6 Significant QTL(s) identified for mango pulp firmness using integrated map data.

Season Chr Position
(cM)

Peaks LOD % Expl.

Fruit shoulder

2019 11 94.82 AX-169878695 5.08 23.3

2020 11 94.82 AX-169878695 5.80 26.7

Mean 11 94.82 AX-169878695 5.59 24.6

2019 11 94.97 AX-169881574 4.62 21.5

2020 11 94.97 AX-169881574 4.99 23.4

Mean 11 94.97 AX-169881574 4.89 21.9

Fruit middle

2019 3 99.63 AX-169945503 4.54 21.1

2020 3 99.63 AX-169945503 4.93 23.2

Mean 3 99.63 AX-169945503 4.61 20.8

2019 11 94.82 AX-169878695 7.36 32.0

2020 11 94.82 AX-169878695 7.33 32.4

Mean 11 94.82 AX-169878695 7.42 31.3

2019 11 94.97 AX-169881574 6.78 29.9

2020 11 94.97 AX-169881574 6.53 29.5

Mean 11 94.97 AX-169881574 6.64 28.5

2019 11 95.19 AX-171386999 5.75 26.0

2020 11 95.19 AX-171386999 5.46 25.3

Mean 11 95.19 AX-171386999 5.55 24.5

Fruit bottom

2020 4 61.59 AX-169919574 4.55 21.6

Mean 4 61.59 AX-169919574 4.79 21.5

Mean 11 21.29 AX-169937148 4.59 20.7

2019 11 94.82 AX-169878695 6.99 30.6

2020 11 94.82 AX-169878695 6.91 30.9

Mean 11 94.82 AX-169878695 7.07 30.1

2019 11 94.97 AX-169881574 6.60 29.2

2020 11 94.97 AX-169881574 6.42 29.1

Mean 11 94.97 AX-169881574 6.50 28.0

2019 11 95.19 AX-171386999 5.61 25.5

2020 11 95.19 AX-171386999 5.53 25.6

Mean 11 95.19 AX-171386999 5.50 24.3

2019 19 54.33 AX-171385518 5.14 23.6

2020 19 54.33 AX-171385518 5.33 24.8

Mean 19 54.33 AX-171385518 5.19 23.1

2020 19 55.04 AX-169902763 4.55 21.6

Mean 19 55.04 AX-169902763 4.50 20.4

(Continued)
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et al., 2019), Persea americana (Rendón-Anaya et al., 2019), Vitis

(Zhu et al., 2018), Coryus avellana (Bhattarai and Mehlenbacher,

2017), and Theobroma cocoa (Argout et al., 2011). We chose to

generate genetic linkage map using bi-parental F1 population

derived by crossing Amrapali/Sensation contrasting for fruit

quality traits. Full-sib populations from two known parents are

considered more effective for breeding progress than half-sib

populations from open pollinated maternal parents. Genetic maps

that are based on segregating full-sib hybrid populations are better

for establishing linkages between horticultural traits and molecular

markers for MAS (Kuhn et al., 2017).

Moreover, SNP marker-based genetic maps have several

advantages, as SNPs are more abundant, easier to identify, easier

to score, and unambiguous markers (Kuhn et al., 2017). Studies

have shown that SNP loci are ubiquitous in the genome and the

most abundant forms of genetic variation between individuals of

the same species (Rafalski 2002; Kuhn et al., 2017). In this study, a

mango 80K genic-SNP genotyping array was used to genotype the

F1 full-sib (Amrapali/Sensation) population along with parents.

High-density genetic maps are valuable in genetic and genomic

studies, illuminating the genetic and molecular mechanisms of

plants and providing the necessary framework for QTL analyses,

gene cloning, and molecular breeding (Wang et al., 2019; Wu et al.,

2019). We used 4,834 and 3,964 SNPs for construction of female

and male maps. However, not all the SNPs that expected to

segregate in a disomic fashion were able to be assigned to a

linkage group. In female, 3,213 SNPs and in male 1,781 SNPs
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could be successfully mapped on 20 LGs. As the mango has 40

chromosomes with the haploid number of 20, we were successful in

identifying 20 LGs for both female and male maps. This suggests the

diploid nature of mango, and even though it is a partial

allopolyploid, the two ancestral genomes were different enough to

be distinguished by SNP markers (Kuhn et al., 2017). Genetic

linkage data of female and male maps were used for integration,

and a high-density linkage map was constructed, having 4,361 SNPs

that covered the entire genome of mango. The map length covered

by female, male, and integrated maps slightly differed for number of

SNPs. The 3,213 SNPs of the female map covered 2,844.4 cM of the

genome while 1,781 SNPs of the male map covered 2,684.2 cM.

Integration of female and male maps resulted in 4,361 SNPs

distribution across 20 chromosomes covering 2,982.8 cM of

map length.

Few genetic maps in Mangifera indica have been constructed

using different markers (Kashkush et al., 2001; Singh et al., 2014;

Luo et al., 2016; Singh et al., 2016; Kuhn et al., 2017; Wang et al.,

2020). The integrated genetic linkage map reported here is of high

density, as the number of markers is reasonably high. In this study,

we used a strategy to make the map that took advantage of the

strengths of markers segregating differently. Further, markers

corresponding to the same chromosome from all segregation

groups were integrated. Our genetic map is significantly better

than previous maps, as it is highly dense, based on full-sib

(Amrapali/Sensation) population, and covered the entire

mango genome.
TABLE 6 Continued

Season Chr Position
(cM)

Peaks LOD % Expl.

2020 19 56.33 AX-171384203 4.63 22.0

Mean 19 56.33 AX-171384203 4.61 20.8

2019 19 56.47 AX-169937533 4.55 21.2

2020 19 56.47 AX-169937533 4.80 22.6

Mean 19 56.47 AX-169937533 4.72 21.3

Average of three positions (shoulder, middle, and bottom)

Mean 11 21.29 AX-169937148 4.63 20.9

2019 11 94.82 AX-169878695 6.97 30.6

2020 11 94.82 AX-169878695 7.48 33.0

Mean 11 94.82 AX-169878695 7.28 30.8

2019 11 94.97 AX-169881574 6.42 28.5

2020 11 94.97 AX-169881574 6.65 30.0

Mean 11 94.97 AX-169881574 6.49 28.0

2019 11 95.19 AX-171386999 5.47 24.9

2020 11 95.19 AX-171386999 5.61 26.0

Mean 11 95.19 AX-171386999 5.46 24.1

2020 19 54.33 AX-171385518 4.71 22.3
fron
tiersin.org

https://doi.org/10.3389/fpls.2023.1135285
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Srivastav et al. 10.3389/fpls.2023.1135285
Trait association to the genetic maps

Marker assisted selection provides ample opportunity to reduce

the mango breeding cycle and improve efficiency as well. In recent

decade, the advancements made in the augmentation of genome

resources in mango (Kashkush et al., 2001; Luo et al., 2016; Singh

et al., 2016; Kuhn et al., 2017; Wang et al., 2020) provide

unprecedented opportunities to breeders for MAS in mango. Mango
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fruit is adored by people for its taste and nutrition, contributed by

color, flavor, and aroma. Among these, peel and pulp color are

important traits contributing to fruit quality and market value

(Bajpai et al., 2017). Fruit firmness is another important trait for

storage, transportation, and disease and insect management. Mapping

populations from controlled crosses are not easy to generate in mango

due to the high level of technical proficiency required (Bally et al.,

2021). The F1 bi-parental progeny population studied is few in fruit
B

C

A

FIGURE 6

Graphs of the plot of the likelihood of the odds that a SNP marker is associated with the trait. (A) peel a* shoulder of fruit; (B) peel b* bottom of fruit;
(C) peel L* shoulder of fruit in 2019.
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trees compared to annual crops (Grattapaglia and Sederoff, 1994). In

the present study, we attempted to elucidate the regions of mango

genome influencing fruit color and firmness using a F1 bi-parental

(Amrapali/Sensation) mapping population. To be useful for marker-

aided breeding, it is imperative to have markers showing strong

association with the horticultural traits. A map is not necessary to

identify markers associated with a trait, but confidence in this

association increases as multiple markers near the trait locus on the

geneticmap also show significant associationwith the trait (Kuhn et al.,

2017). Fruit quality-related traits are quantitative traits that are

influenced by multiple genes, and perhaps no single gene shows a

significant impact on a trait. In our study, MQM mapping was used.

