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Puritz et al. provide a review of several RADseq methodological approaches in response to our ‘Population
Genomic Data Analysis’ workshop (Sept 2013) review
(Andrews & Luikart 2014). We agree with Puritz et al. on
the importance for researchers to thoroughly understand
RADseq library preparation and data analysis when
choosing an approach for answering their research questions. Some of us are currently using multiple RADseq
protocols, and we agree that the different methods may
offer advantages in different cases. Our workshop review
did not intend to provide a thorough review of RADseq
because the workshop covered a broad range of topics
within the field of population genomics. Similarly,
neither the response of Puritz et al. nor our comments
here provide sufficient space to thoroughly review
RADseq. Nonetheless, here we address some key points
that we find unclear or potentially misleading in their
evaluation of techniques.
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Puritz et al. (2014) focus their discussion on RADseq PCR
artefacts that have the potential to cause problems for population genomics analyses by producing genotyping errors,
skewing allele frequency estimates and causing false
positive alleles (Pompanon et al. 2005). One such PCR
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artefact that was described in our meeting review is PCR
duplicates (Fig. 1). PCR duplication rates can vary greatly
across RADseq projects and samples, and can occur at high
frequencies (e.g. >20% of reads, Hohenlohe et al. 2013; up
to 60%, B. K. Hand & G. Luikart, unpublished data). The
impact of PCR duplicates on population genomics analyses
has not been quantified in the literature, but high frequencies of duplicates are expected to impact analyses by falsely increasing homozygosity and by making PCR errors
appear to be true alleles (false alleles, Pompanon et al.
2005). Moreover, failure to remove PCR duplicates can spuriously inflate confidence in genotype calls because most
genotyping approaches heavily rely upon read coverage to
inform genotype likelihoods under the assumption that
each read represents an independent observation (Nielsen
et al. 2011). Puritz et al. downplay the importance of PCR
duplicates by describing several methods aimed at avoiding, detecting or correcting for them. Unfortunately, the
efficacy of these methods has not been tested through
empirical or modelling studies. In some cases, the suggested methods are unlikely to improve genotyping. For
example, Puritz et al. suggest using a very conservative criterion of nearly 50% representation of each allele before
calling a heterozygote to account for PCR duplicates; however, implementing this criterion would lead to a severe
homozygote bias for data generated using any RADseq
protocol, and especially data containing PCR duplicates.
Puritz et al. also suggest the use of PCR-free methods to
avoid PCR duplicates. These methods have strong potential
(Andrews & Luikart 2014). However, these methods are
rarely feasible with present-day technology due to high
per-sample cost and high per-sample DNA quantity
requirements (i.e. ezRAD using PCR-free Illumina kits,
approximately $30/sample and 1–2 lg of DNA/sample,
Toonen et al. 2013), except for research questions that can
be answered using pooled samples (Futschik & Schl€
oetterer
2010).
As described in our meeting review, the most straightforward method currently developed for identifying
RADseq PCR duplicates can only be used for data generated using methods that have a random-shearing step and
also generate paired-end sequences (PE-RADseq). For these
methods, PCR duplicates can be identified as fragments
that are identical in insert length and sequence composition, because random shearing ensures that fragments at a
given locus are unlikely to be of equal length unless they
are duplicates (Fig. 1; Davey et al. 2011; Hohenlohe et al.
2013). In contrast, for methods without a random-shearing
step, all fragments at a given locus are expected to be of
equal length whether or not they are PCR duplicates, and
therefore fragment length and sequence composition
cannot be used to identify duplicates. Currently, the only
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Fig. 1 Example of fragments produced after PCR for one heterozygous locus for different RADseq protocols, and the reads
retained after bioinformatic analyses. PCR duplicates are
shown with the same symbol (circle, square, asterisk or triangle) as the parent fragment from the original template DNA.
By chance, some alleles will amplify more than others during
PCR. For all protocols, PCR duplicates will be identical in
sequence composition and length to the original template molecule. For mbRAD (the original RADseq, Miller et al. 2007;
Baird et al. 2008), this feature can be used to identify and
remove PCR duplicates bioinformatically, because original template molecules for a given locus will not be identical in length.
For alternative methods, this feature cannot be used to identify
PCR duplicates, because all original template molecules for a
given locus are identical in length. High frequencies of PCR
duplicates can cause heterozygotes to appear as homozygotes
or can cause PCR errors to appear as true diversity.

method employing a random-shearing step is the original
RADseq (Miller et al. 2007; Baird et al. 2008; called
‘mbRAD’ by Puritz et al.). However, future work may
reveal effective methods for addressing the issue of PCR
duplicates in other RADseq methods. For example, one
promising approach for identifying PCR duplicates is the
incorporation of degenerate bases into adapter sequences,
which enables counting of the number of template molecules (Casbon et al. 2011; Tin et al. 2014).
