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Abstract

Many plant species have been sequenced, which has enabled the identification of DNA sequence
variations such as novel single-nucleotide polymorphisms (SNPs). SNP-based genotyping
technologies have been developed over the last decade and play important roles in detecting SNPs in a
cost and time effective manner, thereby facilitating plant genetic and genomic studies. The availability
of genome and genetics resources and increase in sequencing data has led to SNPs discovery and
array development using various approaches in many plant species. The development of SNP arrays
for genotyping requires three steps: identification of a large number of SNPs, validation, and final
selection. The discovery of SNPs and array development at various densities have been successfully
developed and utilized in many diploid and polyploid plant species. SNP genotyping arrays have
been useful for many applications such as cloning, association mapping, analyses of species diversity,
evolution, genomic selection, and comparative genomics. The assaying of large segregating or mutant
populations with an SNP array allows the accurate, efficient, and rapid determination of the genotypes
of many individuals and genetic variations. Genotyping assays are an efficient way of generating
a vast amount of genotypic data in crop species to produce highly informative SNPs for marker-
assisted selection in breeding programs as well as functional genomic studies. This review highlights
the SNP genotyping in the application of identification of SNPs in the discovery of quantitative trait
locus (QTL) or candidate genes for important crop traits and dissection of other complex traits.
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1. Introduction is also essential for gene mapping, analy-

ses of species diversity and evolution, and

Genotyping is the process of determining
the differences in DNA sequence between
individuals. It involves the generation of
allele-specific products and identification
of the status of genotypes. Genotyping has
become extremely important in association
studies to determine genes or sequence var-
iants linked to specific traits or diseases. It

marker-assisted selection [1]. Genotyping
studies can be designed to identify DNA
sequence differences at the single-nucle-
otide polymorphism (SNP) level. Hence,
SNP genotyping is now widely applied
in plant research such as candidate genes
discovery, quantitative trait locus (QTL)
analysis, linkage mapping and compara-
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tive genomics 2.

A single nucleotide polymorphism (SNP)
i1s defined as single base-pair change at
specific position in the genome and the
most common genetic variations in plant
genomes. SNP allelic variations in a popu-
lation are often associated with a particular
trait phenotype [3]. Therefore, SNPs have
potential to be used as markers for genetic
studies in functional genomics and
breeding 4.

It has been reported that the frequency of
SNPs in plant species is about 1 SNP in
every 100-300 base pairs I*!. For instance,
37,000 SNPs have been identified in Arabi-
dopsis Columbia (Col) and Landsberg
erecta (Ler) (. This provides powerful tool
for genotyping assays enabling these SNPs
to be associated with of economically im-
portant traits (6],

The development of genomic and bioin-
formatic databases in plant species has
dramatically increased the identification
of SNP polymorphisms and scoring of the
variation in specific targets. More impor-
tantly, a large number of potential SNPs
and their surrounding sequences would
provide a foundation for highly multi-
plexed automated genotyping analysis !,
The availability of genomic resources per-
mits the identification of SNPs and their
association with particular phenotype in
which it can be employed for marker-as-
sisted selection and candidate gene ap-
proach & %1,

2.SNP array development and selection

SNP arrays called “SNP chips” are a type
of DNA microarray designed with a large
number of SNPs (up to one million). This
approach involves high-throughput ge-
nome scan providing a time and cost-ef-
ficient tool for genotyping individuals at
millions of different positions across the
genome "%, These arrays have become
commonly used in plant genetic studies
such as gene mapping, genome-wide asso-
ciation, genomic selection, etc. '],

The completion of human genome se-
quencing and genotyping arrays were in-
itially developed in human before other
organisms. The SNP Genotyping has been
a powerful tool for comprehensive ge-
nome-wide association studies in human!'.
It also has significant impact on the genetic
analysis of human disease and cancer. This
facilitated understanding complex diseas-
es and further characterized the human
genome 2. In addition, SNP genotyping
was also played a role in animal genetic
and breading studies such as in genome
selection and identification of disease re-
sistance genes ). However, the genotyping
array is still limited to certain plant species
and challenging due to the genome nature
and size. SNP identification and calling is
more difficult and complex. Even though
the level of diversity and functionality in
plant species compared to animal and hu-
man, there is still ongoing works on adopt-
ing this technology for functional genom-
ics studies 4.