This method has also been used in QTL analyses for quality traits in

Gossypium hirsutum (Zhang et al., 2019), Poncirus trifoliata (Xu et al.,

2021), and Elymus sibiricus (Zhang et al., 2019). In this study, we could

identify SNP association for 12 of 20 traits used for analysis.
Peel and pulp color

Fruit color is a highly variable trait within the fruit and is much

influenced by environmental conditions. Precise qualitative evaluation

of peel color is influenced by the number of fruits examined and from

which part of the tree it is collected. More randomly chosen fruits from
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all parts of a treemay reduce this variation. In addition, we used another

approach for determining the peel color using the Hunter color meter

and took multiple observations on different positions of the fruit. This

approach provided us with quantifiable data more suitable for QTL

mapping compared to data based on scales or grouping. It was evident

that red blush was more towards the shoulder compared to the middle

and bottom portions of the fruit. An attractive fruit color is one of the

most important factors for export markets (Nambi et al., 2016). The

accumulation of pigments and their concentration and intensity

determine the overall appearance of color in mango fruits (Pervaiz

et al., 2017). Red coloration in fruits and other plant tissues has

multifarious roles such as conferring plant disease resistance and

protection against UV radiation (Bieza and Lois, 2001; Berardini et

al., 2005; Sivankalyani et al., 2016). Anthocyanins also provide human

health benefits against cancer and cardiovascular and other chronic

diseases (Rao and Rao, 2007; Butelli et al., 2008; Singh et al., 2008). We

found that fruit peel a* indicating red blush on the shoulder was

associated with Chr 3. Four QTLs (AX-171381971, AX-171379053,

AX-171375294, and AX-169929951) with high LOD value of 5.13-8.08

explaining around 35% of phenotypic variation were identified. The a*

value observed on themiddle offruit resulted in associated SNPs located

on Chr 2, 12, and 17. However, a* observed on the bottom portion of

the fruit did not result in any QTL(s) in the present study. This may be

because the appearance of red blush is more significant on the shoulder
B

A

FIGURE 7

Graphs of the plot of the likelihood of the odds that a SNP marker is associated with the trait. (A) peel firmness observed at fruit bottom; (B) pulp
firmness at fruit shoulder (mean of 2019 and 2020).
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compared to the middle and bottom portion of the fruits. The SNPs

associated with peel yellow color (b*) trait was on Chr 2, 14, 15, and 18.

Mango fruits are classified based on peel color into green, yellow, and

red types.Mango peel turns from green to yellow or red or retains green

colors during ripening. Carotenoids and anthocyanins are the

important pigments responsible for the colors of fruits. Pigments in

different proportions may have an influence on the expression of

different shades of color on mango peel. The genetics of peel color

has not been studied in detail, but available reports indicate that it is

governed by several genes and regulated in amore complexmanner. In

agreement with this, we observed several SNP markers housed on

different chromosomes that had an influence on peel color

development in mango. Consistency of these QTLs over phenotypic

values observed in different seasons confirms their involvement in the

expression of fruit color.
Peel and pulp firmness

Mango varieties differ considerably for fruit peel and pulp

firmness. Fruit firmness is a significant quality aspect of mango

for consumers, as it represents ripeness and influences shelf-life,

transportation, and processing issues (Jha et al., 2010). Various

industries use puncture tests as part of their quality control

procedure. Cool store operators monitor firmness throughout the

storage period as part of their inventory management. In addition,

firmness is sometimes used to predict consumer responses. Stec

et al. (1989) found that preferred firmness at eating ripeness varied

among assessors (Watkins and Harman, 1981; Harker et al., 1996).

Jha et al. (2006) reported that the firmness of the mango fruits

remained almost constant over the period of growth, and it

decreased after attaining maturity. It was also suggested that the

maturity of mango could be predicted by measuring size, color, and

firmness. We used the approach of determining the peel and pulp

firmness on different positions of fruits. We observed several SNPs

associated with the peel and pulp firmness of mango fruits housed

on Chr 3, 4, 6, 11, 19, and 20. SNPs on Chr 11 and Chr 20

consistently appeared in all seasons of observation and mean value

of peel firmness. SNPs located on Chr 3, 4, 11, and 19 had an

association with pulp firmness. SNPs located on Chr 11 at a position

of 94.82 to 95.19 cM consistently appeared in different seasons. One

QTL on Chr 3 at a position of 99.63 cM was also identified. The

work reported here is unique concerning peel and pulp firmness

results, where QTLs are reported for the first time in mango.
Conclusions

Wedemonstrated theusefulnessofdesigningamappingpopulation

from two commercially important mango cultivars, Amrapali and

Sensation, that have phenotypic polymorphism for fruit peel color and

firmness traits. The integrated genetic recombination map using

segregation data of female, male, and both parents reported here is

unique and reasonably resolved.Our analysis of the association of SNPs

for fruit color and firmness traits is novel and enables us to formulate

mango breeding strategies that can improve breeding efficiency in
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identifying desirable progeny with optimal horticultural traits. The

information about genetic linkages and QTLs generated would be

highly useful in mango breeding and for broadening the

understanding of the genetics of these traits. This knowledge will allow

breeders to design trait-specific breeding strategies in mango.
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Genome-wide association study
as a powerful tool for dissecting
competitive traits in legumes
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Breeding, School of Agriculture, Gandhi Institute of Engineering and Technology (GIET) University,
Odisha, India, 5Horticultural Sciences Department, University of Florida, Gainesville, FL, United States,
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the Semi-Arid Tropics, Hyderabad, India, 7Department of Plant and Soil Sciences, Mississippi State
University, Starkville, MS, United States, 8Department of Plant Pathology, University of Georgia, Tifton,
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Legumes are extremely valuable because of their high protein content and

several other nutritional components. The major challenge lies in maintaining

the quantity and quality of protein and other nutritional compounds in view of

climate change conditions. The global need for plant-based proteins has

increased the demand for seeds with a high protein content that includes

essential amino acids. Genome-wide association studies (GWAS) have evolved

as a standard approach in agricultural genetics for examining such intricate

characters. Recent development in machine learning methods shows promising

applications for dimensionality reduction, which is a major challenge in GWAS.

With the advancement in biotechnology, sequencing, and bioinformatics tools,

estimation of linkage disequilibrium (LD) based associations between a genome-

wide collection of single-nucleotide polymorphisms (SNPs) and desired

phenotypic traits has become accessible. The markers from GWAS could be

utilized for genomic selection (GS) to predict superior lines by calculating

genomic estimated breeding values (GEBVs). For prediction accuracy, an

assortment of statistical models could be utilized, such as ridge regression best

linear unbiased prediction (rrBLUP), genomic best linear unbiased predictor

(gBLUP), Bayesian, and random forest (RF). Both naturally diverse germplasm

panels and family-based breeding populations can be used for association

mapping based on the nature of the breeding system (inbred or outbred) in

the plant species. MAGIC, MCILs, RIAILs, NAM, and ROAM are being used for

association mapping in several crops. Several modifications of NAM, such as

doubled haploid NAM (DH-NAM), backcross NAM (BC-NAM), and advanced

backcross NAM (AB-NAM), have also been used in crops like rice, wheat,

maize, barley mustard, etc. for reliable marker-trait associations (MTAs),

phenotyping accuracy is equally important as genotyping. Highthroughput
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genotyping, phenomics, and computational techniques have advanced during

the past few years, making it possible to explore such enormous datasets. Each

population has unique virtues and flaws at the genomics and phenomics levels,

which will be covered in more detail in this review study. The current

investigation includes utilizing elite breeding lines as association mapping

population, optimizing the choice of GWAS selection, population size, and

hurdles in phenotyping, and statistical methods which will analyze competitive

traits in legume breeding.
KEYWORDS
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Introduction

The term legume originated from the Latin word “legumen”,

which denotes “seeds harvested in pods”. During the Neolithic

Revolution, which marked the beginning of human farming

methods, farmers were accompanied by legumes that belong to

the family Fabaceae. It is acknowledged that inadequate protein-

energy intake and micronutrient deficits are two of the primary

causes of undernutrition. Legumes play a minor but significant role

in our food system. They are the superior economical dietary

solutions due to their rich protein content (17%–30%) and

relevant nutritional richness compared to expensive food sources

containing animal-based protein and dairy products that may be

difficult to obtain in situations where there is food insecurity

(Marinangeli et al., 2017).

Compared with cereals, legumes provide a substantial quantity

of protein throughout the complete plant, notably in grains. The

incorporation of leguminous crops in cropping systems enabled an

enhancement in soil quality (Hasanuzzaman et al., 2020). Legumes’

ability to fix atmospheric nitrogen in symbiotic relationships with

soil bacteria such as Rhizobium and Brady rhizobium minimizes

the requirement for chemical fertilizers during crop growth and

contributes to a reduction in greenhouse gas emissions like nitrous

oxide (N2O) and carbon dioxide (CO2). In addition, they can help

to reduce the utilization of fossil-based energy inputs in the chain of

agriculture and food production by infusing high-quality organic

matter, facilitating nutrient circulation, and promoting water

retention in the soil (Stagnari et al., 2017). Legumes are rich in

nutraceuticals, such as vitamin B6, calcium, magnesium, sodium,

zinc, copper, and manganese. Thus, it is crucial to expand the

genetic background and foster the breeding of legume crops, which

will serve the needs of the growing human population under

changing climatic conditions. Therefore, it is essential to come up

with high-yielding cultivars that have enhanced resistance to

diseases, higher nitrogen fixation ability, and tolerance to abiotic

and biotic stresses, which can be achieved using biotechnological

and genomics-assisted breeding approaches.

