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Abstract. High-throughput genotyping has become more convenient and cost-effective due to recent advancements in next-generation
sequencing (NGS) techniques. Numerous approaches exploring sequencing advances for genotyping have been developed over the past
decade, which includes different variants of genotyping-by-sequencing (GBS), and restriction-site associated DNA sequencing (RAD-seq).
Most of these methods are based on the reduced representation of the genome, which ultimately reduces the cost of sequencing by many
folds. However, continuously lowering the cost of sequencing makes it more convenient to use whole genome-based approaches. In this
regard, skim sequencing, where low coverage whole-genome sequencing is used for the identiﬁcation of large numbers of polymorphic
markers cost-effectively. In the present review, we have discussed recent technological advancements, applicability, and challenges of skim
sequencing-based genotypic approaches for crop improvement programmes. Skim sequencing is being extensively used for genotyping in
diverse plant species and has a wide range of applications, particularly in quantitative trait loci (QTL) mapping, genomewide association
studies (GWAS), ﬁne genetic map construction, and identiﬁcation of recombination and gene conversion events in various breeding
programmes. The cost-effectiveness, simplicity, and genomewide coverage will increase the application of skims sequencing-based
genotyping. The article summarizes the protocol, uses, bioinformatics tools, its application, and future prospects of skim sequencing in crop
improvement.
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Introduction
The concept of forward and reverse genetics was augmented with the introduction of molecular markers.
Molecular markers are used for the genetic characterization of individuals and to associate them with speciﬁc
traits (Scheben et al. 2018). Genotyping data in association with phenotypic data have the potential to accelerate
the pace of genetic research and breeding applications
including genomic diversity, phylogenetic studies, DNA
barcoding, marker-trait association, marker-assisted
selection (MAS), and genomic selection (GS) (Scheben
et al. 2017). Initially, genotyping was based on polymorphism in the restriction site of an enzyme such as
restriction fragment length polymorphisms (RFLPs). With the
discovery of polymerase chain reaction (PCR), PCR-based

markers such as random ampliﬁed polymorphic DNA
(RAPD), simple sequence repeats (SSRs), inter-simple
sequence repeats (ISSRs), and the hybrid of PCR and
RFLP markers like ampliﬁed fragment length polymorphisms (AFLPs) has been designed. The sequenced characterized ampliﬁed region has been developed by
sequencing speciﬁc polymorphic DNA bands from a gel.
Among these markers, SSRs have been widely used for
genetic mapping and diversity studies across a wide array
of crops due to their relative abundance and codominant
nature (Kumar et al. 2008; Rakshit et al. 2010; Kumar
et al. 2014, 2015, 2019). However, most of these markers
have low genome coverage; require large numbers of gel
electrophoresis, time-consuming analysis, and high cost
(Huang et al. 2009). In the present era, these problems to a
large extent have been addressed by next-generation
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sequencing (NGS) based single-nucleotide polymorphism
(SNPs) markers. SNP markers are currently used for highthroughput genotyping because of their high abundance
within genomes and their amenability to automation. Due
to its numerous beneﬁts, SNP became the marker of choice
replacing PCR-based markers (Huang et al. 2009). Initially,
SNP differences among individuals were assessed through
microarray technology that is based on the hybridization of
genomic DNA with oligonucleotides spotted on the gene
chip. Later, the array-based genotyping method was further
improved by adding more markers that enable the identiﬁcation of thousands of markers in a single hybridization
process (Winzeler et al. 1998). However, it has certain
limitations as it involves more laborious and time, expensive to design the chip, and is suited for speciﬁc populations only.
Sequencing-based genotyping and genetic mapping to a
larger extent has been used addressing the issues elaborated
earlier. This is further strengthened through the genotyping
of the large number of samples using a multiplex sequencing
technique (Craig et al. 2008; Cronn et al. 2008). The multiplex sequencing technique allows using more number of
libraries that are to be pooled and sequenced together at high
density in a single instrument. The technique is more useful
when researchers want to target a speciﬁc region in the
genome or the tiny genome (Church and Kieffer-Higgins
1988). The availability of a reference genome for various
plant species increases the applicability of high-throughput
genotyping. Besides that, for crops without the reference
genome, comparative genome alignment of the parental lines
help to establish the relationship of a particular trait with
genotypic variations. Presently, SNP-based genotyping
offers several advantages in terms of cost-effectiveness,
time-saving, genomewide coverage, high resolution, and
establishment of syntenic relationships and has been successfully used for genotype screening, genetic mapping,
purity testing, parent testing, haplotype map construction,
association mapping, MAS, GS, etc. (Batley and Edwards
2007; Baird et al. 2008; Kirst et al. 2011; Metzker 2010).
The availability of cheaper NGS based approaches like the
restriction site associated genomic DNA (RAD), genotypingby-sequencing (GBS), and reduced-representation sequencing
(RRS) provide cost-effective genotyping, however, these
techniques are still more expensive in terms of per marker
cost compared to skim sequencing. The skim sequencing,
which is based on whole-genome sequencing with low
genome coverage provides large numbers of SNPs markers.
Further reﬁnement of the existing NGS technologies like
Illumina Inﬁnium assay, Ion torrent, Roche454, and the
Affymetrix GeneChip has the potential to revolutionize the
genome-based high-throughput genotyping and its utilization for association mapping studies in crop improvement
programmes (Golicz et al. 2015). This review covers the
basic principles, methodology, application for crop
improvement and future perspectives of skim sequencing.