Various approaches have been used to
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identify SNP genotyping arrays in many
plant species depending on the availabil-
ity of genome sequences and genomic/
genetic resources. The primary method is
the direct sequencing of DNA fragments.
This is the most reliable approach and has
been proven to successfully detect SNPs
in many organisms 2], It is appropriate
when sequence information is limited or
when polymorphisms of interest in a spe-
cific genotype or candidate gene are being
investigated 1. Direct sequencing can be
used as a validation tool to differentiate true
polymorphisms from sequencing errors.
This requires the sequencing of enough
individuals to achieve sufficient the accu-
racy and coverage to distinguish real SNPs
from sequencing artifacts I’ 'Y, However,
this is generally costly and time-consum-
ing and is impractical for large-scale ge-
netic studies.

The mining of expressed sequence tags
(ESTs) have also been used for identify-
ing SNPs. ESTs are short sequences of
cDNA. The number of identified ESTs
range from tens of thousands for species
that have been little investigated to over
a million in well studied plant species
(51 For instance, in Arabidopsis, 1.5 mil-
lion ESTs have been identified, whereas
in Brassica species; namely B. napus, B.
rapa and B. oleracea 643,944, 213,605 and
179,213 have been identified, respective-
ly. The EST sequences provide sufficient
redundancy for screening of the presence
of polymorphisms using bioinformatic
analysis tools, allowing subsequent iden-
tification of SNPs polymorphism !¢, This

approach mainly provides limited SNPs
located only in transcribed regions (cod-
ing and UTR regions), resulting in a small
number of SNPs, but it offers a low-cost
source of informative and abundant SNPs
and high quality sequence data.

RNA sequencing (RNA-seq) is another
cost effective approach for SNPs discovery
within coding regions of the genomel'”!,
It can be used to identify SNPs in the tran-
scriptome and help to reduce genome com-
plexity. Geraldes, Pang [18] were able to
identify over 0.5 million putative SNPs
in 26,595 genes in Populus trichocarpa.
RNA-seq has been found to provide more
accurate functional annotation due to the
enrichment of expressed genes, but, it has
not been widely used due to its cost and
laboriousness ..

The most comprehensive approach for dis-
covering SNPs is next-generation sequenc-
ing (NGS). It provides cheap and reliable
large-scale SNPs identification. SNPs
discovery by NGS is not limited to pro-
tein-coding sequences leading to the iden-
tification of SNPs widely distributed across
the genome and enabling determination of
the correlation between phenotypes and
SNPs in non-coding regions. This has en-
abled the discovery of thousands of SNPs
in closely related species . NGS-derived
SNPs have been reported in many plant
species 2131, SNPs identification by NGS
requires a complete genome sequence as
a reference, although it can be achieved
without a full reference sequence using de
novo read assembly mapping ¥ .| The
genome sequences of a number of plant
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species with relatively small genome are
available as suitable reference genomes %!,
Genotyping-by-sequencing (GBS) has
newly emerged as approach for se-
quence-based genotyping. The strength of
this approach is that sequence polymor-
phism [mainly SNPs] and genotyping are
completed at the same time. This approach
enables the search for SNPs and presence/
absence variations in diverse species with
and without reference genomes % 7],
This approach has been demonstrated to be
robust across a range of species and pro-
ducing high number of molecular markers
[28]. However, it 1s limited in terms of the
number of individuals for whom NGS data
are available, requires bioinformatic anal-
ysis, and is technically challenging ™.
With the advancement of sequencing tech-
nologies and SNP discovery approaches,
computational tools and databases for SNP
markers have been developed such as Au-
toSNPdb ?°!, TreeSNPs %, dbSNP ! and
NABIC SNP P24, Such databases provide
more detail about SNP sequences, names,
gene definitions, locations, functions, and
associations among others.

