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Abstract

Genetic polymorphisms, particularly single nucleotide polymorphisms (SNPs), have been widely
used to advance quantitative, functional and evolutionary genomics. ldeally, all genetic variants
among individuals should be discovered when next generation sequencing (NGS) technologies and
platforms are used for whole genome sequencing or resequencing. In order to improve the
cost-effectiveness of the process, however, the research community has mainly focused on de-
veloping genome-wide sampling sequencing (GWSS) methods, a collection of reduced genome
complexity sequencing, reduced genome representation sequencing and selective genome target
sequencing. Here we review the major steps involved in library preparation, the types of adapters
used for ligation and the primers designed for amplification of ligated products for sequencing.
Unfortunately, currently available GWSS methods have their drawbacks, such as inconsistency in
the number of reads per sample library, the number of sites/targets per individual, and the number
of reads per site/target, all of which result in missing data. Suggestions are proposed here to im-
prove library construction, genotype calling accuracy, genome-wide marker density and read
mapping rate. In brief, optimized GWSS library preparation should generate a unique set of target
sites with dense distribution along chromosomes and even coverage per site across all individuals.

Key words: restriction site associated DNA sequencing, genotyping by sequencing, reduced representation li-
brary sequencing, complexity reduction of polymorphism sequencing; dominant and co-dominant markers,
genome wide association study, human, animals and plants

Introduction

Single nucleotide polymorphisms (SNPs) are the
predominant forms of sequence variations in both
plant and animal genomes [1]. For example, approx-
imately 150 million SNPs have been discovered in the
human genome (see dbSNP database at the National
Center for Biotechnology Information,
http:/ /www.ncbinlm.nih.gov/SNP/). The wurgent
need for simultaneous genotyping of many thousands
of SNPs on large numbers of individual samples has
accelerated the innovation of novel SNP genotyping

platforms, such as oligonucleotide arrays (Affymetrix,
Inc., Santa Clara, CA, USA) [2,3] and BeadArray mi-
croarrays (Illumina, Inc., San Diego, CA, USA) [4].
Currently, Affymetrix offers genotyping arrays for
livestock and aquaculture species (buffalo, cattle,
chicken, pig, salmon and trout), crops (cotton, maize,
soybean, strawberry and wheat) and biomedical and
model organisms (human, dog, mouse and Arabidopsis
thaliana) (http:/ /www.affymetrix.com/ estore/),
while Illumina markets whole genome genotyping
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BeadArrays for human and non-human species (cat-
tle, dog, maize, pig and sheep)
(http:/ /www.illumina.com/index-d.html).

These SNP arrays or chips have been widely
used in 1) long range linkage disequilibrium analyses
for determination of population structures/individual
ancestries, 2) genome wide association studies
(GWAS) for understanding genetic complexity of
complex phenotypes that affect human health or
economically important traits in animals and plants,
3) detection of genome instability for evaluation of
somatic copy number lesions and germline copy
number variation and 4) even transcriptome profiling
for investigating allele-specific expression patterns
[5-7]. However, these commercially available SNP
arrays or chips cannot be easily modified to suit indi-
vidual experimental designs. In addition, relevant
research cannot be conducted for species that do not
have commercially available SNP arrays/chips. It is
true that customized SNP arrays/chips can be manu-
factured, but they are cost-prohibitive to many re-
searchers.

Next generation sequencing (NGS) technologies,
on the other hand, generate millions of reads in a rel-
atively short amount of time, making them powerful
tools for genome research [8,9]. For example, one full
NGS run can produce 1 million to 5,000 million reads
in 8 hours to 11 days, depending on the platform [10].
Such a high throughput capability of genome se-
quencing or re-sequencing projects should efficiently
and accurately discover and genotype many thou-
sands of genetic polymorphisms, mainly SNPs, which
can be used to investigate quantitative, functional,
and evolutionary genomics in human, animals, and
plants. To date, high (20x to 30x, for example) or low
(approximately 5x, for example) whole genome se-
quencing or resequencing coverage has been pro-
posed as a useful strategy to discover these genetic
variants [11].