Genome-wide association study (GWAS) is an effective

technique for determining the genes underlying a particular trait.

To accomplish this, it is ideal to assess the genomic regions where
02176
genotypic and phenotypic variations are correlated with each other.

In comparison to standard biparental populations, GWAS offers

greater mapping precision for detecting interactions among

molecular markers and desirable characteristics in a variety of

crops (Liu et al., 2016; Cui et al., 2017). It has become a vital tool

in agricultural genetics due to its techniques that build upon the

mixed linear model (MLM) framework and deliver radically

improved computational speed and statistical power.

Furthermore, improvements can be applied in fields like omic-

wide association studies, which utilize GWAS techniques to analyze

relationships among desirable morphological traits and other kinds

of omics data that include transcriptomic or metabolomic. GWAS

requires structuring the population of diverse panels to estimate

genetic distinction and minimize the detection of spurious

connections (Sul et al., 2016). Breeders can develop new varieties

owing to recent innovations in NGS applications and technologies

that enable advanced tools to characterize genetic variation at a high

resolution (Gali et al., 2019). The ultimate objective of this review is

to quantify the genetic diversity, GWASs, and other related aspects

or techniques that could be used to break the plateau of yield in

legume crop production and can be utilized for further

crop improvement.
Mapping population in association
studies

Association mapping (AM), an alternative to QTL mapping, is

dependent on linkage disequilibrium (LD) and uses collections of

genotypes with known or unknown ancestry that have a significant

degree of genetic variation due to hundreds of recombination

cycles. The ultimate goal of association studies is to find a strong

correlation between a genome-wide DNA marker and an

interesting attribute that can be highly useful in marker-assisted

selection for crop development. GWAS and candidate gene (CG)–

based analysis are two important approaches to AM.

The creation of a mapping population that will be tested for the

marker–trait relationship is a prerequisite for the GWAS. Both

broad-based natural populations and narrow-based breeding

populations can be utilized as the mapping population for GWAS
frontiersin.org

https://doi.org/10.3389/fpls.2023.1123631
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Susmitha et al. 10.3389/fpls.2023.1123631
(Figure 1). The sort of mapping population needed for the success

of GWAS hangs significantly on the mode of pollination

(inbreeding or outbreeding) of the plant species. Both natural

diverse germplasm panels and family-based breeding populations

can be used for this. Among the breeding population, both

biparental and multiparental mapping populations such as

Multiparent Advanced Generation Inter-Cross ([MAGIC),

Multiline Cross Inbred Lines (MCILs), Recombinant Inbred

Advanced Intercross Lines (RIAILs), Nested Association Mapping

(NAM), and Random Open- parents Association Mapping

(ROAM) are being used for AM in several crop plants.

Populations such as doubled haploid NAM (DH-NAM),

backcross NAM (BC-NAM), and advanced backcross NAM (AB-

NAM) that are modifications of NAM have also been used in recent

times. The selection of the mapping population should be taken care

of enough to avoid the false-positive marker–trait association.

Because of the problematic inconsistent phenotyping scores of

segregating lines over the years and location, heterozygote

segregating individuals should not be included with the inbred

lines as one population when creating the AM panel. When

significant features like days to bloom and maturity are

influencing the target trait, extreme genotypes should be

eliminated from the AM panel for proper scoring of trait data

(Kulwal and Singh, 2021). Each population has unique virtues and

flaws, which will also be discussed further in the review study.
Natural population and elite
breeding lines as association
mapping population

Any naturally occurring panmictic population with a significant

history of recombination events can undergo AM. Utilizing

hundreds of recombination events makes it simple to do an LD
Frontiers in Plant Science 03177
analysis of the target characteristic. These populations, however, are

not appropriate for QTL mapping. When a germplasm accession

collection represents the natural population, it may be a core

collection or a sample that is more resilient to environmental

changes. The population is excellent for assessing the QTLs for

rare alleles that can help develop elite breeding lines or highly

heritable domestic features. QTLs for some agronomically key

characteristics have been uncovered in germplasms of several

crops using GWAS, such as in 135 pea accessions (Gali et al.,

2019), 366 sesame accessions (Cui et al., 2017), and 119 accessions

in rice (Pawar et al., 2021).

The cultivars and lines created by a deliberate breeding program

are known as elite inbred lines. These lines are unbreakable and can

be maintained by numerous researchers in various places to identify

QTLs using an AM panel. For instance, two AM panels of maize

having 306 dent corn and 292 European flint corn inbred lines were

individually assessed using single-nucleotide polymorphism (SNP)

markers in the cold and control growth chamber conditions to

identify genes related to cold tolerance (Revilla et al., 2016). For

GWAS research in sorghum, AM panels of 377 tropical accessions

from various geographic and climatic zones, significant U.S.

breeding lines, and the wild species have been brought together to

be used as AM panels (Casa et al., 2008). GWASs in legumes mostly

include the natural populations and elite advanced breeding lines

(Table 1), whereas GWAS using artificial mapping populations is

more or less a recent phenomenon, and they are still underway.
Biparental mapping population and
association mapping

Recombinant inbred lines (RILs) and Near Isogenic Lines

(NILs) are the most used biparental population, usually used for

linkage mapping or Quantitative Trait Locus (QTL) or QTL
FIGURE 1

Types of mapping population used in GWAS studies along with their brief properties.
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TABLE 1 GWAS studies for various traits in different leguminous crops.

Crop Mapping
population

Traits QTLs/Marker trait
associations

References

Gram 132 varieties
and Advanced
Breeding Lines

(ABLs)

Yield traits 38 MTAs (marker
trait association)

Li et al. 2018

192 desi &
kabuli

accessions

Seed weight 8 MTAs Bajaj et al., 2016

182 diverse
genotypes

Phenological, physiological
and yield traits

14-34 MTAs in
different environment

condition

Jha et al. 2021

75 ABLs Fusarium wilt 3 MTAs Jha et al. 2021

165 chickpea
genotypes

resistance to Ascochyta rabiei 30 MTAs Farahani et al. 2022

280 accessions
Grain Nutrient and
Agronomic Traits

20 and 46 MTAs for
grain nutrient and
agronomic traits,

respectively

Srungarapu et al., 2022

Arhar Diverse
collection of 142
pigeonpea lines

Flowering related traits 22MTAs
Kumar et al. 2022

Pangenome
based on 89
accessions

9 agronomic traits 229 MTAs Zhao et al. 2020

Faba beans 481 elite
breeding lines

Agronomic Traits 30 MTAs Keller et al., 2020

Lentil 188 lines of the
USDA Lentil

Core Collection

Pea aphid 15 candidate genes Das et al. 2022

Pea 135 pea
accessions

Agronomic and Seed Quality
Traits

251 MTAs Gali et al., 2019

135 pea
accessions

Heat and Drought
Adaptive Traits

15 MTAs Tafesse et al. 2021

Mungbean 127 test
genotypes

Mungbean yellow mosaic
India virus resistance

15 MTAs Singh et al. 2020

95 cultivated
mung bean
genotypes

Seed Mineral content 43 MTAs Wu et al. 2020

Blackgram 100 diverse
genotypes

Agronomic traits 42 QTLs Singh et al. 2022

99 diverse
genotypes

Agronomic traits 83 MTAs Nkhata et al. 2021

Soybean Protein, Oil, unsaturated
fatty acid, oleic acid

SNP (Hwang et al., 2014; Zhang et al., 2019; Zhao et al., 2019; Liu et al., 2020)

Nematode resistance, Iron
deficiency and Canopy wilt,
brown stem rot, Diseases

resistance

SNP (Butenhoff, 2015; Vuong et al., 2015; Chang et al., 2016; Rincker et al.,
2016; Zhang et al., 2017a; Zhang et al., 2017b; Zatybekov et al., 2018; Do

et al., 2019; Ravelombola et al., 2019; Tran et al., 2019; Che et al., 2020; Lin
et al., 2020)

(Continued)
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mapping. Whereas the power of QTL identification is higher in

linkage mapping as compared to AM, the resolution has a reverse

relationship with both mapping schemes. The concept of joint

linkage AM (JLAM) was introduced to fully exploit the

capabilities of both mapping methods. JLAM uses either a

biparental population set or one or more multiparental AM

panels, or two sets of genotypes consisting of germplasm and

biparental mapping populations, which are genotyped utilizing

the same set of markers (Myles et al., 2009; Lu et al., 2010; Reif

et al., 2010 and Wurschum et al., 2012). Hence, JLAM is also
Frontiers in Plant Science 05179
recognized as integrated mapping that identifies more significant

marker–trait associations and increases the power of AM. Using

JLAM (by combining germplasm accessions and full-sib F2

population of a bioenergy crop Shrub willow (Salix sp.) identified

several major QTLs along with QTL hotspots (Carlson et al., 2019).