The development of SNP arrays requires
three steps: identification of a large num-
ber of SNPs, validation, and final seclec-
tion. The discovery of SNPs aims to identi-
fy as many SNPs as possible. This requires
background of bioinformatics analyses,
including sequence or reads mapping or
alignment, reads trimming, SNPs calling,
and SNPs filtering [''- 3%, SNP arrays can
also include SNPs developed from spe-
cific gene sequences “candidate genes of

interest” selected from databases. Various
SNP analyses can yield different numbers
of variants among species [34]. Therefore,
SNP validation is essential to select true
SNPs polymorphisms and to decrease the
false positive SNPs.

Given that sequencing data remains prone
to inaccuracies at rate as high as one error
every 100 base pairs >3, SNPs selections
can be significantly improved by increase
the stringency of SNPs detection and
meeting the requirement of accurate SNP
calling *®!, A number of important filtering
criteria should be considered including the
following:

(1) Information of the SNP flanking se-
quences is a key element. This refers to se-
quence length on either side of the SNP, for
instance, 50 bp for Illumina. There should
be no SNPs present within 50 bp on either
side of the SNP.

(2) Sequence depth over the entire map-
ping assembly. A minimum sequence /read
depth per individual/genotype represents
less sequencing error at SNPs.

(3) The allele depth defined as a number
of different sequences in which an allele
appeared for both variant and reference al-
leles. SNPs were selected where the minor
allele was present in more than one geno-
type. SNPs present in less than two geno-
types are excluded.

(4) The general considerations for array
SNP selection include the presence of re-
petitive or palindromic sequences, GC
content, SNP depth, SNP types and SNP
frequency.

(5) Location and distribution of SNPs
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throughout the genome and their genetic
effects.

(6) Minimum quality score measuring the
probability that a base is called incorrectly.
(7) Minimum coverage of reads, support-
ing the presence of the allele in a given
SNP.

(8) Maximum coverage of reads, which
should be less than the average read depth
of all SNPs.

(9) Average copy number of the SNP flank-
ing region, which should be less than two.
(10) Sequences with more than 4 SNPs per
100 bp should be removed to avoid select-
ing any SNPs located in hypervariable
regions.

Furthermore, during selection, SNPs can
be classified according to their physical
position on the chromosomes and best
Blast hits. According to their relative lo-
cation, SNPs are classified into different
categories because they are part of coding
sequences, within exons, introns, between
exons or within promoter sequences. This
would help to integrate the information
with existing genetic mapping for further
genetic studies.

The majority of SNPs are most likely to be
false positive, leading to SNPs being un-
determined or incorrectly genotyped [37].
filtering criteria for SNP selection and re-
duction of genomic complexity would in-
crease the SNP genotyping efficiency by
achieving a higher proportion of correct-
ly genotyped SNPs relative to incorrectly
genotyped ones 7,

Approaches for SNP identification involv-
ing the discovery and validation of pre-

dicted SNP polymorphisms have been op-
timized and developed for simple genomes
in diploid plant species [!* 3%, However,
SNP identification in polyploid crops with
complex genomes has remained very chal-
lenging. The higher levels of genome com-
plexity and presence of polymorphisms
between subgenomes in polyploid crops
constitute major additional challenges for
SNP prediction 2.