It is obvious that a high coverage strategy can
lead to a high cost project, in particular when it deals
with large eukaryotic genomes (such as mammalian
and many plant species) and large sample sizes.
However, a low coverage strategy also has drawbacks
because SNP calling is difficult and will result in low
genotyping accuracy and high genotyping errors [11].
Furthermore, whole genome sequencing/
resequencing for SNP genotyping is technically un-
necessary and is cost-prohibitive, because linkage
disequilibrium relationships (2 values) can be as high
as 95% - 100% among genetic markers within a gene
or a genomic region [12,13]. In practice, only one of
the highly linked markers is usually selected as a
tagged SNP in data analysis.

In order to address the limitations associated

with SNP arrays/chips and the high/low coverage
whole genome sequencing/resequencing platforms
described above, the genome research community has
been developing alternative strategies to discover and
genotype genetic variants in a cost effective manner.
Basically, these alternative methods/techniques are
NGS-based, but different laboratory procedures can
result in different data outcomes in terms of reduced
genome complexities, reduced genome representa-
tions or selected genome targets. In contrast to whole
genome sequencing/re-sequencing, a basic feature
associated with these methods/techniques is to have a
subset of a genome sampled and sequenced. As such,
we collectively term these techniques as genome-wide
sampling sequencing (GWSS) methods. Recently,
Davey and co-workers [14] indicated that these
methods are applicable to both model organisms with
known genomes and non-model organisms with un-
known genomes. For example, GWSS applications
were used for SNP discovery in common bean [15],
eggplant [16], flax [17] and pigs [18].

Traditionally, GWSS methods involve three
common steps: 1) DNA digestion with restriction en-
zymes, 2) ligation with adapters that fit into the rele-
vant sequencing platforms and 3) PCR amplification
to increase the yield of library products for sequenc-
ing. The genome sampling process depends on the
use of rare-cutter enzymes, size selection of products,
or selective amplification of products. Because exome
sequencing samples all exons within a genome, we
will include it in the present review. Nevertheless,
these methods have their drawbacks, such as incon-
sistency in not only the number of reads per sample
library, but also the number of sites/target per indi-
vidual and the number of reads per site/target. Con-
sequently, missing data and uneven distribution of
markers along each chromosome is unavoidable.
Therefore, GWSS methods must be improved to ad-
dress these issues.

GWSS method review

Currently available GWSS methods have mainly
evolved from reduced representation (library) se-
quencing (RRS or RRLS) [19,20], complexity reduction
of polymorphism sequencing (CRoPS™) [21], re-
striction site associated DNA sequencing (RAD-seq)
[22] and genotyping by sequencing (GBS) [23] meth-
ods. However, cross-interpretations of different as-
says with the same terminologies or cross-labeling of
the same assays with different terminologies have
occurred frequently in the literature. After careful
review of the detailed laboratory procedures of each
method, the currently available methods can be clas-
sified into four categories: 1) GWSS without size se-
lection, 2) GWSS with semi-size selection, 3) GWSS
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with size selection and 4) GWSS with selective ampli-
fication. Generally speaking, GWSS libraries can be
constructed by digesting DNA with one or two re-
striction enzymes and analyzing the subsequent li-
brary with Illumina or Ion Torrent sequencing plat-
forms.

I DNA Digestion with Restriction Enzyme(s) |

~lr0~lr0~lr0 vO

Without Size Selection @ With Size Selection
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Ligation with 5’ and 3’ Adaptors
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Figure 1. Classification of GWSS methods. 1) GWSS without size selection
after DNA digestion and ligation. Size selection may be employed after PCR ampli-
fication. 2) GWSS with semi-size selection. These methods perform size selection
after ligation with adapters. Some methods may combine random shearing with size
selection and then ligate with the second adapter. 3) GWSS with size selection
immediately after DNA digestion. 4) GWSS with selective amplification. These
methods are dependent on primer design for selective amplification of products for
sequencing. Theoretically, the former two groups of methods can lead to reduction of
genome complexity, while the latter two groups of methods may result in reduction
of genome representation.

