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note

In the past, simple sequence repeats (reviewed in Varshney et 
al., 2005), amplified fragment length polymorphisms (Vos et al., 

1995), and various kinds of SNP assays (reviewed in Gupta et al., 
2008) have been used as markers for genetic mapping or associa-
tion studies. Increasingly, next-generation sequencing is replacing 
these technologies because it allows for simultaneous discovery and 
scoring of large numbers of markers. However, the cost of com-
plete genome sequencing is still high, and most applications do not 
require full sequence information. Next-generation sequencing of 
reduced-representation libraries (RRLs), which capture a specific 
and reproducible subset of the genome, provides the advantages 
of sequence data at a lower cost and without the computational 
burden that comes with enormous data sets.

There are numerous methods for making RRLs (reviewed 
in Davey et al. (2011) and Hirsch et al., 2014); many of these 
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Abstract
Compared with other reduced-representation 
sequencing methods, library construction for 
genotyping-by-sequencing (GBS) is simpler and 
less expensive. However, elimination of size-
selection steps results in libraries of more vari-
able fragment size than with other reduced-rep-
resentation methods, affecting several aspects 
of the data. To test the effect of restriction 
enzyme choice on library quality, we made GBS 
libraries with PstI (6-cutter), PstI/TaqI (4-cutter), 
or ApeKI (4.5-cutter) from the same set of DNAs 
from a cassava (Manihot esculenta Crantz) 
biparental population. Tag and single nucleotide 
polymorphism (SNP) counts were limited by the 
number of cut sites rather than by read number. 
Depth per locus was very skewed for the PstI 
library, such that most SNPs had low read depth 
but a subset had very high read depth. In con-
trast, the ApeKI and PstI/TaqI libraries had less 
variable distributions of read depth and yielded 
far more scorable SNPs. Our results suggest 
that 6-cutter enzymes may be most appropri-
ate for genotyping a modest number of mark-
ers at a high multiplexing level, or for very large 
genomes, and perform better when used in a 
double digest with a 4-cutter enzyme.
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rely on restriction digestion. The complexity of the meth-
ods varies, as does the cost. Genotyping-by-sequencing 
(Elshire et al., 2011) is an RRL method that is relatively 
simple and inexpensive, making it feasible to genotype 
large numbers of individuals. GBS has therefore become 
very popular, particularly for researchers working on non-
model species with few genomic resources (http://www.
biotech.cornell.edu/node/886; Glaubitz et al., 2014).

One of the bases of GBS’s simplicity is the elimination of 
steps designed to generate fragments of a narrow size range; 
such steps are a feature of most other RRL methods (e.g., 
RAD sequencing; Baird et al., 2008). In GBS, the pooled, 
digested DNA is polymerase chain reaction (PCR)-ampli-
fied under conditions that favor amplification of smaller frag-
ments, resulting in a sequencing library whose size distribu-
tion is less well defined than with other methods. Choice of 
enzyme is a critical step in GBS library development; consid-
erations include genome size, level of inbreeding (i.e., hetero-
zygosity), anticipated level of multiplexing, and the number 
of markers required for the project. The object is to find the 
right balance in the trade-off between genome coverage and 
read depth (e.g., Beissinger et al., 2013).

In making GBS libraries for an outcrossing species 
such as cassava, sufficient read depth is needed to accu-
rately call heterozygous genotypes. For this reason, for 
our first cassava GBS libraries we chose an enzyme with 
a 6-base recognition sequence (“6-cutter”), PstI, even 
though cassava has a modest-sized genome (760 Mb). 
Because we could score only a modest number of SNPs 
from those libraries (Ly et al., 2013; Rabbi et al., 2014), 
we subsequently tried a number of other enzymes and 
enzyme combinations. In the course of these experi-
ments, we sequenced GBS libraries made with PstI, PstI/
TaqI (4-cutter), or ApeKI (4.5-cutter) from the same set 

of DNAs, extracted from progeny of an outbred cassava 
biparental population. Important properties of the librar-
ies varied with the frequency of cutting of the restric-
tion enzyme(s). These results suggest that, depending on 
the application and genome size, predictable properties of 
restriction enzymes can guide the choice of enzyme in 
making GBS libraries.