Polyploidy is extremely common in the
plant kingdom, particularly, in important
crops such as potato

(Solanum tuberosum L.), alfalfa
(Medicago sativa L.), durum wheat
(Triticum durum Desf.), cotton
(Gossypium hirsutum L.) and canola
(Brassica napus). The major concern with
plant species is the complexity of their ge-
nomes, due to highly repetitive sequence,
homologous genome and intragenomic du-
plication. These factors influence the effi-
ciency of SNPs identification and impede
the accurate discrimination of candidate
SNPs between homologous and paralo-
gous sequences. In polyploid species, it
1s very common to find polymorphic SNP
within a single genotype due to the pres-
ence of either homoeologous loci from
individual subgenomes or paralogous loci
from duplicated regions of the genome '],
In Brassica napus, most polymorphisms
between subgenomes are homoeologous
making it difficult to assign them to the A
or C subgenome [Kaur etal., 2012]. Hence,
stringent mapping parameters are often es-
sential to avoid false SNP calls '3,
Polyploid species are characterized by a

The Use of SNP Genotyping for QTL/ Candidate Gene Discovery in Plants



Journal of Engineering and Applied Sciences, Vol. 7, Issue (2) November 2020

large genome size and complex structure,
consisting of subgenomes of two homol-
ogous genomes from progenitor diploid
species. They also contain high level of
repetitive DNA sequences. For example,
Brassica napus is an allotetraploid that has
undergone extensive duplication events
over the course of evolution. High levels
of intragenomic duplication lead to sig-
nificant intragenomic sequence paralogy
and a complex gene family. Owing to this
genome duplication, a gene could have a
second copy at another position in the ge-
nome %, Therefore, duplication events in
Brassica influence the alignment compari-
son process of NGS sequencing assembly
and SNPs calling. Thus, there is a need for
rigorous discrimination between the origin
of identified SNPs ?. Maize is an ancient
polyploid species with large regions of
genomic duplication. It has been shown
that a considerable number of SNP mark-
ers have a pattern of shifting of the clusters
to one side or five clusters. This is indic-
ative of detection of more than one locus
that correspond to the duplicated regions
identified in the maize genome (!4,

The discovery of SNPs and array develop-
ment at various densities have been suc-
cessfully achieved and applied in many
diploid and polyploid plant species 4.
Examples of these include wheat 20K,
820K and 660K SNP arrays “'"*!, Maize
600K SNP array 4, Brassica napus 60K
and 6K SNP arrays > 1, rice 700K SNP
array 7, Apple 8K and 480K SNP array
48491 peanut S8K SNP arrays %, straw-
berry 90K SNP array P!, sugarcane 345K,

76K and 84K SNP arrays >34, cotton 63K
SNP Array[55] and oat 6K SNP array %
However, there are additional obstacles to
SNP identification and utilization for gen-
otyping in polyploid species, so this field
of study has progressed slowly due to the
complex nature of the genomes and poly-
ploid inheritance ! 37,

Against this background, to reduce the ge-
nome complexity, additional genetic infor-
mation about progenitor relationships with
allopolyploid specie is extremely useful
to assist in discriminating SNPs polymor-
phism through the ability to compare poly-
ploid-derived sequence genotypes to dip-
loid counterparts in which strict alignment
and assembly criteria should be applied 2.
SNP arrays have significantly accelerat-
ed the molecular studies in plant genom-
ics. As a large number of SNP array plat-
forms have been developed, there are still
demands to address their limitations. The
efficiency and accuracy of genotyping rate
is still a challenging. SNP selection and
validation requires careful consideration
to increase the success rate and to produce
high proportions of correctly genotyped
SNPs. Another issue is the number of in-
formative polymorphic SNP in a popula-
tion. Only a small number of SNPs can be
suitable for further analysis as the majority
of SNPs cannot be detected, genotyped or
being monomorphic. This is due to sig-
nificant numbers of false positive SNPs.
Moreover, the level of sequence diversity
and structural genome variations including
translocations and copy number variation
may reduce both the efficiency of SNP dis-
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covery and the ability of correctly identify-
ing the allelic state of each individual %),
The main drawback of SNP arrays is that
they still remain expensive. There is a huge
cost associated with design and validation
of the array. The array technique requires
specific equipment and high labour cost,
Thus resulting in the limit use by most re-
searchers. Commercially available SNP
arrays with variable number of fixed SNPs
have a limited use and cannot be modified.
They are often customized to be specific to
certain species or populations .