GWSS without size selection

Examples of methods designed to prepare li-
braries without size selection include GBS [23], GBS
with two restriction enzymes [24] and genome re-
ducing and sequencing (GGRS) [25] (Supplemental
Table 1). The main steps in these methods include
digestion of DNA with restriction enzymes, simulta-
neous ligation of adapters, and selective amplification
of products with PCR using primers complementary
to ligated adapter sequences (Figure 1). Of the three
methods above, only GGRS [25] employs selection of
300- to 500-bp PCR products for sequencing. Size se-
lection at this stage of library preparation probably
does not significantly affect the sequencing outcome
in terms of genome complexity when compared to
GBS and two-enzyme GBS methods. Rather, these
three methods differ in the design of their adapters.
Sample preparation with the GBS method uses a
barcode adapter and a common adapter, which allow

for multiplexing of 48 or 96 samples [23]. In compar-
ison, when libraries are prepared with two-enzyme
GBS, a conventional adapter is designed for ligation to
one cohesive end of the fragmented DNA, while a
Y-type adapter is designed for ligation to the other
end of the DNA fragment. This design ensures spe-
cific amplification of only fragments produced by
digestion with the two restriction enzymes [24]. The
GGRS approach requires usage of only one Y-type
adapter for library preparation [25]. In brief, these
methods rely on usage of five- or 6-cutter enzymes to
prepare sequencing libraries with reduced genome
complexity. In theory, DNA fragments too long to be
amplified by polymerase would be excluded from the
library. Overall, libraries prepared with GWSS with-
out size-selection methods are relatively simple, ro-
bust, time and cost-efficient approaches [23]. Obvi-
ously, these methods require specific sets of custom-
ized barcoded adapters for different enzymes or en-
zyme combinations.

GWSS with semi-size selection

Some GWSS that utilize semi-size selection dur-
ing library preparation include restriction-site associ-
ated DNA sequencing (RAD-seq) [22], paired-end
reduced representation libraries (paired-end RPLs)
[10], double-digest RAD-seq (DDRAD-seq) [26] and
flexible and scalable GBS [11] (Supplemental Table 1).
Although these authors used different terminologies
to describe their methods, the library construction
processes are actually quite similar. In brief, none of
these methods include a DNA fragment size selection
step immediately after restriction digestion (Figure 1).
Instead, size selection is performed in ensuing steps of
the library preparation process. Fragment size selec-
tion is performed twice when libraries are prepared
with RAD-seq and paired-end RPLs methods. After
the first adapter (the P1 adapter designed for the II-
lumina sequencing platform, for example) is ligated to
DNA fragments, the ligated products are randomly
sheared. Next, a size selection step is performed, fol-
lowed by end repair, dA tailing and ligation with the
P2 primer (Y adapter design) [10,22]. After PCR am-
plification, size selection is repeated and products are
subsequently sequenced. In comparison to the GWSS
methods without size selection described above,
random shearing of ligated products in these two
methods may improve the possibility that large
fragments are sequenced. However, random shearing
may affect the position of the reads, which might
complicate read mapping, particularly when the
paired-end sequencing strategy is used. When librar-
ies are prepared with the DDRAD-seq and flexible
and scalable GBS procedures, size selection is con-
ducted after ligation with both 5 and 3’ adapters
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(Supplemental Table 1). The flexible and scalable GBS
[11] technique uses restriction enzymes to produce
DNA fragments with blunt ends. Obviously, blunt
ends do not require end-repair, but dA-tailing is used
for ligation to universal Illumina adapters. If the liga-
tion step is not optimized, size selection of ligated
products may lead to inefficient genome representa-
tion reduction. As such, the reduced genome com-
plexity of libraries prepared with GWSS methods that
do not employ size selection or use only semi-size
selection may not be significantly different if DNA is
digested with the same enzyme(s).