Several studies using JLAM include QTL identification and CG

identification for drought tolerance in maize (Lu et al., 2010),

pleiotropic QTLs for silique length and seed weight in rapeseed

(Li et al., 2014), and the epistatic QTLs for agronomically important

characters in sugarbeet (Reif et al., 2010). Recent studies claim that
TABLE 1 Continued

Crop Mapping
population

Traits QTLs/Marker trait
associations

References

Salt tolerance, Flood
tolerance, Drought tolerance,

Water Use Efficiency

SNP (Dhanapal et al., 2015; Zeng et al., 2017; Chen et al., 2018; Khan et al.,
2018; Yu et al., 2019; Assefa et al., 2020)

Agronomic trait SNP (Wen et al., 2015; Zhang et al., 2015; Contreras-Soto et al., 2017; Yan et al.,
2017; Zhang et al., 2021; Zatybekov et al., 2017; Pan et al., 2018; Hu et al.,

2019a; Li et al., 2019; Kim et al., 2020)

Physiological traits SNP (Sui et al., 2020; Wang et al., 2020; Yang et al., 2020)

Groundnut 170 genotypes Quality traits SNP (Shaibu et al., 2019a)

125 ICRISAT
groundnut mini
core collection

Physiological traits SNP (Shaibu et al., 2019b; Shaibu et al., 2020)

158 peanut
accessions; 195

peanut
accessions

Agronomic traits SNP (Zhang et al., 2017c; Wang et al., 2019)

120 genotypes Disease resistance SNP (Zhang et al., 2019; Zhang et al., 2020)

249 peanut
accessions

Abiotic stress tolerance SNP (Zou et al., 2020)

Chickpea Agronomic traits SNP (Bajaj et al., 2015a; Bajaj et al., 2016; Kujur et al., 2015a; Upadhyaya et al.,
2015; Upadhyaya et al., 2017; Basu et al., 2018; Orsak et al., 2019; Fayaz

et al., 2022; Srungarapu et al., 2022)

Abiotic stress tolerance SNP (Thudi et al., 2014; Li et al., 2018; Kohli et al., 2020; Ahmed et al., 2021;
Kalve et al., 2022)

Physiological traits SNP (Basu et al., 2019)

Quality traits (Upadhyaya et al., 2016a; Upadhyaya et al., 2016b; Parida et al., 2017;
Samineni et al., 2022)

Biotic stress resistance (Li et al., 2017; Agarwal et al., 2019; Agarwal et al., 2022; Farahani et al.,
2022; Raman et al., 2022)

Beans Agronomic traits/ Quality SNP (Warsame et al., 2019; Rasool et al., 2022)

Abiotic stress SNP (Ali et al., 2016; Li et al., 2017; Hu et al., 2019b; Breria et al., 2020; Abou-
Khater et al., 2022; Maalouf et al., 2022; Sallam et al., 2022)

Biotic stress SNP (Faridi et al., 2021)

Lentils Agronomic traits SNP, SSR (Kumar et al., 2018a; Kumar et al., 2018b; Singh et al., 2019; Karthika et al.,
2021; Neupane et al., 2022)

Quality traits, Seed quality SNP (Khazaei et al., 2017; Khazaei et al., 2018; Johnson et al., 2021; Hang, 2022;
Puspitasari et al., 2022)

Biotic stress SNP (Banoo et al., 2020; Gela et al., 2021)

Abiotic stress SSR (Singh et al., 2017; Kumar et al., 2019; Ma et al., 2020)
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regulating population structure and addressing rare alleles can be

accomplished through cofactors and a demographic effect

accounting for JLAM, which enhances the predictive power of the

methods (Wurschum et al., 2012).
Multiparent mapping population
for GWAS

The multiparent populations include several founder parents,

which reflect wider genetic diversity. Hence, in AM studies, the use

of multiparent mapping populations helps limit the demerit of

recombination frequency in biparental populations. Multiparent

mapping populations provides tools to control population structure

and balance allele frequencies. The historical and artificial

recombinational events of the multiparent mapping populations

such as NAM and MAGIC populations and their derivatives

increase the efficiency of QTL identification in AM. Because of

the controlled crosses, NAM population has higher power because

of maximized population structure and minimal familial

relatedness and accumulated frequency of rare alleles. The

population facilitates cost-effective GWAS and allows the

perpetual sharing of the NAM panel with global researchers.

To generate sets of RILs, NAM populations can be developed

using reliable mating strategies such as diallel mating, NCD-II

(North Carolina design II), eight-way cross, and single/double

round robin. NAM population was first developed in maize using

RILs developed from a diverse set of parents. Twenty-five diverse

families in maize were used to develop 5,000 RILs that were

evaluated for southern leaf blight disease resistance (Kump et al.,

2011), and the wide diversity helped in the identification of 32 QTLs

for the trait. A NAM population was developed using 23 different

inbreds of barley in a twofold round-robin design to identify QTLs

and CGs for grain morphology (Shrestha et al., 2022). NAM

population has been established in both autogamous and

allogamous species such as barley, rice, wheat, sorghum, and

maize (Maurer et al., 2015; Bajgain et al., 2016). Several

modifications of NAM, such as DH-NAM, BC-NAM, and AB-

NAM, have also been used in recent times. An AB-NAM of barley

consists of 796 BC2F4:6 lines, which were derived from 25 wild

barley accessions by backcrossing to the cultivar Rasmusson (Nice

et al., 2016). Using 384 SNPmarkers, the AB-NAM population with

minimal undesirable and unadapted characteristics of the wild

barley parents was genotyped and encountered 10 QTLs for grain

protein content (Nice et al., 2016).

A MAGIC population is created by a group of RILs from a

complex cross or a group of crosses with numerous parents.

Multiple rounds of recombination occur as these populations

mature, improving the accuracy of desirable recombination and

desirable alleles, thereby increasing the resolution of QTL mapping.

With the aid of single seed descent (SSD), highly homozygous lines

will be developed to establish the MAGIC population. To develop

MAGIC populations for wheat and rice that can be deployed for

QTL mapping, indica and japonica lines have been adopted. Seven

cycles of SSD selfing resulted in 305 F8 lines in cowpea (Vigna
Frontiers in Plant Science 06180
unguiculata) (Huynh et al., 2018). In the MAGIC indica rice

population, 400 lines from S2 bulk were chosen on the basis of

agronomic attributes and evaluated in mega-environment trials to

select elite lines (Bandillo et al., 2013).
New high-throughput genotyping
technologies for plants

The molecular markers are being progressively used to expedite

breeding efforts in the post-genome sequencing era. Modern plant

breeding is shifting from classical breeding to molecular breeding,

where various genotyping technologies are being used for the

discovery of molecular markers. In the last decade, a huge

number of molecular markers were used for structural analysis of

large germplasm populations to understand the diversity and use in

GWAS. The whole-genome sequencing for most of leguminous

crops has already been completed. Chromosome-level genomes are

completed for most of the leguminous crops (Varshney et al., 2013).

In the pre-genome sequencing era, the simple sequence repeat

(SSR) markers were very powerful and potentially used for

GWAS analysis. SSRs are tandem repeats highly polymorphic,

abundant, co-dominant, and distributed throughout the genome.

However, SSR markers are very laborious and time-consuming

when compared with modern genotyping platforms such as double-

digest restriction site–associated DNA sequencing (ddRAD-Seq) or

specific locus amplified fragment sequencing (SLAF-Seq), whole-

genome resequencing (WGRS), genotyping-by-sequencing (GBS),

SNP-chip arrays, diversity array technology (DArT) array

technology. With Illumina, gigabases of DNA sequencing data

may be generated in a short period and cost-effectively in the

NGS era (Bentley et al., 2008), Roche (Rothberg and Leamon, 2008),

and AB-SOLiD (Pandey et al., 2008).

Molecular markers have become crucial components in

molecular breeding over the past 2 years (Nadeem et al., 2018;

Horst and Wenzel, 2007; Eathington et al., 2007). Molecular

breeding has gained popularity and has been accepted by plant

scientists because of its rapid and precise results for germplasm

classification, back cross-breeding, and marker-assisted selection

(Kumar et al., 2011; Nair and Pandey, 2021). A plethora of studies

has been done using molecular markers (Kujur et al., 2015a; Wu

et al., 2010; Song et al., 2013; Deokar et al., 2014; Shao et al., 2022).

Different types of markers have been used for genotyping of legume,

which includes rapid amplified polymorphic DNA (RAPD) (Doldi

et al., 1997; Thompson et al., 1998; Iruela et al., 2002; Talebi et al.,

2008), amplified fragment length polymorphism (AFLP) (Nguyen

et al., 2004; Singh et al., 2008; Ude et al., 2002), inter-SSR (ISSR)

(Yadav et al., 2014; Bhagyawant and Srivastava 2008; Iruela et al.,

2002; Souframanien and Gopalakrishna, 2004), and SSR (Saxena

et al., 2010; Choudhary et al., 2012; Zavinon et al., 2020).