With recent advancements of sequencing
technologies, SNPs prediction and val-
idation by sequencing could replace the
genotyping arrays. The genotyping arrays
are species-specific, expensive to design.
It only covers all known SNP variants and
not intended to discover rare or novel var-
iants. In contrast, sequencing generates
more coverage and the entire genome is
scanned to find and genotype new SNP
variants. The sequencing approach is less
expensive, more power and computational
process is becoming more routine. In addi-
tion, sequencing is ideal for uninvestigated
species with limited genomic resources.
Sequencing is powerful tool for genetic di-
versity and genomic selection with speed
and efficiency. In the future, sequencing
could become more widespread and ideal
option for SNP discovery for more genetic
and genomics applications > ¢

3. SNP genotyping and candidate gene
association

SNP genotyping arrays are a powerful ap-
proach to detect SNPs in a cost- and time-
effective manner and more importantly fa-
cilitate genetic and genomic studies such
as QTL mapping and association studies.
The discovery of a vast number of SNPs
provides an ideal makers for the novel
SNPs array to study the genetic mapping
of QTL associated with candidate genes %
34, 60].

The candidate genes for particular traits
in plants have been the particular focus in
order to facilitate the reverse genetic ap-
proach and gene discovery or the identifi-
cation of gene polymorphism that could be
useful for marker-assisted selection 556!
621 Thus, SNP discovery and genotyping
in segregating populations with specific
trait generally enable us to find a strong
correlation between many more SNPs and
genes controlling the trait in a population
(21, This approach can be successful if there
is a known, strong functional SNP and
phenotypic data and quantitative loci.
Cloning and characterization of candidate
genes within QTL in plant genetics and
breeding have been difficult and not fea-
sible through genetic mapping and map
based cloning due to large genetic and
physical distances of QTL, low resolution
of available genetic maps and complexity
of the genome [*!. Conventionally, QTL is
determined by linkage mapping approach-
es where two parents and their segregat-
ing population are screened for polymor-
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phisms associated with the trait of interest.
The linkage of a particular region to a giv-
en phenotype can be determined by the fre-
quency of recombinants exhibiting pheno-
typic variations for a trait of interest . In
fact, SNP genotyping solves the problem
of positional map cloning of a large num-
ber of candidate gene association studies
in the case that many candidate genes are
weak candidates with a low level of poly-
morphism. This is because candidate gene
studies only examine one or a few SNPs
which carry limited polymorphism infor-
mation on the overall population variation
within that QTL. All above, if a certain
region corresponds to a QTL, the gene
may be a candidate gene. This approach
could greatly facilitate the map cloning
approach!®¥.

Recently, the mapping of QTL of inter-
est has been made possible by taking ad-
vantage of SNP genotyping technologies
combined with NGS data. Candidate gene-
based approaches have been used for iden-
tifying SNPs for specific candidate genes
which might provide connection between
allele function and specific trait variations.
In addition, scanning may be performed to
identify regions associated with a particu-
lar phenotype, while gene-wide scanning
for the SNP distribution and association
to a segregating population would signifi-
cantly enhance large-scale efforts to iden-
tify all loci controlling multiple traits for
crop improvement 72,

SNP genotyping plays an essential role in
identifying a number of candidate genes
/ QTL linked to important crop traits and

dissecting other complex traits 5. For ex-
ample, a candidate gene and QTL cluster
associated with four fiber traits on chromo-
some A07 of cotton was identified [66]. In
wheat, a candidate gene based SNP mark-
er was developed to determine the locus
that controls resistance to leaf rust, stripe
rust, and powdery mildew diseases ("), In
addition, a study by Wu, Zhao [68] found
39 candidate genes linked to three loci
DSRC4, DSRC6, and DSRCS8 associated
with resistance to sclerotinia stem rot in B.
napus. Moreover, putative SNP markers
were mapped to the marker flanking region
linked to Fhb, a gene involved in resistance
to fusarium head blight (FHB) disease [¢°),
This would enable fine mapping towards
cloning of the Fhbl gene.