Overview of GBS and skim sequencing
Genotyping by sequencing is an extensively used technology that relies on reduced genome via reduced-representation sequencing (RRS) or restriction-site associated
DNA sequencing for detection of SNPs in population
for diversity assessment and QTLs mapping (Baird et al.
2008; Elshire et al. 2011; Scheben et al. 2017). Previously, two different strategies of GBS have been developed (Poland et al. 2012). First is based on the restriction
enzyme digestion with genome complexity reduction but
the chance of missing important SNP is high, however,
ideal for marker discovery for MAS. The reduced representation sequencing (RRS) approach of GBS includes
cost-effectively genomewide coverage. The reduced-representation sequencing approach initially used restriction
digestion, ligation of adaptors then pooling of DNA
samples, and sequencing. The sequenced reads from a
different individual can be isolated based on bioinformatic
tools and based on an adaptor containing new barcode
sequences (Davey et al. 2011). Similarly, restriction site
associated genomic DNA (RAD) sequencing differs from
RRS in the requirement of two adaptors and one extra
random sharing of DNA. RAD sequencing-based GBS
allows the reduction of genome complexity before
sequencing and hence reduce the cost per sample and
extensive efforts in data analysis. The second strategy,
whole-genome resequencing (WGRS) allows low coverage of and involves multiplex enrichment PCR-based SNP
identiﬁcation in the genome, which is important for target
traits-speciﬁc primer designing (Huang et al. 2009).
Although, the popularity of these sequencing has
increased in recent years, yet skim sequencing has
emerged as a promising approach in different crops,
namely Brassica and chickpea, rice, groundnut, beet and
tobacco by Bayer et al. (2015), Kale et al. (2015), Kumar
et al. (2019), Galewski and McGrath (2020), Tong et al.
(2020), respectively. Skim sequencing addresses the limitations of the GBS approach related to missing regions of
the genome due to its lower depth sequencing (Kale et al.
2015).
Skim sequencing is different from the RRS, RAD
sequencing, and GBS in terms of avoidance of complexity
reduction step and low depth sequencing (1-2x) with more
coverage of the genome and cost-effective genotyping of
large populations (Huang et al. 2009; Bayer et al. 2015). The
most commonly used population in skim sequencing are
recombinant inbred lines (RILs) and doubled haploid (DH)
population. For simplifying the data analysis, heterozygous
alleles need to be eliminated from data (Bayer et al. 2015).
This will be an alternative to whole-genome sequencing in
the future as most labs cannot afford throughout the world
and would boost the modern breeding techniques like genomewide association study (GWAS) and genomic selection
(GS).
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Table 1. Comparisons between GBS and skim sequencing.
Description

GBS

Skim sequencing

Cost per sample
Cost per marker data point
SNP discovery rate
Restriction enzyme

Low
Moderate
Low to moderate
Required

Analysis of complexity
Prior genomic knowledge or
reference genome
Genome coverage