Methods
Cassava DNA was prepared as described in Rabbi et al. (2014); we 
used two sets of 95 DNAs from a biparental mapping population 
with outcrossed parents. GBS libraries were constructed at the 
Institute for Genomic Diversity at Cornell University, accord-
ing to the method of Elshire et al. (2011) for PstI and ApeKI or 
Poland et al. (2012) for PstI/TaqI. The PstI/TaqI libraries were 
constructed such that only fragments with a PstI site on one end 
and a TaqI site on the other were amplified and sequenced. Each 
library was loaded onto one lane of a flowcell of an Illumina 
HiSeq at the Biotechnology Resource Center at Cornell Uni-
versity. We processed the FASTQ files (output of the Illumina 
pipeline) using the Tassel pipeline 3.0 (http://tassel.bitbucket.
org/TasselArchived.html) as described in Rabbi et al. (2014). 
Tags with a count less than 50 were eliminated because they were 
likely to be sequencing errors. When running the TagsToSN-
PByAlignmentPlugin, minimum locus coverage was set to 0.4 
and minimum minor allele frequency was set to 0.1. These set-
ting are appropriate for a biparental population in which alleles 
should segregate at 1:1 (parents are both heterozygous) or 3:1 
(one parent is homozygous, one is heterozygous) ratios.

Results
Important properties of GBS libraries are the total number 
of raw reads, the number of good barcoded reads, the 
number of unique tags, and the read depth distribution. 
These terms are defined below and illustrated in Fig. 1:

Figure 1. Illustration of terms used in bioinformatic processing of genotyping-by-sequencing reads. SNP, single nucleotide polymorphism.
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only 22% of the number of tags in a single ApeKI library. 
The PstI/TaqI library had the most reads of all, yet had far 
fewer unique tags than the ApeKI libraries. While each 
ApeKI library identified nearly all the tags, a much larger 
fraction of the PstI tags was unique to each library.

A library made with a double digest of PstI and TaqI 
had more reads than either the PstI or ApeKI library, 
but only 28% more tags than the PstI library (Table 3). 
However, the median read depth per tag for PstI/TaqI 
was almost sixfold larger than for the PstI library, so that 
68% more SNPs could be scored. The ApeKI libraries had 
almost six times as many scorable SNPs as the PstI librar-
ies, and over three times as many as the PstI/TaqI library 
(Table 3); these ratios are similar to the ratios in tag num-
bers, but are also affected by read depth.

The read depth distributions for these libraries are 
revealing: most PstI tags had a low read depth, but there 
was a long and substantial tail of tags that had more than 
5000 reads per locus (Fig. 2). In contrast, the read depth 
distribution for the ApeKI library was much less skewed 
(Fig. 3A; note the difference in scale of the y axes). If only 
tags with read depth over 1000 are plotted for the ApeKI 
library (Fig. 3B), the distribution looks similar to the PstI 
library, but this plot represents a small fraction of the total 
reads. The read distribution for the PstI/TaqI library (Fig. 
4) was intermediate to the other two libraries.

Discussion
We sequenced GBS libraries made from the same DNAs, 
but prepared with different restriction enzymes, and 

A read is a single sequence in the FASTQ output 
file generated from the GBS library.

A good, barcoded read is a sequence read with a 
perfect match to one of the barcodes and with 
no N’s in the sequence, up to a specified length.

A tag is a unique sequence (excluding the barcode) 
up to a specified length from one or more 
“good, barcoded reads.” A given tag is typically 
observed multiple times, unless it has been 
generated by a sequencing error.

A locus is a single position on the reference genome 
where a tag aligns. More than one tag will align 
at a locus if the locus is polymorphic.

Read depth is the total number of reads that map 
to a locus, either within or across barcoded 
individuals.

Read depth distribution is the profile of read depths 
across all loci.