Many studies have been conducted to iden-
tify SNP markers linked to a QTL region to
produce high resolution QTL and narrow
down the target locus for the analysis of
candidate genes. For example, a high-den-
sity SNP map gave a better resolution
RFLP/SSR-based QTL by condensing two
QTL regions for grain weight in rice with-
in 123 kb. Moreover, a few SNPs were
functionally associated with the variation
in yield ™. In soybean, SNP genotyping
narrowed down the QTL region for aphid
resistance gene, Ragl from 12 cM to 115
kb with two linked SNP markers and addi-
tional candidate genes being identified 7!,
In another study, SNP markers of candi-
date genes for flowering time in Brassica
were identified. ["?. Also, Three QTLs for
flowering time were linked to three SNPs
in the promoter of the BrFLC2 gene caus-

The Use of SNP Genotyping for QTL/ Candidate Gene Discovery in Plants



Journal of Engineering and Applied Sciences, Vol. 7, Issue (2) November 2020

ing low expression. These markers facil-
itated comparative mapping between B.
rapa and Arabidopsis.

SNP genotyping arrays with a large number
of SNPs are useful for the analysis of many
traits or individuals at high genetic resolu-
tion, leading to candidate gene mapping.
The idea is that SNP markers at candidate
genes selected for their association with a
phenotype are physically mapped and the
genotypic data are compared across con-
trasting plant genotypes. Hence, a cluster
of SNPs situated in a small physical dis-
tance within QTL region are most likely
the potential candidate genes. This strate-
gy has a good advantage to the problems
associated with map-based cloning and
physical mapping > ™, Taking advantage
of SNP genotyping technologies combined
with NGS data, candidate gene-based ap-
proaches have been used for the discovery
of SNPs linked to candidate genes/QTL
which might provide a direct correlation
of allele function with specific trait
variation 17,

4.Use of Illumina Infinium genotyping
assay as an example

High throughput SNP genotyping plat-
forms have been developed to assay up to
1 million SNPs which played a decisive
role in the success of genomic studies.
Many SNP genotyping platforms are cur-
rently available commercially such as Il-
lumina GoldenGate and Infinium, TagMan
or GeneChip from Affymetrix. These tech-
nologies can be applied to genotype SNP

markers and require a preliminary step of
SNP discovery, technical expertise and an
expensive laboratory set-up.

The [llumina Infinium assay is a whole-ge-
nome SNP genotyping assay that has been
proven to be successful and efficient for
many plant crops 12471 It is capable of
multiplexing from about 6,000 up to 1
million SNPs. It enables genome-wide
analysis offering an ideal method to iden-
tify candidate polymorphic SNPs for QTL
mapping. The Infinium assay develops
BeadChips with customized SNP content.
Each SNP locus is assayed and analyzed
independently for each sample yielding
high intensity estimate and accurate gen-
otype calls.

In this paper, we briefly describe the use of
6K B. napus custom SNP array with 5306
SNPs as implemented in the Infinium as-
say [[llumina Inc., San Diego, USA]. De-
tails of the array and the Infinium assay are
described previously

[Dalton-Morgan et al., 2014]. These SNPs
were distributed over the 19 chromosomes
of B. napus genome. This array was ap-
plied to genotype B. napus cultivars and
map populations in order to study the SNP
genotypes and identify the candidate SNPs
located on QTL or chromosome regions
associated with candidate genes. Samples
were analyzed with the Infinium II assay
protocol according to the manufacturer's
instructions. Genotyping module in Ge-
nomeStudio [llumina with the default pa-
rameters was utilized for SNP data analysis
clustering and genotype call. The clusters
were reviewed and manually edited if
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needed. SNPs that were difficult to score
were either manually adjusted or eliminat-
ed from the analysis completely.