Moderate
Not essential

High
Low
High
Not required, which
reduced the cost
of library preparation
with a decreased
number of steps
High
Essential

Imputation
Applications
Drawback

More coverage of genome with low
resolution in reduced genome representative
Required but not crucial
De novo SNPs discovery and genetic mapping
Labour intensive library preparation
and high read depth variation

Comparisons between GBS and skim sequencing
The RAD sequencing-based GBS methods described by He
et al. (2014) have been more popular since its discovery due
to their high coverage of the large population. This approach
helps to reduce genome complexity before sequencing
through the use of a restriction enzyme. In contrast, WGRS
based skim sequencing uses low-coverage whole-genome
sequencing for the characterization of crossover and noncrossover distributions. Further, skim sequencing reduces the
cost of library preparation by skipping the step of genome
complexity reduction and potentially eliminates biases
stemming from the use of restriction enzymes. The skim
sequencing produces large numbers of SNPs markers as
compared to RRS, RAD sequencing and GBS (a portion of
markers for each individual are genotyped). The higher SNP
discovery rate lowers the cost per SNP markers in skim
sequencing as compared to GBS. The current era is shifting
toward the WGRS approach due to the reduced cost of NGS
data generation (Davey et al. 2011). However, it has a few
limitations in terms of imputation accuracy in crops with
nonavailability of the high-quality reference genome, high
cost per sample (depending upon target coverage), and
higher complexity in data analysis (Scheben et al. 2017).
The genome content within the diverse accessions varies and
a single reference genome is not enough for the imputation
of polymorphic markers. The relative comparison between
GBS and skim sequencing over various features have been
provided in table 1. The skim sequencing provides opportunities in large polyploid genomes such as wheat as routine
WGRS cost would be very high to sequence large populations for genomewide markers identiﬁcation (Scheben et al.
2017).
The important point that needs to be considered during
skim sequencing is that the SNP can be determined from

Low genome coverage with high
resolution on a whole-genome basis
Very crucial step
SNPs discovery and high-resolution
mapping and genetic mapping
High cost and prior genomic
information is required

the existing SNPs list for the population or parents sample
by mapping to the reference genome; however, high coverage is necessary for efﬁcient detection of SNP from the
parents (Bayer et al. 2015). In the case of nonavailability of
a reference genome, it can be generated from the
sequencing reads by de novo methods (Scheben et al.
2017).

Concepts and methodology of skim sequencing
The development of the advanced NGS sequencing platforms
has made it possible to generate the whole-genome data costeffective and also resulted in the generation of reference maps
in various crops. Skim sequencing is one of the prominent
sequencing approaches that use low-coverage whole-genome
sequencing for high resolution genotyping (Bayer et al. 2015).
The sequence alignments of the reference genome along with
population are prerequisite for SNP calling using hidden
Markov models (Xie et al. 2010) and it is a good alternative to
deep sequencing of parents which is quite costly. Rice was the
ﬁrst crop plant whose genome was sequenced (Goff et al.
2002; Yu et al. 2002; Matsumoto et al. 2005) after the model
plant Arabidopsis (Arabidopsis genome 2000). The task of the
generation of reference genome sequences in different crops
accelerated with the adoption of advanced sequencing technologies like Roche 454 (Schefﬂer et al. 2009). Presently,
Illumina-based (Illumina HiSeq) sequencing has been used for
RRS, RAD sequencing and GBS sequencing. The availability
of reference genomes in different crops opened new avenues
for the development of sequence-based markers (SNPs) to
accelerate crop improvement (Edwards and Batley 2010;
Hayward et al. 2012; Edwards et al. 2013). The parental
genome, if available, can also be used for further reﬁnement of
the results obtained in this approach, however, it is not