GWSS with size selection

Seven examples of GWSS library preparation
with size selection are presented in this review, in-
cluding reduced representation shotgun sequencing
(RRS) [19], reduced representation libraries (RRLs)
[20], paired-end reduced representation libraries
(paired-end RPLs) [27], GBS with one enzyme digest
[28], GBS with two enzyme digest [29], improved
RRLs (iRRL) [30] and type IIB endonucleases re-
striction-site associated DNA (2b-RAD) [31] (Sup-
plemental Table 1). Terminologically, these methods
seem quite different, but their library preparation
procedures are almost identical: DNA digestion, size
selection, adapter ligation, PCR amplification and
sequencing (Figure 1). Only the original RRS method
[19] used the traditional cloning technique. When
libraries were prepared for 66 cattle DNA samples
using the RRLs method, Van Tassell and colleagues
[20] discovered over 62,000 SNPs based on approxi-
mately 50 million reads. Kerstens and co-workers [27]
used the same method to investigate structure varia-
tion in chickens. They made four DNA pools: a white
egg layer line, brown egg layer line, and two different
broiler lines, each with 25 individuals. The Alul di-
gested DNA was separated on a 10% precast poly-
acrylamide gel (BioRad). DNA fragments of 100-200
bp in length were sliced out of the gel, followed by
elution and precipitation for library preparation using
the Illumina sequencing technology platform. Gre-
minger et al. [30] reported an iRRL protocol for dis-
covery of genetic markers using samples derived from
two orangutan populations. They selected Huaelll for
their method after analyzing in silico digestion with 23
blunt-end cutters (4-6 bp recognition sites) in multiple
combinations. During the library preparation, Gre-
minger and colleagues [30] paid special attention to
size selection: the digested DNA fragments were
separated on high-resolution gels and only 104 bp
-123 bp fragments were excised from the gels and
recovered by electro elution. The remaining steps in
their method followed the SOLiD ChiP-Seq protocol
[30]. The 2b-RAD method [31] uses one enzyme, such

as BsaXI or Alfl for digestion, but it can produce tags
of uniform size for amplification and sequencing.

GWSS with selective amplification

Two examples of GWSS with selective amplifi-
cation are listed in Supplemental Table 1. The
CRoPS™ method, which is based on the AFLP®
(Amplified fragment length polymorphisms) tech-
nique [21,32,33] belongs to this group of GWSS
methods. This technology involves digestion of ge-
nomic DNA with a pair of enzymes, followed by liga-
tion with adapters and PCR amplification
(pre-amplification and selective-amplification). The
amplified products are separated on a gel for tradi-
tional AFLP analysis [32] or sequenced using a Ge-
nome Sequencer (GS) 20/GS FLX next-generation
sequencing platform [21]. Although it is called scala-
ble GBS, the method developed by Sonah and col-
leagues [34] is also a good example of GWSS with
selective amplification. The authors used longer 3’
primers that contained three parts: the entire common
adapter, the 3 restriction site, and an extension of 1 or
2 bases into the insert fragments. In brief, these
methods do not involve size selection, but employ
selective amplification of products for sequencing
(Figure 1). Although it is a totally different approach,
here we briefly discuss the whole exome sequencing
(WES) method [35]. The WES technique usually starts
with construction of a whole genome shotgun library.
Fragments that range in size from 150 bp to 250 bp are
collected after gel electrophoresis, and exome capture
arrays are designed based on Refseq mRNA se-
quences. The shotgun library is then hybridized to the
exome arrays and exon region related products are
captured. The hybridized products are recovered
from the slides and amplified for sequencing [36]. The
WES method selectively sequences 2 - 3% of the ge-
nome; however, this represents more than 98% of the
exon regions [35].

GWSS technical challenges

Based on the methods we have reviewed, it ap-
pears that size selection and selective amplification
are key steps in determination of the final composi-
tion of a GWSS library. Almost every digested DNA
fragment prepared by GWSS without size selection
and selective amplification will be sequenced unless it
is too long to be amplified by PCR. This challenge can
be overcome by GWSS methods that include random
shearing of ligated products followed by size selec-
tion. Libraries prepared with GWSS without size se-
lection and GWSS with semi-size selection methods
have reduced genome complexity since partial (for
most products) or full sequence (relative few products
when they are short, particularly when sequenced
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with paired-end reads) can be collected for each di-
gested product. Size selection immediately after re-
striction digestion can certainly reduce genome rep-
resentation as not all digested products will be se-
quenced. However, quality control of size selection
can be practically challenging. When techniques that
utilize selective amplification are employed, the re-
duction of genome representation depends on primer
design, but mismatch amplification can jeopardize the
process. Therefore, the genome research community
must address these problems to improve preparation
of GWSS libraries.