The SNP genotype results show consistent
and clear clustering for most of the 5306
SNPs across the mapping population with
91% of SNPs successfully genotyped and
clustered, taking into account both mono-
morphic and polymorphic SNPs

(Fig 1 and Table 1). Successful SNP mark-
ers primarily produced distinct clustering
patterns with three possible genotypes
(AA, AB, BB), detecting polymorphic or
monomorphic loci. A good-quality SNP
genotyping cluster shows three clear-
ly defined and tight clusters with the ho-
mozygotes and heterozygotes. The cluster
definition is relatively simple in diploid
species. However, it is more complex in
crop plants that are polyploid such as B.
napus because SNP clusters can often
detect more than three overlapping clus-
ters. This is sometimes seen in polyploid
species as five clusters (AAAA, AAAB,
AABB, ABBB, and BBBB) instead of the
typical three clusters (AA, AB and BB).
Therefore, SNP clusters in polyploid cas-
es often make the distinction of the allel-
ic status more challenging since the clus-
ters need to be defined more carefully and
mostly in a manual fashion.

Table 1. Classification of SNP marker results from B.
napus Infinium SNP genotyping assay on the popula-
tion in this study

SNP position

No. of total
SNPs

Proportion of SNP.

S

Failed

Monomorphic

Polymorphic

Genome-wide

5306

487 (9%)

3535 (67%)

1283 (24%)

Chromosome
A7

285

32

178

74

Scaffold 3 on
A7

109

12

44

57

Fig 1. Examples of successfully clustered SNPs based
on the GenomeStudio software. Clusters display the
area where the three different genotypes with homozy-
gous allele A (red), heterozygous AB (purple) and ho-
mozygous allele B (blue) are called. A) Two clusters
with AA and BB genotypes and a monomorphic state
for the parents (both in yellow). B) One cluster with
AA genotype and a monomorphic state for both parents
and all individuals. C) One cluster with BB genotype
and a monomorphic state for both parents and all indi-
viduals. D) Three clusters represent the genotypes AA,
AB and BB, and a polymorphic state for parents. E)
Two clusters with AA and BB genotypes and a poly-
morphic state for both parents. The black dot outside of
the cluster represents failed samples and thus is scored
as “no call”.
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Two different indexes were initially used
to evaluate the quality of the raw data be-
fore the optimization of SNP clustering.
The call rate index showed that more than
90% of SNPs were successfully genotyped
for the mapping population. In addition,
the GenTrain score index gives an indica-
tion of the quality of the SNP clustering.
According to Illumina, for an SNP to be
retained, a minimum GenTrain score of
0.15 is advisable. In the present study, an
SNP had to get a minimum GenTrain score
of 0.15 and had to be segregating in the
related mapping population to be declared
successful. In the DH mapping population,
the majority of clustering SNPs had a Gen-
Train score of more than 0.4, indicating
that SNP genotyping was highly reliable
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with a low rate of missing data. Low Gen-
Train score may indicate ambiguous clus-
ter separation.

Of the 5306 SNPs assayed, 1284 (24%)
were polymorphic between the two pa-
rental lines and thus could be used for
clustering (Table 1). This provides a large
number of novel markers that will be used
in genetic mapping. Another 3535(67%)
SNPs from this assay were monomorphic
between the two parental lines, meaning
that they clustered together, having the
same base at that specific locus. These
SNPs are uninformative in genetic stud-
ies. Only 487(9%) of the 5306 SNPs failed
to give a genotype or could not be easily
clustered and were not investigated further
in this study. This probably indicates false
SNPs, resulting from possible sequencing
mistakes.

The Infinium assay is sensitive to the num-
ber of allelic copies [target locus + dupli-
cated or paralogous alleles] being assayed
(Fig 2 and 3). This can be a problem, par-
ticularly in polyploids such as B. napus,
where two homozygous clusters or more
than three clusters are most likely due to
the existence of non-unique genomic re-
gions. This is because B. napus is a highly
duplicated genome. It is anticipated that
the amphidiploid nature of the B. napus
genome will usually result in homeolo-
gous pairs of genes, originating from the
A and C genomes. This sometimes results
in polymorphisms detected at a given po-
sition, one corresponding to the A genome
and the other to the C genome. The In-
finium assay cannot distinguish the status

of SNP alleles from homologues (76). This
makes automated SNP genotyping more
challenging in a complex genome. The ab-
sence of cluster separation can be due to
a non-allele-specific match of the primers,
for example (Fig 3).