Cleaning or ﬁltering of SNP
SNP imputation

Genotype visualize

SNP calling or variant calling

Li et al. (2009a, b)
Li and Durbin (2010)
Li et al. (2009a, b)
Langmead et al. (2009)
Langmead and salzberg (2012)
Li (2011)
De Pristo et al. (2011)
Rimmer et al. (2014)
Garrison and Marth (2012)
Fan et al. (2014)
Albers et al. (2011)
Lorenc et al. (2012)
Milne et al. (2013)
James et al. (2011)
De Pristo et al. (2011)
Howie et al. (2009)
Li et al. (2006)
Browning and Browning (2007,2009)
http://bio-bwa.sourceforge.net/bwa.shtml
http://bio-bwa.sourceforge.net/
http://soap.genomics.org.cn/#
http://bowtie.cbcb.umd.edu/
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://mamtools.sourceforce.net, http://htslib.org
https://www.broadinstitute.org/gatk
http://www.well.eox.ac/platypus
http://github.com/ekg/freebayes
http://breakdancer.souceforge.net/
https://sanger.ac.uk/resources/software/dindel
On request basis
https://ics.hutton.ac.uk/ﬂapjack/
http://software.broadinstitute.org/software/igv/
GATK offers a tool called VariantFiltration
https://mathgen.stats.ox.ac.uk/impute/impute_v2.html
http://csg.sph.umich.edu/abecasis/MACH/tour/imputation.html
http://www.stat.auckland.ac.nz/*browning/beagle/beagle.html
BWA
BWA-SW
SOAP2
Bowtie
bowtie2
SAMTools
GATK
Platypus
Freebayes
BreakDancer
Dindel
SGSautoSNP
Flapjack
IGV
GATK
IMPUTE2 v2.3.2
MACH
BEAGLE
Sequence read alignment

Prerequisites for skim sequencing

Reference

mandatory. The skim sequencing can be effectively used for
SNPs identiﬁcation and utilization for QTL mapping, identiﬁcation of recombination events, and genomewide association analysis as it has better genome coverage as compared
to the GBS technique. A study of the recombination events
can be employed if the skim sequencing is carried out at
optimal coverage (Bayer et al. 2015). SNPs discovery for
polyploid genomes is tricky due to the high repeat content and
complexity of such genomes. The presence of duplicate
regions/genes across polyploid genomes makes the process
of development of an accurate genetic map tedious. Skim
sequencing can be discussed in two parts for better understanding, i.e. pre-requisite and methodology.

Description/role

Table 2. Different programs/software required for skim sequencing.
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The average genome size of model crops is around
600 Mbp highlighted that crops with similar genome size
can be genotyped by SkimGBS (Gregory 2005). It is a
two-step process that requires the reference genome and
reads from parents as well as from the population. Further,
these tasks could not be completed without the help of
software, hence there were different software developed to
complete the job (table 2). Thus, the requirement of a
reference genome is a must for skim sequencing. With the
decreasing cost of high-throughput data generation, the
availability of a reference genome is continuously
increasing. Chen et al. (2018) reviewed the genome
sequencing data and observed that *236 angiosperm and
181 species of horticultural crops have been sequenced of
which most of them are of high economic importance.
Due to large genome size, genome complexity such as
polyploidy and heterozygosity sequencing and assembly
of the genome at chromosome level is a daunting task.
Thus many of the assemblies are in the draft form either at
contig, scaffold, or pseudochromosome levels. Thus, creating the gap for in-depth analysis and highlighted the
need for chromosomal assembly to truly utilize the power
of skim sequencing for data analysis.

Methodological steps of skim sequencing

The main steps of skim sequencing include (i) alignment of
reads to the reference genome, (ii) variant calling, (iii)
cleaning/ﬁltering of SNPs, and (iv) SNP imputation. The
above steps are described below and are shown in ﬁgure 1.
Sequence read alignment: The mapping of short sequence

reads with a reference genome is referred to as alignment.
The alignment is a difﬁcult task that has been achieved
using different softwares, e.g. BWA, BWA-SW, SOAP2,
bowtie and bowtie2 based on the application for alignment
to reference genome (Koren 2013; Pendleton 2015; Gordon
2016). The data generated through NGS techniques were
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Figure 1. Fundamental steps for skim sequencing: (a) genome alignment and SNP calling, the genomes of parents or constructed
population are aligned along with a reference genome for SNP identiﬁcation (SNP calling). The yellow, blue, and green bars represent the
genome (chromosome) of parents (P1, P2) or population and the reference genome, respectively. (b) Cleaning and imputation SNPs:
cleaning/ﬁltering of maximum SNP missing information and imputation leads to ﬁlling of such missing information in RILs through
haplotype homology. White blocks represent missing information, where SNPs had to be imputed. Line 2 with maximum information
missing is eliminated from imputation step.