For the five GBS libraries in our study, the number of 
raw reads and number of good barcoded reads varied con-
sistently between restriction enzymes (Table 1) and was 
independent of the flowcell (i.e., the sequencing run). The 
number of tags also varied consistently between enzymes, 
and was not primarily limited by read number (Table 2): 
the two PstI libraries, pooled together, had >180,000 raw 
reads, one third more than a single ApeKI library, but had 

Table 1. Raw and good barcoded read counts in genotyping-by-sequencing libraries.

Enzyme Plate Flowcell Raw reads Good barcoded Percent good

ApeKI 1 1 150,344,791 130,463,262 87

ApeKI 2 3 141,989,084 135,125,857 95

PstI 1 1 119,077,915 90,209,357 76

PstI 2 2 112,397,029 90,245,256 80

PstI/TaqI 1 3 184,075,809 167,339,637 91

Table 2. Read and tag counts in genotyping-by-sequencing libraries made with PstI or ApeKI.

Enzyme

Good barcoded reads Tags Plate-specific tags

ApeKI PstI ApeKI PstI ApeKI PstI

Plate 1 130,463,262 90,209,357 390,338 70,224 626 8582

Plate 2 135,125,857 90,245,256 390,671 78,120 959 16,478

Combined 265,589,119 180,454,613 391,297 86,702 1585 25,060

Table 3. Properties of genotyping-by-sequencing libraries made with three different enzymes.

Enzyme
Good Barcoded  

Reads Tags
Median read  

depth per locus Scorable SNPs† Comments

PstI‡ 90,227,306 74,172 296 8584 Fewer cut  sites; larger size range

PstI/TaqI 167,339,637 95,289 1761 14,527 Fewer cut sites; smaller size range

ApeKI‡ 132,794,560 390,504 383 50,347 More cut  sites; smaller size range
† SNP, single nucleotide polymorphism.
‡ Entries are the mean of two plates.
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analyzed the differences in library attributes. The differ-
ences that we observed can be explained by differences 
in the number of cut sites and the range of fragment sizes 
that are included in the library after PCR amplification 
(see “Comments” in Table 3):

1. Number of good barcoded reads. It is not imme-
diately obvious why the number of reads should 
be affected by enzyme; read number is a function 
of cluster number (i.e., the number of DNA tem-
plates immobilized on the surface of the Illumina 
flowcell). Two factors are likely to explain this 
phenomenon. First, the Illumina support website 
(http://support.illumina.com/sequencing/sequenc-
ing_instruments/cluster_station/questions.ilmn) 
advises: “Short fragments tend to create smaller 
clusters allowing greater data density. The opti-
mal fragment size for single-read run is 150–300 
bp.” The PstI/TaqI library had fragment sizes that 
were closer to the optimum for increasing cluster 
density and thus read counts, and the PstI librar-
ies had fragment sizes farthest from the optimum. 
Second, calculation of the optimal dilution of the 
GBS library is difficult when the fragment size 
distribution has not been well characterized. A for-
mula that performs well for ApeKI libraries will not 
perform well for PstI libraries because the relation-
ship between picograms of DNA and picomoles of 
fragments is not the same. Empirical determination 
of the correct dilution would lead to higher read 
counts for PstI libraries, although the greater dis-
tribution of fragment sizes makes this challenging.

2. Number of tags. The higher number of tags in the 
ApeKI libraries was clearly due to the larger number 
of ApeKI cut sites in the genome for an enzyme with 
a 4.5-base recognition site as compared to one with 
a 6-base recognition site. In the PstI libraries, the 
number of tags was limited both by the number of 
cut sites and by the number of fragments that could 
be amplified efficiently in the library. Additional 
digestion with TaqI increased the tag number, but 
not by a lot, because the number of PstI cut sites 
was still limiting. However, the read depth per locus 
increased dramatically, because the larger PstI frag-
ments were digested (by TaqI) to a size that was 
efficiently incorporated into the GBS library.

3. Plate-specific tags (Table 2). The ApeKI librar-
ies had a large number of tags, of which 99.6% were 
observed in both libraries. This suggests that the 
vast majority of ApeKI fragments were captured and 
sequenced in each library. In contrast, 29% of tags in 
the PstI libraries were plate-specific. This difference 
likely arose from the long tail of larger fragments 
that were poorly represented in the PstI library; by 
chance, a different subset of those fragments was 
amplified and sequenced in each library. SNPs 
occurring on these plate-specific tags, however, had 
poor read depth and high levels of missing data.