Fig 2. Vertically separated clusters generally polymor-
phic for a different locus than the source of the targeted
SNP. This may indicate the presence of a third polymor-
phic allele.
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Fig 3. An example of more than two genotype clusters
observed due to the polyploid nature of the B. napus
genome

The majority of SNPs on chromosome A7
(252 out of 285) gave a clear genotype
(Table 1). Of these, 74 were successfully
polymorphic. Fifty seven of these SNPs
were on scaffold 3, scaffold with the larg-
est length in chromosome A7, representing
the QTL region underlying a disease resist-
ance candidate gene"”). The SNPs located
the within genes in scaffold 3 were gen-
erally more polymorphic than the overall
set of SNPs in chromosome A7 suggesting
their potential as candidate genes.

The results also showed that the 57 SNPs
markers were distorted, with a 2:1 segre-
gation ratio, and the direction of distortion
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was mainly toward the maternal parent. In
addition, the number of genotypes corre-
sponding to the resistant parent was almost
twice that corresponding to the susceptible
parent, with averages of 102 and 58, re-
spectively. This suggests that segregation
of the resistance might be controlled by
multiple genes. This finding is consistent
with a previous study ["®, which found a
distorted segregation ratio for phenotype.
This distortion might be the result of chro-
mosomal abnormalities biasing the estima-
tion of the recombination fraction between
markers on the linkage group. This may
subsequently lead to the loss of informa-
tive data in QTL mapping, if these markers
are not handled carefully.

As the population is double haploid (DH),
most of the SNPs were expected to show
two clear main clusters, representing the
two homozygous genotypes. A small ad-
ditional cluster in the middle of the graph
corresponding to heterozygous genotypes
may represent a third allele or an additional
null allele. Doubled haploids are genetical-
ly homozygous lines. However, DH sam-
ples sometimes behave as heterozygotes.
This might be because the SNP was initial-
ly identified as polymorphic in sequence
comparisons but behaved monomorphi-
cally in the analyzed sample or was geno-
typed as heterozygous reflecting structural
chromosomal rearrangements: duplication,
translocation or transpositions. Taken the
findings together, our analyses of the DH
mapping population showed distinguisha-
ble segregating allelic variants at a single
locus underlying the QTL.

Three SNPs were null and showed the
presence of an insertion or deletion sur-
rounding the SNP locus (Fig 4), presum-
ably due to a mutation or the presence of
a third allele. Further sequencing and vali-
dation of these SNPs might give an indica-
tion of whether the SNP allele status has an
association with a candidate gene.

Fig 4. Individuals with homozygous deletion cluster at
the bottom of the graph; their genotype calls are miss-
ing/null. This may indicate the presence of chromo-
somal deletion or a third allele. The BB cluster remains
intact.

. —
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5. Conclusion

This work demonstrates how NGS tech-
nologies associated with SNP genotyping
could be a feasible strategy for the geno-
typing of thousands of SNPs and correlat-
ing them with QTL or candidate genes. It
also provides an alternative approach for
identification of candidate gene. The re-
sults can be further analyzed for genetic
mapping and association in the B. napus
segregating population. Hence, the geno-
typing quality and physical position data
obtained for the SNPs can be useful for
consensus genetic maps, positional clon-
ing, or association mapping. Despite geno-
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typing assay are being efficient to generate
a vast amount of genotypic data in poly-
ploid crops, analysis of SNP calls is some-
what challenging in polyploids due to the
multiallele combinations in the genotypes.
However, high density SNP arrays would
be efficient to produce highly informa-
tive SNPs for marker-assisted selection in
breeding programs as well as functional
genomic studies.
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