ﬁltered for adaptor sequenced, read length but low-quality
reads have to be removed. A standard ﬁle format like
sequence alignment map (SAM) and binary alignment map
(BAM) were generated which is accepted by most of the
softwares. The reads were aligned to the reference genome
and used for further analysis. However, the multialigned
reads (that align more than one genomic location) are often
discarded to reduce the false SNP discovery (Lorenc et al.
2012). For NGS data analysis, various pipeline have been
developed like Stacks (Catchen et al. 2011) or the Tassel
GBS pipeline (Glaubitz et al. 2014), or improved GBS
pipeline (Sonah et al. 2013) which is speciﬁcally used for
the analysis of different types of reads produced through
GBS technologies.

ment with the reference genome, the variants having more
than *80–85% missing alleles have been discarded (Bayer
et al. 2015). Based on the comparative read alignment of
individuals of a population with reference genome, various
variants are present at speciﬁc position which is called as
SNP or allele.

SNPs/variant calling: After the ﬁrst step of alignment, the next

Visualizing genotypes: The software tools are a very essential

step was to sequence reads comparison with a reference
genome to identify the feasible variants. In low-depth
sequencing like skim sequencing, only a few reads were
aligned to the region, but was difﬁcult to determine the true
variant. Therefore, it is a complex phenomenon to differentiate between true variation and sequence errors (Baird
et al. 2008) and these errors may generate false-positive
variants. However, this will be addressed through an
increase in the sensitivity of PCR, the updated version of

component for genomic data analysis. Further, graphical
genotyping is required routinely to handle large datasets
generated by current high-throughput sequencing platforms,
GBS, and array-based proﬁling methods. Among the visualizing software, Flapjack is considered as one of the best
softwares to provide real-time rendering with rapid navigation
and comparisons between lines, markers and chromosomes,
with visualization, sorting and querying based on associated
data, such as phenotypes, quantitative-trait loci (Milne et al.

alignment software, and huge reference data (Kagale et al.
2016). Several software programs are available for SNPs
calling, e.g. SAMTools, GATK, Platypus, Freebayes,
BreakDancer, Dindel, SGSautoSNP for comparison of
sequence reads with reference genome sequence to generate
SNPs data for genotype/SNPs visualization.
SNP genotyping: After comparing the sequence read align-
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Table 3. Different applications of skim sequencing in crop plants.
Application
Identiﬁcation of
crossovers or
recombination
events and
gene
conversion
events

Crop

Finding

Canola
DH-(Westar 9 Zhonygou 821)
Arabidopsis F2 population
Soybean
Canola

RILs-(Magellan 9 PI 438489B)
DH-(Tapidor 9 Ningyou7)

Chickpea

RILs-(PI489777 9 ICC4958)

Chickpea
Discovery of new Rice
SNPs

QTL Mapping

Cross (population)

Rice

RILs-(ICC 4958 9 ICC 1882)
RILs (Oryza sativa ssp. indica cv.
93-11 and ssp. japonica cv.
Nipponbare )
RILs-(Magellan 9 PI 438489B)
RILs-(PI489777 9 ICC4958)
DH-(Tapidor 9 Ningyou7)
RILs-(ICC 4958 9 ICC 1882)
RILs-(Baccara 9 PI180693)
CRISPR/cas9 edited plants
RILs-(ICGV 00350 9 ICGV 97045)
RILs-(K 36 9 Y 3)
RILs (Oryza sativa ssp. indica cv.
93-11 and ssp. japonica cv.
Nipponbare )
RILs-(Zhenshan 97 9Minghui 63)

Soybean

RILs-(Magellan 9 PI 438489B)

Chickpea

RILs-(ICC 4958 9 ICC 1882)

Rice

RILs-(O. nivara 9 indica)