However, continuous improvement of next-generation

sequencing (NGS) technologies in recent years has made it cost-

effective and accessible for any crop, including legumes (Poland

et al., 2012). Reference genome sequencing has been completed in

some legume crops like soybean, pigeon pea, groundnut, cowpea,
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chickpea, and common bean (Afzal et al., 2022; Salgotra and

Stewart, 2022). The currently available NGS technologies

sequence each molecular or base pair of the DNA of any

organism and make it feasible for us to identify the number of

SNP markers with high precision and in a very short period (Liew

et al., 2004). Although SNPs are biallelic and their polymorphism

information is much lower compared to SSRs, they cover a

significantly large part of the genome, which makes them markers

to go for GWASs. In the last decade, a plethora of genotyping

studies were carried out using SNPs in chickpea (Kujur et al., 2015b;

Gaur et al., 2012; Hiremath et al., 2012; Deokar et al., 2014), pigeon

pea (Raju et al., 2010; Singh et al., 2016; Arora et al., 2017),

groundnut (Varshney, 2016; Pandey et al., 2017; Abady et al.,

2021), soybean (Wu et al., 2010; Song et al., 2013; Shao et al.,

2022), and other legume crops (Bohra et al., 2021; Shilpa and

Lohithaswa, 2021).
PCR-based genotyping methods

Amplification of DNA segments with PCR leads to the

development of multiple genotyping methods. If the primers in

a PCR reaction include the variation of interest, then it is called as

allele-specific PCR. Allele-specific markers are generally used

during foreground selection during marker assisted selection.

PCR-Restriction Fragment Length Polymorphism (RFLP) is

another method of PCR-based genotyping (Saiki et al., 1985),

where the genomic region of interest is PCR-amplified using the

markers and then digested with restriction enzymes specifically

recognize a DNA sequence, so that the digested product can

produce alleles of different size, which can distinguish among

the individuals. Microsatellites or short tandem repeat

polymorphisms are ideal markers for PCR-based genotyping as

the length of the amplified DNA fragment varies based on repeats

of microsatellites in the genome (Weber and May, 1989). Before

NGS technologies, a variety of DNA-based markers have been

developed and used for genotyping, for instance, RAPD, SSRs

(Hong et al., 2021), ISSRs, and AFLP. Among them, SSRs were

most widely used in genotyping and genetic mapping studies.

PCR-based genotyping methods are cheaper as compared to NGS

technologies. However, the PCR-based genotyping methods are

laborious and not highly efficient as NGS-based genotyping. The

NGS-based genotyping includes restriction digestion of DNA and

sequencing of libraries.
Double-digest restriction site–
associated DNA

Although the SSRs are a potent marker system because of high

reproducibility, co-dominance, and polymorphism, it is time,

therefore, to generate the thousands of genome-wide SNP

markers, restriction-sites associated with DNA sequencing

(RADSeq) for large populations to study population genetics and

genetic dissection of complex traits (Davey and Blaxter, 2011).

However, in RADSeq, ~30%–50% of data were discarded because of
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repeated variable sites. The more reliable technique of double-digest

restriction site–associated DNA sequencing (ddRAD-Seq) was

developed to boost the efficiency (Peterson et al., 2012). The

ddRAD-seq simultaneously uses two restriction enzymes to

decrease the genome entanglement and library preparation cost

by five-folds and can capture the genomic regions in hundreds of

thousands for enhanced representation of the genome. It was

successfully used in genetic mapping studies in peanut to map the

QTLs for late leaf resistance and plant type–related traits (Zhou

et al., 2014; Zhou et al., 2016). The ddRAD-seq was further

advanced to reduce the repetitive DNA sequences, and the

optimized version of ddRAD-Seq was developed called SLAF-Seq.

The steps in SLAF-Seq are the same as in ddRAD-Seq. The DNA

fragments are optimized for even distribution and to reduce the

repetitive sequences. However, both technologies do not cover the

whole genome (Sun et al., 2013).
Genotyping-by-sequencing

GBS is a robust genotyping technology used for SNP discovery

for a multitude of applications (Elshire et al., 2011). It is a variation

of ddRAD-seq, first discovered in maize and barley used for

genotyping recombinant inbred line populations. In GBS,

methylation-sensitive restriction enzymes play a vital role in DNA

digestion that lessens the genome complexity while constructing the

sequence libraries. The genomic areas that are difficult to access to

contemporary sequencing techniques can be captured by GBS. The

GBS was efficiently used in groundnut for trait mapping (Jadhav

et al., 2021) and diversity analysis (Khera et al., 2013). Pandey and

co-workers (2014) performed GWAS analysis using SSR and GBS-

based SNP genotyping data to identify the SNPs associated with

aflatoxin contamination and agronomic traits in groundnut. GBS

was used for genotyping cultivated and wild accessions of chickpea

to discover 82,489 SNPs used for diversity, population structure,

and LD analysis (Bajaj et al., 2015a; Kujur et al., 2015a). A total of

3,187 SNPs were used to reveal the genetic cluster associated with

black-seeded genotypes of chickpea. GBS was also used for

genotyping biparental populations in trait mapping studies to

identify the QTLs for sterility mosaic disease (Saxena et al.,

2017a), fusarium wilt (Saxena et al., 2017b), and fertility

restoration (Saxena et al., 2018) in pigeon pea. In chickpea,

drought tolerance–related “QTL-hotspot” was discovered with 743

SNP loci (Jaganathan et al., 2015), and 3,228 SNP loci were used for

mapping and identification of CGs of seed traits (Verma et al.,

2015). The multiplex sequencing strategy by using adapter

sequences makes GBS very inexpensive. However, it produces

more missing calls, and imputations are highly recommended

during quality analysis. However, GBS is also incomplete, as its

sequencing covers only a limited genome (~2.5%). GBS has replaced

the previous genotyping markers, i.e., RAPD, ISSR, and SSRs, as it

requires less time and labor and is highly cost-effective. GBS

technology has been done in legumes like chickpea and soybean

(Shingote et al., 2022; Torkamaneh et al., 2021; Iquira et al., 2015;

Bajaj et al., 2016; Sudheesh et al., 2021; Kujur et al., 2015b; Verma

et al., 2015).
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Diversity array technology

The polymorphic DNA segments called DArT markers in a

genome are recognized through differential hybridization on a

diversity genotyping array (Jaccoud et al., 2001). DArT is a very

cost-effective whole-genome DNA fingerprinting tool for a variety

of genetic analyses. It is a high-throughput sequence–independent

technology that combines restricted-based hybridization and PCR.

It is a very efficient marker system that can discover thousands of

polymorphic sites in a very short time in any crop species. DArT is

very popular in terms of high genome coverage, speed,

reproducibility, and reliability (Aitken et al., 2014). Furthermore,

polymorphic fragment calling does not require the reference

genome. The DArT technology can be effectively used for

genomic selection (GS) (Varshney et al., 2017) and marker-

assisted selection (Stojaowski et al., 2011). However, the DArT

markers are redundant due to clones with common sequences.

Therefore, the presence of redundancy and markers with low

frequencies (~41%) may affect the statistical analysis that is

needed to filter out. DArT procedure includes generating a

diversity panel followed by genotyping using a diversity panel.

The first-ever genetic map of any legume crop was designed using

DArT technology by Yang and coworkers (2011) in pigeon pea. A

biparental population (F2) was screened using 554 DArT markers.

Olukolu et al. (2012) used the DArT marker technology for genetic

diversity assessment of 124 accessions of groundnut representing 25

countries of Africa. Roorkiwal et al. (2014) used the DArT markets

to diversify the 10 Cicer species, including 94 genotypes. Aldemir

and coworkers (2017) used an advanced version of DArT

technology, i .e . , DArt sequencing (DArTseq), for the

identification of QTL for iron content in lentil seeds. DArTseq is

also a hybridization-based technology but combines with NGS and

provides a much simpler form of sequencing than DArT (Courtois

et al., 2013; Aldemir et al., 2017). Ates (2019) estimated the genetic

diversity of 94 lentil landraces with DArt-based 19,383 SNPs.
SNP arrays

NGS technologies discovered an ample number of SNP markers

because the demand for high-throughput genotyping has increased.

The hybridization-based microarray or SNP arrays are very popular

in genetic mapping, diversity analysis, and population genomics

(You et al., 2018). SNP array or DNA microarray are highly

polymorphic and use designed probes hybridized with fragmented

DNA, which determines the alleles of all the SNP positions for

hybridized DNA samples (LaFramboise, 2009). On the basis of the

density, the SNP arrays can be divided into high-density (>50K),

mid-density 5–10K), and low-density (>5K) SNP arrays. High-

density SNP arrays can be used for high-density genetic mapping,

GWAS, and population genomics studies. Mid-density assays can

be used in GS because a few thousand SNPs are enough based on

the genome size of the individual. However, the low-density SNP

arrays can be used for foreground and background selection during

marker-assisted selection and several breeding purposes. For
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instance, the quality control panel of rice is a low-density SNP

array (25 SNPs), highly used for F1 confirmation, hybrid purity

testing, and DNA fingerprinting in rice (Ndjiondjop et al., 2018).