4. Read depth per locus. The median read depths 
per locus reported in Table 3 correspond to 3.1, 
18.5, and 4 reads per genotype, on average, for the 
PstI, PstI/TaqI, and ApeKI libraries, respectively. 
The low read depth for the PstI libraries arose from 
the phenomenon described in item 3: many frag-
ments were too large to be efficiently amplified and 
thus were poorly represented in the library. The 
full picture is shown in the histogram (Fig. 2), 
with the long tail of overrepresented, shorter frag-
ments in the PstI library. While the ApeKI libraries 
had only 29% greater median read depth than the 
PstI libraries, the greater uniformity of read depth 
across loci provided much higher quality genotype 
information. The PstI/TaqI library had very good 
read depth because the fragment sizes were in the 
optimal range, but the number of loci, and thus 
SNPs, was limited by the number of PstI cut sites.

Conclusions 
DNA digestion with only a 6-cutter enzyme such as PstI 
primarily generates fragments that are larger than the 
desired size for a GBS library (the expected size is 4096 
bp). Smaller fragments are preferentially amplified and 
overrepresented in the library, while the larger fragments 
are poorly amplified. Furthermore, the unknown and 

Figure 2. Read depth distribution for the genotyping-by-sequencing 
library made with PstI. Histogram of the total number of reads for all 
tags at a single nucleotide polymorphism (SNP), for all scored SNPs.
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number of unique tags that arise from sequencing errors. 
When read depth is very high, the standard cut-off is not 
effective in filtering out sequencing errors. For all of these 
reasons, a single digestion with a 6-cutter does not generally 
seem to be a good choice for many applications.

In spite of the limitations of 6-cutter enzymes, there 
are applications for which they may be a good choice. Such 
applications, such as mapping in biparental populations 
and diversity or population structure analyses, call for 
a relatively small number of markers scored on a large 
number of individuals. The SNPs with very high read 
depth (on which reads were “wasted” in the 96-plex PstI 
library) could still be scored at a high level of multiplexing.

Very large genomes, such as wheat (Triticum aestivum 
L.) and barley (Hordeum vulgare L.) (Poland et al., 2012) 
or mammals (De Donato et al., 2013), require use of an 
enzyme that cuts infrequently; otherwise, read depth will 
be unacceptable. For high levels of multiplexing, the best 
results are obtained when the 6-cutter is combined with 
a 4-cutter (e.g., Poland et al., 2012) to limit the fragment 
number and also reduce fragment size. De Donato et al. 
(2013) successfully used a PstI single digest in a 48-plex 
library but would likely have had better results had they 
used a double digest.

For cassava, we have chosen to use ApeKI. It may seem 
surprising that one enzyme performs well for both maize 
inbred lines and outbred cassava; this is possible because 
the cassava genome is much smaller (760 Mb) than the 
maize genome (2.4 Gb). The complexity of a cassava ApeKI 
library is lower, so read depth is higher, allowing us to 
score heterozygous genotypes with sufficient confidence.

skewed distribution of fragment sizes causes challenges to 
accurate library dilution, which can result in suboptimal 
cluster densities and fewer reads.

At 96-plex, SNPs on the larger fragments have poor 
read depth and large amounts of missing data, while a small 
number of SNPs have far more reads than are needed to score 
genotypes. Thus, many reads are wasted. Furthermore, a 
fragment that is sequenced many times generates a large 

Figure 3. Read depth distribution for the genotyping-by-sequencing library made with ApeKI. Histogram of the total number of reads for 
all tags at scored single nucleotide polymorphisms (SNPs). (A) All SNPs. (B) Only SNPs with >1000 reads are shown

Figure 4. Read depth distribution for the genotyping-by-sequenc-
ing library made with PstI/TaqI. Histogram of the total number of 
reads for all tags at a single nucleotide polymorphism (SNP), for 
all scored SNPs.
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