Soybean
Chickpea
Canola
Chickpea
Pea
Cotton
Groundnut
Tobacco
Rice

Reference

Total 1663 crossovers
Total 73 crossovers and 3000 gene
conversion
Total 3489 recombination events
An average of 151.18 and 115.53
crossovers, as well as 697.85 and
374.85 gene conversions per individual
for A-genome and C-genome
respectively were reported
Reported 219 crossovers and 256 gene
conversions
Total 1610 recombination
Total of 123,302 SNPs with an average
of 1 SNP every 3.15 kb

Sun et al. (2007)
Yang et al. (2012)

109,273 SNPs
511,624 SNPs
794,837 SNPs
53,169 SNPs
419,024 SNPs
41,88,6404 SNPs
10,759 SNPs
100,57,282 SNPs
Major QTL for plant height on
chromosome 1 with phenotypic
variation explained (PVE)= 31.3%
Six QTLs for grain weight on chr. 1, 3,
5, 9 with PVE ranging from 7.5–21.8
One major QTL for root-knot nematode
resistance on chr. 10 with 23.6 PCV
Total 71 major QTL were with two QTL
hotspot regions ‘QTL-hotspot_a’
(139.22 kb; 15 genes) and ‘QTLhotspot_b’ for drought tolerant
Total 65 minor and major QTLs
for drought tolerant

Xu et al. (2013)
Bayer et al. (2015)
Bayer et al. (2015)
Kale et al. (2015)
Boutet et al. (2016)
Li et al. (2019)
Kumar et al. (2019)
Tong et al. (2020)
Huang et al. (2009)

Xu et al. (2013)
Bayer et al. (2015)

Bayer et al. (2015)
Kale et al. (2015)
Huang et al. (2009)

Yu et al. (2011)
Xu et al. (2013)
Kale et al. (2015)

Ma et al. (2016)

2013). The other software which is considered as best is
integrative genomic viewer (IGV), which handles a large
heterogeneous datasets and focus on the integrative nature of
genomic studies for both array-based and NGS data with
clinical and phenotypic data to provide high-performance data
and visualization (Thorvaldsdóttir et al. 2013).

minimum read depth of 5x for ﬁltering the SNPs, maximum
50% missing data, MAF of 5%, and maximum heterozygosity of 40% (Malmberg et al. 2018). The missing data can
be reduced through higher depth sequencing and lowering
the level of the multiplex.

Cleaning of SNPs: The cleaning/ﬁltering of the SNP is an

density of existing datasets toward the goal of integrating
resources for downstream applications (Wang et al. 2018).
Therefore, SNPs imputation is a crucial step of skim
sequencing to ﬁll the missing genotype information and can
be done through open-access software like IMPUTE2 v2.3.2,
MACH, and BEAGLE. Imputation depends on the haplotype
segments present in the reference panel and that inturn represents the similarity with sequence reads (Wang et al. 2018).
For example, it is based on the haplotype structure of the
parents, which assumes that no recombination occurred
(Golicz et al. 2015; Bayer et al. 2015). Imputation cannot

important step to remove the false positive SNPs, information generated by sequencing errors that do not fulﬁll the
speciﬁc threshold for genotypic properties (Kagale et al.
2016) with minimum SNPs ﬁltering quality of 30. There are
multiple ﬁltering/cleaning strategies used for SNPs, commonly based on reading depth, mapping quality, base quality, missing genotype calls and minor allele frequency
(MAF) through currently available variant calling pipelines
such as SAMtools and GATK (Kagale et al. 2016). The
strategies parameters used of ﬁltering/cleaning the SNPs are

SNPs imputation: Imputation is used to increase the marker

Skim sequencing for crop improvement
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CRISPR/cas9 edited plants of the cotton crop. A total of
100,57,282 SNPs were identiﬁed in a 271 RILs population
developed from a cross between K 36 9 Y 3 in Nicotiana
tabacum (Tong et al. 2020).