SNP arrays have been efficiently developed in several crops for

genotyping, such as maize (600K SNP array) (Unterseer et al.,

2014), apple (480K SNP array) (Bianco et al., 2016), and rice (700K

SNP array) (McCouch et al., 2016). In leguminous crops such as

peanut, the SNP Arachis array with 58K SNPs (Pandey et al., 2017)

was very successful for genetic mapping (Pandey et al., 2020) and

association analysis (Gangurde et al., 2020) for several traits. In

pigeon pea, 56K Axiom Cajanus SNP Array and chickpea 11K

Axiom Cicer SNP Array were developed (Roorkiwal et al., 2018).

However, they are fixed and may not capture all recombination or

diversity in an association panel, which are the limitations of SNP

arrays. For instance, for genotyping a multi-parent population such

as MAGIC or NAM, the whole-genome resequencing–based

genotyping is helpful to capture maximum recombination regions.
Whole-genome resequencing

Advanced NGS technologies reduced per-sample sequencing

cost, and WGRS-based genotyping was used for many populations

to identify the presence of absence variations for genome-wide

association analysis. WGRS can be carried out at high depth or low

depth based on the objective of the study. For instance, in the case of

genetic mapping, 0.5–1.0X coverage is sufficient; however, for

GWAS, 10–15X coverage can be used. Several NGS platforms can

be used for generating WGRS data, such as Illumina Hi-seq (read

length of 150–250 bp), PacBio (10–25Kb), and NanoPore (read size

of 500 bp to 2.3 Mb). Large LD blocks (several hundred kilo–base

pairs) in plants, specially self-pollinating. Large LD blocks include

several CGs. Therefore, with dense genotyping, we can have SNP

variants in each of the CGs in the block and individual CGs can be

identified using GWAS carried out on WGRS genotyping data. A

gene for salinity tolerance Glyma03g32900, using sequencing data

on 106 soybean diversity panels and the SNP-based KASP markers,

was developed to improve salinity tolerance in soybean (Patil et al.,

2016). Recently, 2,980 chickpea accessions are sequenced to

discover 3.94 million SNPs, phenotyping data on 16 traits was

used for GWAS analysis and identified 205 SNPs associated with 11

traits, and the associated SNPs were in the genomic regions of 79

CGs playing a role in controlling key traits like seed weight

(Varshney et al., 2021).
Alleviating the phenotyping
bottleneck

In the era of different omics like genomics, transcriptomics, and

proteomics with the help of NGS technologies, genotyping of large

germplasm at multiple locations has become feasible for plant

scientists. Thus, phenotyping these large germplasms/populations

with higher accuracy have become difficult. Thus, high-throughput

genotyping technologies have shifted the bottleneck of plant science
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from genotyping to phenotyping (Mir et al., 2019). Thus, it has

become the need for time to develop high-throughput phenotyping

(HTP) approaches (Mir et al., 2019). Several advanced artificial

intelligence–based HTP platforms have been developed for crops

like rice, maize, and Arabidopsis (Yang et al., 2020). Still, a lot of

improvement is required in HTP, which can record multiple

phenotypic traits in less time and manpower, which can be

associated with large genotypic data of large populations (Mir

et al., 2019). The major limitation in phenotyping is recording the

multiple traits (agronomic traits, physiological traits, and stress-

related scoring) data of large populations at multiple locations in

several replications (Furbank and Tester, 2011). There are a lot of

chances for error in phenotypic data when recorded manually, and

less accuracy leads to false significant associations with molecular

markers and wrong interpretation of alleles and genes. HTP is a

non-destructive data recording method that allows the plant

scientist to increase the size of the experiment by the number of

genotypes or replication, or locations (Awlia et al., 2016).

PHENOPSIS was one of the first automated imaging and

weighing systems developed in Arabidopsis to estimate its

response to water deficiency (Granier et al., 2006). However, it

has its limitations. HTP platforms are of two types, i.e., HTP

platforms for greenhouse or laboratory experiments and open

field experiments (Shafiekhani et al., 2017). Although, HTP

technologies have been used successfully for genetic dissection of

agronomic traits in major field crops like rice, maize, wheat, barley,

and brassica (Zhang et al., 2017a; Shi et al., 2013; Yang et al., 2014;

Muraya et al., 2017; Topp et al., 2013; Tanabata et al., 2012). The use

of these HTP platforms in legume crops is yet to be evaluated at the

large fields, population, and multiple location levels (Zhang et al.,

2021). A handful of studies has been conducted on legumes such as

pea, soybean, and chickpea using a HTP approach for biotic and

abiotic stress (Zhang et al., 2012; Friedli et al., 2016; Humplıḱ et al.,

2015). Zhang et al. (2021) used the quadcopter unmanned aircraft

vehicle multispectral imaging data to predict the yield of chickpea

and dry pea with a multivariate regression model. Humplıḱ et al.

(2015) used the automatic red blue green image analyzing software

in pea to estimate the shoot biomass and photosynthetic activity for

cold tolerance. Friedli et al. (2016) used the yerrestrial 3D laser

scanning system in soybean for canopy-related traits.
Advanced methods and tools
for GWAS

GWAS has continuously expanded in the last few decades due

to advancements in sequencing technologies and the collective

effort of the research community. In addition, HTP technologies

have allowed us to measure many plant traits that are now

frequently analyzed through GWAS tools. Recent years have seen

GWAS methods solving issues of computation complexity or

enhancing statistical power. It is utilized to detect new

associations with traits of interest and to replicate loci detected by

other different approaches. A diverse set of researchers is involved

in rare-variant detection, statistical model optimization, synthetic

associations, and using GWAS findings to better our knowledge of
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disease etiology. These methods can detect genetic variants

associated with biochemical or agronomic and molecular

phenotypes. In the future, this will enhance the utility of GWAS

methods and their implications for plant science.
Naïve methods

In the GWAS, linear or logistic regression models are used to

test for associations. The linear model is used for continuous traits

such as plant height, whereas logistic regression models are used for

binary traits indicating that the disease is present or absent. In

addition, some covariates are included to account for confounding

effects from demographic factors. However, naïve approaches often

suffer from inflated false-positive rates that might be induced due to

genetic relatedness among study participants (Oetjens et al., 2016).

In GWAS, usually, diverse populations are selected, which often

have related individuals, making subpopulations within the

population. This might lead to spurious associations between

SNPs that are more common in each subpopulation and

phenotypes of interest if the phenotype has a higher prevalence in

that subpopulation.
Mixed linear model methods

The MLM frameworks used in GWAS have drastically decreased

the false-positive rates in comparison with conventional naïve

approaches. Among these, the fast GWA tool is an ultra-efficient

tool for MLM-based GWAS analysis of biobank-scale data (Jiang

et al., 2019). MLM approaches resolve the issue of genetic relatedness

among individuals following correction at two levels. These refer to

population structure and kinship (Yu et al., 2006). At the first level,

the population structure is inferred using genotype data with

STRUCTURE tool (Pritchard et al., 2000) or through principal

component analysis (Price et al., 2006). The kinship matrix is used

at the second level to estimate inter-individual relatedness using the

genotype data (Yu et al., 2006). In recent years, many methods have

been developed to efficiently solve MLM equations. For instance, a

recently available method referred to as EMMA (efficient mixed-

model association) provided superior computational speed by

eliminating the duplicate matrix operations at each iteration while

estimating the likelihood function (Kang et al., 2008). MLM-based

methods become computationally intensive for large numbers of

samples. The FaST-LMM solves this issue but requires that the

number of SNPs be less than the number of samples to derive

kinship. The SUPER (Settlement of MLM Under Progressively

Exclusive Relationship) method has been developed to extract a

subset of SNPs and use them in FaST-LMM to increase the

statistical power. Moreover, the compress MLM (CMLM) and

enriched CMLM (ECMLM) methods are available for kinship

optimization. The modified MLM method called multiple-locus

linear mixed model (MLMM) incorporates multiple markers

simultaneously as covariates in a stepwise MLM to partially remove

the confounding between testing markers and kinship. Furthermore,

a new method referred to as fixed and random model circulating
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probability unification (FarmCPU) completely removes the

confounding by dividing MLMM into a fixed-effect model and a

random-effect model and using them iteratively. The FarmCPU can

analyze the dataset with half million individuals and half million

markers within 3 days. However, the random-effect model is

computationally intensive in FarmCPU. The new method called

Bayesian information and linkage disequilibrium iteratively nested

keyway (BLINK) replaces the random-effect model with the fixed-

effect model by using Bayesian information criteria. This method also

replaces the bin method used in FarmCPU with LD information to

eliminate the requirement that quantitative trait nucleotides be

uniformly distributed throughout the genome. These all methods

are summarized in Table 2.
Machine learning methods

Recent years have seen tremendous growth in the machine

learning methods targeted for GWAS. The approaches used by

these methods include classification, regression, ensemble-based

learning, and neural networks.
Regression

Logistic regression coupled with the least absolute shrinkage and

selection operator (LASSO) regularization approach is a famous

method for GWAS. The penalized logistic regression method was

used for the classification of patients with Crohn’s disease using

genotyping data at the genome-wide level. The LASSO and ridge

regression are among the most frequently utilized penalized regression

algorithms (Tibshirani et al., 1996; Hoerl et al., 1970). Recently, a faster

and more powerful algorithm was developed by binning the closely
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occurring SNPs based on LD (An et al., 2020). In addition, the SNPs

and phenotypes were mapped using LASSO regression in this method.