Puritz et al. describe two additional sources of bias that
can be introduced during PCR: preferential amplification
of loci based on GC content and fragment size. These
biases should not directly impact genotyping when using
standard methods for removing loci with low coverage
unless indels cause certain alleles to amplify with higher
efficiency than others (Davey et al. 2013). However, these
biases may greatly increase variance in coverage among
loci, meaning that higher mean coverage must be attained

to produce sufficient depth across all loci. Fragment size
bias among loci during PCR is expected to be much higher
for methods that rely exclusively on restriction enzymes to
fragment genomic DNA, because each locus has a single
characteristic fragment size (ezRAD, ddRAD, GBS; excluding 2b-RAD, for which all fragments are equal size, Elshire
et al. 2011; Peterson et al. 2012; Wang et al. 2012; Toonen
et al. 2013). In contrast, random-shearing-based approaches
produce a range of fragment sizes for each locus, and
therefore these methods should not be affected by fragment size bias during PCR (mbRAD) (Davey et al. 2011).
As Puritz et al. point out, Davey et al. (2013) identified a
different type of fragment size bias that results from sonication in mbRAD. After mbRAD restriction digests, all
fragments are much larger than the required size range for
sequencing, and sonication is used to reduce fragment
sizes. Davey et al. (2013) showed that incomplete shearing
can occur for shorter restriction fragments, resulting in
sheared fragments that are too large to be recovered during
the size selection step before PCR. Ultimately, this effect
may increase variance in coverage across loci. As with
fragment size bias introduced during PCR, this variance in
coverage should not influence genotyping, but would
increase the number of sequence reads required to attain
sufficient depth across all loci.
Another source of bias described by Puritz et al. is allele
dropout, which has the potential to affect genotyping by
causing heterozygotes to be scored as homozygotes or
causing some individuals to produce no sequence data at
affected loci (Taberlet et al. 1999; Davey et al. 2013; Gautier
et al. 2013b). Simulation studies predicted that allele dropout would have a greater impact on data generated by
ddRAD than mbRAD as a result of nucleotide variation
causing gains and losses of restriction cut sites at either
end of each locus for ddRAD versus just one end for
mbRAD (Arnold et al. 2013). Over a range of reasonable
conditions, the effect of allele dropout may be slight and
possible to account for in estimates of summary statistics
(Arnold et al. 2013; Gautier et al. 2013b).
Another important comparison between RADseq methods is the cost and technical complexity of a method, given
the needs of a particular study. For instance, if sequence
data from a relatively large number of individual samples
are required (rather than pools of individual samples,
Futschik & Schl€
oetterer 2010), scaling of costs and protocol
complexity differs widely among RADseq methods. In
most RADseq methods, individually barcoded samples can
be multiplexed relatively early in library preparation, and
thus subsequent steps are conducted on a much smaller
number of pools. In contrast, library preparation steps and
cost increase linearly with the total number of individual
samples in the ezRAD method (Toonen et al. 2013).
Given that some RADseq methods will usually only be
time-efficient and cost-effective when using pooled samples
(i.e. samples without barcoded individuals), another important consideration when designing a RADseq study is
whether the research question can be answered using
pooled samples. Pooling individuals without barcoding
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reduces library preparation time and cost for any RADseq
method, with the most dramatic time and cost reduction for
ezRAD. Pooling shows some promise for producing accurate estimates of allele frequencies (Futschik & Schl€
oetterer
2010; Ferretti et al. 2013; Gautier et al. 2013a; Lynch et al.
2014; but see Venter 2010; Anderson et al. 2014). However,
data from pooled samples cannot be used for many widely
used population genetics statistics including tests that
assign individuals to populations, such as STRUCTURE
(Pritchard et al. 2000), parentage tests, and tests that rely on
estimates of linkage disequilibrium, such as some tests for
selection (e.g. Kayser et al. 2003; Nielsen et al. 2005).
Another disadvantage to using pooled samples for population genomics data analysis is that any cryptic population
structure that has not been identified a priori will go undetected in pooled samples. Researchers should also be aware
that errors in allele frequency estimates caused by sequencing error, mapping error and paralogous loci are more difficult to identify for pooled data (Gautier et al. 2013a).
There are numerous other considerations in choosing
among RADseq methods, including the research questions
and goals of the study, genome size and complexity, and
quantity and quality of available DNA per sample. Each
method may be most appropriate for a particular situation.
However, further empirical study and modelling of the
extent and consequences of various sources of error and
bias are needed to ensure reliable RADseq data production
and interpretation. Given the recent exponential growth in
use of RADseq in the fields of population genomics, molecular ecology, and conservation genetics, studies of RADseq
reliability would strongly contribute to the advancement of
these fields.
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