Application of skim sequencing for crop
improvement
Recombination and gene conversion events estimation

Skim sequencing has a large number of applications for crop
improvement, namely molecular marker discovery, haplotype identiﬁcation, recombination characterization, QTLs
identiﬁcation; GWAS, GS (Scheben et al. 2018), and organelle genome assembly studies (table 3). Reports on the
application of skim sequencing in crop improvement are
summarized in table 2. The use of skim sequencing has been
successfully witnessed in wheat chromosomal lines for SNP
discovery, diversity analysis, and marker-assisted selection
(Huang et al. 2009). The skim sequencing will also play an
important role in complementing the emerging breeding
techniques such as speed breeding which signiﬁcantly
shortens the generations and helps to achieve six generations
per year in wheat (Watson et al. 2018). Besides, it will also
boost the QTL-seq approach that requires the WGRS data on
partial mapping population (bulks) to facilitate the identiﬁcation of the genomewide large number of SNPs and more
speciﬁcally from the target candidate QTLs region controlling traits of interest (Pandey et al. 2016). It will also assist
in reﬁning the other WGS based candidate gene identiﬁcation approaches such as MutMap, MutMap?, and BSRseq. In nutshell, skim sequencing has the potential to serve
as a revolutionary approach in crop improvement. Principal
applications of skim sequencing are summarized below:

The recombination and gene conversion events are estimated
based on the size of parental haplotype blocks. If the size of
haplotype blocks ranges from 20 to 10,000 bp, then it can be
deﬁned as gene conversion and if it exceeds 10,000 bp then
it is considered as recombination (Yang et al. 2012). In an F2
population, generated from a cross of Columbia and
Landsbergerecta of A. thaliana, 3000 gene conversion and
73 crossovers were estimated (Yang et al. 2012). Similarly,
Bayer et al. (2015) used two reference sequences (A-genome
from B. rapa and the C-genome from B. oleracea) of B.
napus diploid progenitors for identiﬁcation of crossovers
and gene conversion (Bayer et al. 2015). The DH mapping
population consisted of 92 individuals derived from Tapidor 9 Ningyou7 reported an average of 151.18 and 115.53
crossovers, as well as 697.85 and 374.85 gene conversions
per individual for A-genome and C-genome, respectively.
Further, the same research group has reported 219 crossovers
and 256 gene conversion events in chickpea RILs
(PI489777 9 ICC4958) population (Bayer et al. 2015).
Similarly, in chickpea, a total of 1610 recombination points
have been identiﬁed through the skim approach in a RILs
population of 232 lines for drought tolerance (Kale et al.
2015).

Identiﬁcation of SNPs

QTL mapping

The identiﬁcation of SNP markers through skim sequencing
is used for the construction of a genetic linkage map. Huang
et al. (2009) detected a total of 123,302 SNPs with an
average of one SNP for every 3.15 kb in rice crop. A part of
RILs generated from Indica 9 Japonica crosses was randomly selected for sequencing, which resulted in 0.323x
coverage of the genome. The SNP density of 1 per 50 kb in
each RILs individual was reported to be sufﬁcient for
detecting recombination events in the population of 150
RILs. Similarly, in chickpea and canola, a total of 511,624
and 794,837 SNPs, respectively, were identiﬁed after ﬁltering the overlapping segments (Bayer et al. 2015). In another
study, a total of 109,273 SNPs were identiﬁed in 246 RILs of
soybean through the WGRS approach (Xu et al. 2013). A
total of 419,024 SNPs were discovered in four pea lines that
remain 131,850 SNPs after ﬁltering (Boutet et al. 2016). A
total of 222 RILs chickpea population was generated from
ICC 49589ICC 1882 and genotyped using a skim
sequencing approach. The 53,169 SNPs were used for
analysis after ﬁltering from 84,963 SNPs (Kale et al. 2015).
Li et al. (2019) identiﬁed a total of 41,88,6404 SNPs in a