Inconsistency in the number of reads per
sample

Although the same set of primers is used to am-
plify a pool of libraries/samples under the same PCR
conditions, the number of reads per library or per
sample varies. Using RAD-seq, Baird and colleagues
[22] tested 96 F, fish and found variable numbers of
reads sequenced per sample: 68% of individuals had
between 50 K and 150 K RAD tags sequenced. Using
GBS, Elshire and coworkers [23] reported a high CV
(coefficient of variation) in the number of reads con-
taining the appropriate barcode. Further, the cut sites
with reads collected ranged from 23% among barley
samples to 43% among maize samples when ApeKI
was used to digest the genomic DNA. When 47 cattle
DNA samples were digested with Pstl, De Donato
and colleagues [37] observed that read number per
individual varied by 39%. Byrne and coworkers [38]
investigated genetic diversity among eight perennial
ryegrass varieties. After separate digestion with ApeKI
and Pstl, the CV for the number of reads per sample
ranged from 27 % to 62%. Moreover, the barcode (F(31,
223) =20.93, p = 0.001) and barcode length (F(4, 250) =
29.89, p = 0.001) had significant effects on read num-
bers per sample [38].

Inconsistency in the number of sites sequenced
per sample

In addition to variation in the number of reads
per library, Chen et al. [25] observed disparities in the
number of sites with reads mapped per library,
ranging from 171,472 to 447,051 sites per sample and
site number among individuals had a CV of about
21%. When eight restriction enzymes (Mlyl, Alul, Rsal,
Dral, EcoRV, Stul, Haelll and Hincll) were used to
create blunt-end GBS libraries, Heffelfinger and
coworkers [11] found that total percentage of pre-
dicted sites covered with reads ranged from 5.04%
(digested with Hincll) to 26.84% (digested with Haelll)

in maize and from 8.67% (digested with Stul) to
51.32% (digested with Alul) in rice.

Inconsistency in the number of reads per site

Beissinger and colleagues [28] collected over 118
million GBS sequence reads to determine the number
of reads per site using Zea mays inbred B73 as a ref-
erence and enzyme ApeKI for digestion. During the
library preparation, they selected ApeKI fragments of
70 to 318 bp in length for sequencing. This strategy
should have yielded a predicted total of 1,406,269 sites
as the number of reads per site is expected to follow a
Poisson distribution with a mean equal to the average
coverage (~40 reads per site). However, they found 0
reads for 1,021,382 sites, while the remaining sites had
1 - 95,014 read(s) per site.

Missing data

Inconsistencies in the number of reads per sam-
ple library, the number of sites/target per individual,
and the number of reads per site/target can easily
result in missing data. For example, Beissinger and
colleagues [28] revealed that highly overrepresented
sites (>500 reads per site), which comprised ~0.5% of
the sequenced ApeKI sites in maize, accounted for
41.7% of the total reads. The authors predicted that
the missing data would be 30%, 20%, or 10% of sites
when sequencing produced 23, 41, or 80 million reads,
respectively. Working on perennial ryegrass with
ApeKI digestion, Byrne and coworkers [38] were able
to discover 643,798 SNPs with a minor allele fre-
quency of 25%. However, only 80,902 (~12.5%) SNPs
were successfully genotyped in 75% of individual
samples at 5X coverage. Although over 270,000 SNPs
were identified using GBS in an F; population of ap-
ples (Malus x domestica) segregating for skin color,
Gardner et al. [29] found that a high proportion of
data for SNPs was missing across samples and there-
fore could not be used for genetic mapping. Out of the
85 million DNA sequence reads produced in that
study, only 6% could be used to generate a linkage
map with 3,967 SNPs in the species. In addition,
markers were not evenly distributed along each
chromosome. For example, the physical distance be-
tween “adjacent” markers exceeded 15 Mb in some
cases [29]. Using outbred male Sprague-Dawley (SD)
rats, GBS analysis only revealed a total of 2,256 high
confidence SNPs with a minor allele frequency of
larger than 0.2 [39]. Such a number of SNPs seems too
few to pursue any GWAS analysis.
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Figure 2. Examples of GWSS NGS library construction methods used to discover genome-wide representative variants, mainly SNPs, among individuals.
RE indicates the use of a single restriction enzyme in the assay, while RE1 and RE2 indicate the use of two enzymes for digestion of genomic DNA. The buffer zone contains
additional nucleotides to tighten the restriction site ligation. The first four examples are designed for assessment with lllumina analyzers, while the last example is a library built

to meet lon Torrent platform requirements.