This method was found to provide a reduced type 1 error rate in

comparison with regular MLM and LASSO. To discover variations

closely associated with the duloxetine response, some researchers used

the standard genome-wide logistic regression (Maciukiewicz et al.,

2018). In addition, they extracted the top predictors using LASSO

regression. In another study, a preconditioned random forest

regression was used to predict late genitourinary toxicity after

radiotherapy. This preconditioning involved usage of logistic

regression for making a continuous surrogate outcome from the

original binary outcomes, which were followed by random forest

regression where the surrogate outcome is utilized as a target for

prediction. In this study, five-fold cross-validation was conducted for

testing the model stability against existing baseline models (Lee et al.,

2018). The major drawback of regression approaches is the failure to

find higher-order non-linear SNP interactions involved in susceptibility

to diseases. The process developed by Zhang and coworkers (2012)

utilizes prior information from proteomics and biological pathways for

SNP groups. To find the top predictive SNP groups, they used linear

regression standardized by group sparse constraint. In the end, group

LASSO was used for the regularized linear regression (Yuan et al.,

2005). Thus, this approach overcomes the limitations of the regular

MLM used in GWAS.
Classification

Support vector machine (SVM)–based classification methods

such as COMBI have been developed for unknown phenotype

prediction for a given unseen genotype (Mieth et al., 2016). In

this approach, the SNPs having larger SVM weight are chosen, and

the remaining SNPs are removed. Next, a chi-squared test is
TABLE 2 Advanced methods and tools for GWAS.

S.No. Method Description Reference

1. MLM At the first level, the population structure is inferred using genotype data with STRUCTURE tool or through principal
component analysis. The kinship matrix is used at the second level to estimate inter-individual relatedness using the genotype
data.

Jiang et al.,
2019

2. CMLM Clusters the individuals into groups and fits the genetic values of groups as random effects in the model that improves statistical
power compared to regular MLM methods.

Zhang et al.,
2010

3. ECMLM Calculate kinship using several different algorithms and then choose the best combination b/w kinship algorithms and grouping
algorithms.

Li et al.,
2014

4. FaST-
LMM

An algorithm for genome-wide association studies (GWAS) that scales linearly with cohort size in both run time and memory
use. This method requires that the number of SNPs be less than the number of samples to derive kinship.

Lippert
et al., 2011

5. SUPER Uses the associated genetic markers referred as pseudo quantitative trait nucleotides instead of all the markers, to derive kinship. Wang et al.,
2014

6. MLMM Include multiple markers simultaneously as covariates in a stepwise MLM to partially remove the confounding between testing
markers and kinship.

Segura et al.,
2012

7. FarmCPU Uses a bin method under the assumption that quantitative trait nucleotides are evenly distributed throughout the genome.
Completely eliminates the confounding by dividing MLMM into a fixed effect model and a random effect model and using them
iteratively.

Liu et al.,
2016

8. BLINK Replaces the random effect model with the fixed effect model by using Bayesian information criteria. Uses linkage disequilibrium
information to eliminate the requirement that quantitative trait nucleotides be uniformly distributed throughout the genome.

Huang et al.,
2019
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performed, and SNPs that exhibit a p-value below the significant

criterion are taken into consideration for intensive study. The SVM

method separates labeled data points into two groups with a large

difference between them. Some authors proposed using SVM for

genetic risk prediction (Mittag et al., 2012). This method has been

used for genome-wide risk profiling for diseases such as type 1

diabetes and Parkinson’s disease. In this algorithm, model training

is performed using SNP data, which is followed by binary

classification of the test dataset. Another researcher used the K-

nearest neighbor learning algorithm for the classification of

individuals into breast cancer positive and negative groups using

their SNPs (Hajiloo et al., 2013). They used a leave-one-out cross

validation strategy and external holdout methods for evaluating the

performance of their classification algorithm.
Ensemble learning methods

These methods comprise an ensemble of decision trees. For

example, random forest is an example of the ensemble learning

algorithm. A bootstrapped subsample of the initial training dataset

is used to create each decision tree in this instance. Some authors

used gradient-boosting and random forest approaches to identify

potent SNPs (Dorani et al., 2018). Nguyen et al. (2015) used a

random forest method for selecting informative SNPs. They used a

two-stage quality-based approach in model learning for the

selection of informative SNPs. This method seems quite useful for

the high-dimensional GWAS data. They also used five-fold cross-

validation for assessing the potential of the model on different

GWAS datasets. In addition, gradient boosting of decision trees was

used for GWAS datasets. Others proposed using the XGBoost

model for SNP selection (Behravan et al., 2018). This model

could be used as an alternative to polygenic risk scoring. In

addition, SVM classifier is used at the backend for SNP

classification. Using principal component analysis and logistic

regression, Oh et al. (2017) suggested a preconditioned random

forest regression that converts a binary variable into a continuous

variable. Later, Lee and a group of researchers (2020) used this

preconditioned model for predicting the risk of breast cancer.
Neural network-based methods

Liu et al. (2019) developed a convoluted neural network (CNN)

model for phenotype prediction using the SNP dataset. Moreover,

they applied a saliency map for the first time to choose significant

SNPs from training model. They also compared them with

statistical methods such as best linear unbiased prediction and

Bayesian ridge regression (BRR). In this study, association analysis

was performed for quantitative traits of soybean and SNP datasets.

Some authors found that increasing the hidden neuron’s number

does not affect the performance of the classification model for the

case-control settings (Romagnoni et al., 2019). In a different study,

authors compared the deep mixed model constituted of CNN and

long and short-term memory with standard univariate testing and

MLM (Wang et al., 2019).
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Transcriptome-wide association
study methods

Transcriptome-wide association study (TWAS) methods perform

association analysis for gene expression variations and quantitative

traits. TWAS is an approach based on genes with the ability to expand

GWAS for a better understanding of functional relationships in

complex traits. These methods are alternatives to variant-based

association methods representing a subgroup of multi-marker

association or locus-based methods. The locus-based methods have

been so popular due to the larger apprehension and acceptability of the

polygenic framework of the complex traits. In principle, locus-based

approaches rely on multiple genetic variants to estimate the

contribution of a gene or loci. TWAS uses GWAS results and

transcriptome-level information to perform association testing at the

gene level (Pividori et al., 2020). The ability to separate and assess the

analytical procedures in TWAS simultaneously, provides several

opportunities for the development of effective statistical models for

the study of gene disease connections.
PheWAS methods

PheWAS methods perform unique associations in addition to

utilizing known genotype–phenotype associations acquired through

GWAS. These established relationships might serve as “positive

controls” for additional high-throughput analysis. PheWAS

methods suffer from high false-positive rates due to thousands of

genotype–phenotype associations being tested in such studies

(Bastarache et al., 2022). In addition, sample sizes usually also vary

across studies impacting the statistical power and the replication

among studies. PLATO tool is used to identify associations in

PheWAS (Hall et al., 2017). DNAnexus is another tool for genomic

analysis that was hosted on Amazon Web Services. This provides a

distributed cluster of computers on the cloud allowing much lesser

computation time for such studies. With the assistance of the

DNAnexus app for PLATO, scatter-process-gather can be used on

the platform to train regression models concurrently. This scatter-

gather approach initiated multiple AWS virtual machines to

simultaneously fit the regression models. Deep-PheWAS is another

platform for PheWAS that intertwines quantitative phenotypes from

primary care data, disease progression, longitudinal trajectories of

quantitative measures, and drug response phenotypes with the

composite phenotypes generated from clinically curated data

(Packer et al., 2023). Moreover, several tools are available on this

platform for efficiently analyzing the association with genetic data

under different genetic models.
GWAS-assisted genomic selection

GS has been utilized as a practical genomic approach for

upgrading complex traits in various crops (Thudi et al., 2016;

Sandhu et al., 2022). In segregating populations, GS allows

identifying lines with higher genomic estimated breeding value
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(GEBV) using genome-wide marker data. A training population

(TP) is used to estimate GEBV, which consists of elite breeding lines

and is evaluated for multi-seasons and locations for the target

phenotype. Then, a candidate population (CP) is developed by

selecting parents based on the GEBVs. GS utilizes all the available

genome-wide marker data irrespective of any significant effects. The

GS prediction accuracies depend on several factors, including the

genome size, ploidy level, interactions between gene and QTL,

sample number, relatedness, number and distribution of markers,

and model (Yadav et al., 2020). Several statistical methods are used

for GS, including Ridge regression best linear unbiased prediction

(rrBLUP) and genomic best linear unbiased predictor (gBLUP);

both hypothesize a normal distribution of the SNP effects, whereas

Bayesian methods like BayesA, BayesB, BayesC, and BayesR allow

different variance distributions considering marker effect sizes

(Heslot et al., 2012; de Los Campos et al., 2013). On the other

hand, kernel approaches help predict non-additive models along

with complex multi-environment/trait data (Gianola and van

Kaam, 2008; Bandeira E Sousa et al., 2017).