The data generated through skim sequencing or identiﬁed
SNPs are used for constructing the linkage map based on the
recombination frequency between markers. The large numbers of SNPs have the potential of association mapping and
gene-level resolution among the diverse set of the population
as compared to the biparental mapping population (Sonah
et al. 2015). In a recombinant inbred line population of rice
(Oryza sativa ssp. indica cv. 93-11 and ssp. japonica cv.
Nipponbare), SNPs identiﬁed a major QTL governing plant
height with a phenotypic variance of 31.3%. Interestingly,
this locus has been mapped in the same region that harbors
the sd1 gene (a semi-dwarﬁng gene in rice which is
deployed in modern rice breeding) responsible for the
‘green revolution’ in rice (Huang et al. 2009). The WGRS
using low coverage (0.069) of the genome in combination
with RFLP and SSR markers identiﬁed six QTLs for grain
weight in 241 RILs population of rice (indica ssp.) (Yu et al.
2011). Similarly, three QTL for root-knot nematode resistance were identiﬁed in 246 RILs population generated
through the crossing of Magellan (susceptible) and PI
438489B (resistant) variety of soybean at 0.29 depth
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genome coverage to capture the recombination breakpoints
(Xu et al. 2013). In another study, a set of 232 RILs population (ICC 4958 9 ICC 1882) in chickpea was developed
and genotyped through a skim sequencing approach. Subsequently, using 232 RILs sample paired read sequence data
were generated with an average of 0.72x genome coverage
to identify the SNPs (Kale et al. 2015). The skim sequencing
would be helpful to boost various breeding programs by
providing low coverage (Varshney et al. 2019) genomewide
SNPs and help to understand the mechanism of various
complex quantitative traits and breakage of linkage drag.

Chloroplast and mitochondria assembly, and repeat
quantiﬁcation
There is continuous evolutionary development in NGS
technologies and make a lead for the development of several
assembly algorithms, however, only a few of them focus on
the assembly of organelle genome. Further, this genome is
used for phylogenetic studies and food identiﬁcation and it is
one of the most submitted eukaryotic genomes in GenBank.
The WGS is the most authenticated and least laborious
technology for producing organelle genome assembly
because there is no speciﬁc tools designed for organelles
genome assembly. Dierckxsens et al. (2017) developed a
NOVOPlasty, an open-source software, which is speciﬁcally
designed for organelle genomes assembling and capable of
providing the whole-genome sequence. Further, the algorithm takes the beneﬁt of more coverage of organelle genomes in available NGS data and a wide range of seed
sequences without a reference genome. The above algorithm
has been tested on one unkown mitochondrial genome
(Gonioctena intermedia) and one unkown chloroplast genome (Avicennia marina) and two publically available data
set (Arabidopsis thaliana and Oryza sativa) and found the
best performance in terms of assembly accuracy and coverage. In another study, Kim et al. (2015) completed the
sequences of chloroplast genome and 45S nuclear ribosomal
DNA (45S nrDNA) of 11 Panax ginseng cultivars through
WGS technology. They have completed the cp and 45S
nrDNA sequences based on the representative barcoding
target sequences for cytoplasm and nuclear genome,
respectively, based on low coverage (0.19 to 0.39) with
NGS sequence of each variety. After the WGS sequencing, a
total of 17 unique informative polymorphic sites were
identiﬁed, further they have developed six reliable markers
for analysis of ginseng diversity and cultivar purity. The ﬁrst
genomewide analysis using WGS low-coverage technology
to explore the hidden genome components based on the
characterization of major repeat families in the B. rapa (A
genome) and B. oleracea (C genome) genomes was conducted by Perumal et al. (2017). In the present study, a total
of 10 major repeats (MRs) including a new family, comprising about 18.8, 10.8, and 11.5% of the A, C and AC

genomes (B. napus), respectively. It may cause diversiﬁcation between the A and C genomes.

Perspectives and conclusion
The NGS techniques have proved a vital platform to overcome the challenges related to the short reads, particularly in
complex plant genomes that are difﬁcult to map. It is
expected to have advanced genotyping methods capable of
generating long-read sequences with higher accuracy in the
future. The existing and emerging approaches of sequencing
for the identiﬁcation of SNP-trait associations have boosted
genomics-assisted breeding (Boutet et al. 2016). Further, the
dynamically emerging cheaper genotyping platforms will
also help to transfer the complex traits into elite germplasm
and hence strengthening food security in the era of climate
change. Skim sequencing is a more ﬂexible approach as it
generates comparatively low volume sequence data for trait
association. It also has the advantage that with the increase
in sequence data volume, it facilitates the ﬁne mapping of
recombination events, gene conversion as well as structural
variations (Bayer et al. 2015). Thus, with the dynamically
evolving sequencing platforms, the sequencing costs are
expected to be more cheaper in the future and hence
boosting the application of skim sequencing for crop
improvement.
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