Suggestions for future GWSS develop-
ment

Improvement of library construction process

Preparation of a GWSS library is relatively sim-
ple, but the process needs to be further optimized in
order to radically address the challenges discussed
above. First, we may need to prepare a library for each
individual rather than a library for pooled samples.
Such a “one sample-one library” approach will enable
quantification of each library before sequencing so
that equal amounts of libraries are sequenced and
yield a similar number of total reads, thus minimizing
inconsistency in number of reads per sample. Second,
we need to compare efficiencies of primers designed
with different binding positions that control the
number of sites amplified. Currently, there are three
types of primers used in final amplification of libraries
for sequencing. These primers bind to 1) attachment
sites (flowcell binding regions) alone (e.g., RAD-seq
[22]) (Figure 2), 2) attachment sites + sequencing read
sites (e.g., GBS [23]) (Figure 2), and 3) attachment sites
+ sequencing read sites + 3’ restriction sites + exten-
sion of 1 or 2 bases into the insert fragments [34].
Theoretically, this last set of primers is more specific
and should amplify only the targeted sites; however,
in reality this may not be true and further investiga-

tion is warranted. Third, the Y-adapter design and the
subsequent primers for amplification should be well
matched. As illustrated in Figure 2, Chen and col-
leagues [25] used a universal adapter as well as a re-
verse primer to initiate synthesis. Notably, both for-
ward and reverse primers can initiate the first round
of amplification, as they share 14 identical nucleotides
at their 3’ ends. Lastly, size selection of products for
sequencing is also important. Gel separation and
subsequent retrieval of products may contribute to
variation in the number of sites involved in reduced
genome complexity sequencing. Gel-free size selec-
tion with beads should reduce site variation. On the
other hand, reducing uneven coverage of reads per
site remains one of the most challenging issues in the
construction of reduced genome complexity libraries
[28].

Improvement of genotype calling accuracy

As discussed above, GWSS methods rely on re-
striction enzyme digestions. Table 1 lists 23 restriction
enzymes that have been frequently used. Use of these
enzymes can potentially produce two sources of
markers: 1) genetic (SNPs, insertions/deletions and
short tandem repeats, for example) and epigenetic
markers inside the recognition sites and 2) genetic
markers outside of the restriction enzymes recogni-
tion sites. Since the restriction enzymes Alul, BsaXI,
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Dral, Haelll, Hindlll, MIuCl, Mlyl, Msel, Mspl, Nlalll,
Pstl, Sbfl and Sphl are resistant to Dam (methylated by
the dam methylase), Dcm (methylated by the dem
methylase) and CpG (methylated by the CpG
methylase) blocks, digestion with these enzymes will
not produce epigenetic polymorphisms. However, the
remaining ten enzymes shown in Table 1 may pro-
duce genetic, epigenetic or both types of polymor-
phisms depending on nucleotide mutations and the
methylation status of recognition sequences. Never-
theless, genetic and epigenetic markers associated
with recognition sites can jeopardize genotype calling
accuracy in individuals because they are dominant
markers, rather than the co-dominant markers. As
such, only homozygotes and heterozygotes with one
allele that contain an enzyme cut site or that lack
methylation blocks can be digested, ligated, ampli-
fied, sequenced, and scored. Therefore, GWSS meth-
ods need to use enzymes with recognition sequences
that are rarely mutated in the genome and that are
insensitive/resistant to Dam, Dcm, and CpG blocks,
thus producing millions of NGS reads that can be
used to maximize the discovery of co-dominant
markers for linkage mapping or genome wide associ-
ation studies. In order to be most effective, these en-
zymes must also produce an even distribution of
fragment sizes and cannot generate any concentrated
bands after DNA digestion.