Zhang and coworkers (2016) showed a GWAS-assisted GS with

309 soybean lines and 31,405 SNPs for seed weight using the rrBLUP

approach. They showed GS prediction accuracies of 0.75–0.87,

outperforming marker-assisted selection with prediction accuracies

of 0.62–0.75. Ravelombola et al. (2020) performed a GS approach for

soybean cyst nematode tolerance with biomass reduction using 234

soybean accessions in the greenhouse. They used five methods to

compute GEBVs, including gBLUP (Zhang et al., 2007), random

forest (RF) (Ogutu et al., 2011), rrBLUP (Meuwissen et al., 2001),

SVMs (Maenhout et al., 2007), and Bayesian LASSO (Legarra et al.,

2011). They found that the prediction accuracies were dependent on

the model used, the marker set, and the size of TP. However, the

accuracy of GS was higher than the SNPs from GWAS for all

selection models and TP sizes.

In alfalfa, Li et al. (2015) used clonal ramets from 185 to 190

individuals for GS of biomass yield across three locations and

recorded prediction accuracies of 0.43 to 0.66 for each location.

Another study used 322 individual genotypes from 75 genetically

diverse alfalfa populations. They tested three Bayesian models

(BayesA, BayesB, and BayesC) for 25 agronomic traits, including

forage quality traits, dry matter, and fall dormancy (Jia et al., 2018).

They reported prediction accuracies of 0.0021 to 0.6485 with no

significant differences in the three Bayesian models.

In chickpeas, Roorkiwal et al. (2016) used 320 breeding lines

and six different models, including rrBLUP, RF, Bayesian LASSO,

BayesB, Kinship GAUSS, and Bayes Cp for four traits, i.e., seed

yield, 100 seed weight, days to maturity, and days to 50% flowering.

They reported prediction accuracies ranging between 0.138 (seed

yield) to 0.192 (100 seed weight).

Li et al. (2018) showed low prediction accuracies using rrBLUP,

Bayesian LASSO, and BRR for grain yield/ha, seed number per

plant, 100 seed weight, and early vigor score in chickpea, which can

be attributed to the small size of TP.

In common bean, cooking time (CKT), seed weight, and water

absorption capacity were evaluated using 922 lines consisting of

four populations (a Mesoamerican 8-parental MAGIC population,

a biparental RIL, an Andean, and a Mesoamerican breeding line
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(MIP) panel (Diaz et al., 2020). Six models based on additive effects

(BRR, BayesA, BayesB, BayesC, Bayesian Lasso, and gBLUP) and a

Bayesian reproducing kernel Hilbert spaces regression (RKHS)

models based on both additive and non-additive effects were

used. They reported prediction accuracies for CKT ranging from

MIP (0.22) to MAGIC population (0.55). A recent study showed

prediction abilities ranging between 0.6 and 0.8 were shown in

common bean for four agronomic traits under several

environmental stresses (Keller et al., 2020)

In peanut or groundnut, 281 Kersting’s groundnut lines were

used for GWAS-assisted GSs for several traits, including seed traits,

100 seed weight, leaf length, days to 50% flowering, and days to

maturity using 493 SNPs and rrBLUP model (Akohoue et al., 2020).

They recorded prediction accuracies ranging from 0.42 to 0.79 for

100 seed weight, seed length and width, days to maturity, and days

to 50% flowering. A low prediction accuracy of 0.11–0.20 was

reported for traits including plant architecture traits such as

height and diameter, petiole length, leaf width, number of seeds,

grain yield, number of pods per plant, and number of seeds per pod.

Recently, genomic resources have been made available in some

minor legume crops (Varshney et al., 2019; Bohra et al., 2020). In

peas, the predictive abilities based on Bayesian LASSO model were

0.28, 0.30, 0.64, and 0.65 for lodging susceptibility, yield, seed weight,

and onset of flowering, respectively (Annicchiarico et al., 2019).

Several GS methods were used for predicting GEBVs in legume

crops (Figure 2), but the progress still needs to catch up compared

to grain crops, including wheat, rice, and maize. However, the GS

approach proved helpful and could be applied in the early stages of

legume breeding programs to identify promising progenies and

parents based on the predicted breeding values.
Applications in plant breeding

Since the last decade, GWAS has been successfully used in major

legume crops to dissect or identify the genetic bases for various

agronomic traits (Bajaj et al., 2015b; Kujur et al., 2015a; Wen et al.,

2015; Zhang et al., 2015), quality traits (Hwang et al., 2014; Upadhyaya

et al., 2015; Shaibu et al., 2019a), biotic (Butenhoff, 2015; Zhang et al.,

2019; Banoo et al., 2020; Zhang et al., 2020; Faridi et al., 2021), and

abiotic stress (Thudi et al., 2002; Thudi et al., 2014; Dhanapal et al.,

2015; Assefa et al., 2020; Kohli et al., 2020). A plethora of GWASs have

been conducted using different types of markers (SSR, SNPs, etc.) in

some of the major legumes like soybean (Butenhoff, 2015; Zhang et al.,

2015; Zhang et al., 2019; Assefa et al., 2020), chickpea (Kujur et al.,

2015b; Upadhyaya et al., 2017; Kohli et al., 2020), groundnut (Zhang

et al., 2017c; Shaibu et al., 2019a;Wang et al., 2019), andminor legume

crops (Ali et al., 2016; Faridi et al., 2021). Brief details of GWASs

conducted in legume crops are given in Table 1.

Revolutionization and rapid development in genomic techniques

in the recent past have accelerated molecular studies not only in model

crops but also in other crops like legumes (Varshney et al., 2005).

Sequencing and availability of reference genomes have also made it

feasible for the researchers to identify the alleles/QTL association with

the desired trait in any germplasm. Although the GWAS approach can

be used in any crop with extensive phenotyping and genotyping, it has
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been used in major legume crops like soybean, chickpea, and

groundnut (Mousavi-Derazmahalleh et al., 2019). These major

legume crops’ research community has sufficient funding for high-

throughput genotyping and phenotyping. As these crops cover a

significantly larger area across the globe, significantly diverse and

classified germplasms are available for these crops (Mousavi-

Derazmahalleh et al., 2019). However, GWAS has its limitations like

false-positive association and exclusion of a significant association. All

the limitations can be overcome by accurate phenotyping, large

enough diverse germplasm, multilocation trials for phenotyping, and

accuracy in genotyping. The use of the best suitable model, method,

and bioinformatic tools also determines the accuracy of GWAS. The

development of model tools for legume crops can trigger the GWAS in

major and minor legume crops.
Conclusion and future perspectives

Legumes are an essential component of human nutrition and play

a vital role in sustainable agriculture due to their protein-rich content,

soil quality improvement, and reduced environmental impact. With

the increasing global population and changing climatic conditions,

there is a pressing need to develop high-yielding, disease-resistant

legume cultivars that can meet the nutritional needs of the growing

population. Improvement in the nutritional and production quality of

legume crops with the use of conventional breeding methods is not at

the required rate. Whole-genome sequencing is available only for a few

major crops. As per the availability, low (RFLP) to high-throughput

(SNP)markers have been used in various crops for AM,QTLmapping,

or GWAS. NGS has become feasible in the model and even in non-

model crops with improved efficiency and affordable sequencing

methods. GWAS has been used in major legume crops to identify
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the genomic region linked with desired characteristics of the plant. It is

yet to be exploited in minor legumes with sufficient germplasm/

population. The availability of reference genomes and rapid

development in genomic techniques has made it feasible for

researchers to identify the alleles/QTL association with the desired

trait in any germplasm. The use of suitable models, methods, and

bioinformatic tools determines the accuracy of GWAS. The

development of model tools for legume crops can trigger GWAS in

major and minor legume crops. Authentication or precision of

identified marker–trait association is required for their utilization in

plant breeding programs or MAS/BAC programs. Using NGS and

other high-throughput techniques for sequencing will make it possible

to develop a genomic-assisted crop improvement program in legumes.

Rapid development can be gained concerning agronomic traits, biotic/

abiotic stress tolerance, and after-use quality improvement. Legume

yield potential is meager compared to other major crops; this yield

plateau can be broken in legumes for climate change problems using

GWAS with multi-location phenotyping. The integration of these new

and improved technologies with traditional breeding methods will help

to accelerate the development of new legume cultivars with improved

yield and nutritional qualities.
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