Improvement of marker density

As listed in Table 1, four-, five- or six-cutter en-
zymes have been mainly used in library preparation.
Yield estimates determined by in silico digestion of the
soybean genome (1.1 - 1.5 Gb in length) were up to 9.5
million fragments for Msel (four-cutter), 800 K frag-
ments for ApeKI (five-cutter) and 100 K fragments for
Pstl (six-cutter), respectively [34]. These numbers
clearly show that five-cutter enzymes provide a rea-
sonable number of cut sites (i.e., roughly one site per
kb of sequence). When five- or six-cutter enzymes are
used; however, the average fragment size is still too
large to fit into NGS platforms. Therefore, the first
adapter-ligated products are often randomly sheared,
size-selected and then ligated with the second adapter
to yield constructs that contain flowcell binding re-
gions, sequencing primer binding sites, and barcodes
for library separation. Obviously, these steps add
complexity to library preparation. Six-cutter enzymes
are often combined with four-cutter enzymes. When
only two-enzyme digested products are targeted, the
six-four cutter enzyme combination probably doesn’t
add many more sites to the library pool as compared
to six-cutter digestion enzyme alone. Nevertheless,
missing sites (over 70% sites with zero reads, see
Beissinger et al. [28]) and missing genotypes (marker

gaps up to 15 Mb in length, see Gardner et al. [29])
indicate that marker density needs to be improved.
The use of four-cutter enzymes in library preparation
may be the answer to this problem. In this case, size
selection will play an important role in the reduction
of genome representation. In particular, in silico di-
gestion should be performed, followed by selection of
products of appropriate sizes that evenly distributed
along each chromosome with reasonable distances
between any adjunct sites.

Table 1. Restriction enzymes frequently used in the construction
of GWSS libraries.

Enzyme Recognition Sequence Dam Dcm CpG
Blocked? Blocked? blocked?
Alul [11,27] AG/CT No No No
ApeKI [23,28,34,37,38] G/CWGC No No Yes
Avall [25] G/GWCC No Yes Yes
BsaXI [31] (9/12) ACNNNNNCTCC No No No
(10/7)

Dral [11,20] TTT/AAA No No No
EcoRI [22,26,33] G/AATTC No No Yes
EcoRV [11] GAT/ATC No No Yes
EcoT221 [37] ATGCA/T ? ? ?
HaellI [11,20,30] GG/cCC No No No
HincII [11] GTY/RAC No No Yes
HindIII [29] A/AGCTT No No No
Hpall [21] C/CGG No No Yes
MluClI [26] /AATT No No No
MlyI [11] GAGTC(N)5/ No No No
Msel [21,33] T/TAA No No No
Mspl [24,26,29,40] C/CGG No No No
NilalII [26] CATG/ No No No
Pstl [10,24,37,38,40] CTGCA/G No No No
Rsal [11] GT/AC No No Yes
SbfI [10,12,26] CCTGCA/GG No No No
Sphl [26] GCATG/C No No No
Stul [11] AGG/CCT No Yes No
Taql [33] T/CGA Yes No No

Source: Reprinted from www.neb.com (2015) with permission from New England
Biolabs.

Improvement of read mapping rate

Ligation is one of the critical steps involved in
the preparation of GWSS libraries. Figure 2 illustrates
the ideal ligation of products. In reality, many other
types of ligated products are fabricated in the reac-
tion, which eventually lead to artifacts among the
sequenced reads. Our recent experience shows that
even a 120 bp read can contain three digested frag-
ments derived from different chromosomes. For ex-
ample, after ligated artifacts were separated, the
number of reads of 236 bp in length increased from
106 million reads to 132 million reads. As a conse-
quence, the unique mapping rate also improved from
~45% to ~65%. Therefore, these artifacts cannot be
ignored. In the AFLP technique [32], modified adapt-
ers are used to carry out both enzyme digestion and
ligation in one step. Once ligated, these adapters are
no longer recognized by the enzyme. Whether or not
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this strategy can be integrated in the construction of
GWSS libraries needs to be tested.

In brief, we continue to face challenges in mak-
ing NGS-based GWSS libraries, even though the pro-
cedure is relatively simple. The library construction
process can certainly be improved if we redesign
adapters and primers, reconsider selection of re-
striction enzymes and optimize PCR conditions. The
ultimate goal is to amplify a unique set of targets with
dense distribution and even coverage across all indi-
vidual samples.
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