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We thank McKinney et al. (2017) and Catchen et al. (2017) for their recent commentaries 

on Lowry et al (2017), “Breaking RAD: An evaluation of the utility of restriction site 

associated DNA sequencing scans of adaptation.” Both articles argued that we overstated 

the limitations of RADseq for studies of local adaptation and McKinney et al. (2017) 

argued that “RADseq provides unprecedented insights” into mechanisms of evolutionary 

adaptations. While we agree with some of the comments made by the authors of the two 

papers, we still believe caution should be employed in RADseq studies that aim to detect 

loci that contribute to adaptation. In this rebuttal, we evaluate the key points made in 

these papers, attempt to identify a middle ground, and make suggestions for responsibly 

conducting future studies to understand the genomic mechanisms of adaptation.

In general, we agree with both of the commentaries that RADseq has been useful in the field 

of molecular ecology, particularly for understanding population structure and demography, 

and for conducting Quantitative Trait Locus (QTL) mapping; all applications that we 

acknowledged in Lowry et al. (2017). However, the key point of contention is not whether 
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RADseq is a useful tool for molecular ecology (obviously, it is), but whether or not it is a 

generally useful tool across species for advancing our understanding of the mechanisms of 

adaptation. For the remainder of this rebuttal, we focus on this key issue.

First of all, we want thank Catchen et al. (2017) for identifying and correcting the error in 

the model that was included in a recent review by Tiffin & Ross-Ibarra (2014). However, we 

should note that none of our arguments are based on that model and we made no mention of 

the model in Lowry et al. (2017). A correction for the Tiffin & Ross-Ibarra model has now 

been posted online (http://rpubs.com/rossibarra/257207). While correcting this error appears 

on the surface to improve the situation for RADseq, we urge the community to interpret this 

development with caution for a number of reasons. First, the model by Tiffin & Ross-Ibarra 

(2014) only pertains to recent hard sweeps. As we mentioned in Lowry et al. (2017), hard 

sweeps are just one of multiple ways that adaptation can occur, and if only hard sweeps 

can be detected, it can bias our view of how adaptation actually occurs. Second, the model 

was highly simplified, and like our model in Lowry et al. (2017), represents a best case 

scenario. Numerous other problems arise if you relax the simplifying assumptions of these 

models. We clearly outlined the assumptions for our model in Lowry et al. (2017), as does 

Ross-Ibarra for their model (http://rpubs.com/rossibarra/257207).

We readily acknowledge that many outlier loci likely do reflect signals of adaptation. We 

have published genomic scan studies of our own where we argued that detected outliers are 

potentially adaptive loci (Epstein et al. 2016; Yeaman et al. 2016; Gould et al. 2017). These 

studies include our recent paper on Tasmanian devils (Epstein et al. 2016), which McKinney 

et al. (2017) held up as an example of success. RADseq was effective in this study for two 

important reasons: the authors were careful to develop a large number of RAD-tags relative 

to the scale of linkage disequilibrium (LD), and the availability of a reference genome 

assisted in interpretation of results. Tasmanian devils are highly inbred with extended LD 

(>200kb), which facilitates identification of candidate genes in the vicinity of outlier loci. 

RADseq is predicted to sample the genome well in this scenario by the simple model in 

Lowry et al. (2017). Further, an annotated reference genome for Tasmanian devils allowed 

the linkage relationships among RAD-tags to be assessed and aided in identifying putative 

targets of selection. Catchen et al. (2017) also correctly point out that large-effect adaptation 

genes, like EDA in sticklebacks, have repeatedly been identified by RADseq outlier studies. 

We can be confident of outliers like EDA because there is additional data supporting the 

role of this gene in adaptation, as it was originally identified by QTL cloning (Colosimo et 

al. 2005). Further, RADseq outliers that co-localize with EDA are also believable because 

sticklebacks are a model organism with well-characterized patterns of LD (Jones et al. 

2012). For many non-model study systems, we do not know the average length of LD and so 

cannot reasonably assess whether marker density is sufficient.

The argument by McKinney et al. (2017) that the LD situation for RADseq is improved by 

varying recombination across the genome is unsubstantiated because the dramatic variation 

in recombination rates, especially when poorly characterized, is a hindrance to effective 

genome scan studies. Low rates of recombination can lead to genomic regions with above 

average genetic differentiation, which “are often found in centromeric or rearranged regions 

where recombination is reduced” (Cruickshank & Hahn 2014). Further, poorly characterized 
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variation in LD among populations can inhibit interpretation of genome scan studies. Based 

on this uncertainty, McKinney et al. (2017) argued that “until actual LD values are known, 

we should not assume RAD genome scans are destined to fail.” Likewise, until actual LD 

values are known, we also should not assume that a given RADseq genomes scan study is 

destined to succeed. To alleviate concerns, researchers should aim to establish patterns of 

LD before engaging in any reduced representation-based genome scan study.

With sufficient marker density across the genome, RADseq can be an effective method. But, 

what does sufficient marker density mean? As we mentioned in Lowry et al. (2017), LD 

is not uniform throughout haplotype blocks. Instead, LD decays over the linear distance 

of chromosomes. The rough estimates that we made with our model (Lowry et al. 2017) 

are thus minimum estimates of the numbers of markers needed to conduct a study, while 

far more are likely needed to saturate the genome. Further, as genome size increases, the 

number of RAD-tags needed and the sequencing coverage needed for those tags become 

less cost-effective in terms of number of individuals per lane of sequencing compared to 

exon capture or transcriptome sequencing (Lowry et al 2017). Catchen et al. (2017) argued 

that very large genomes are currently “intractable” with available methods. However, a 

recent study by Yeaman et al. (2016), which conducted population genomic studies of 

trees with ~20 Gb genomes, suggests that exome capture is an effective solution for larger 

genomes. Further, although RADseq is now a “go-to” solution for many investigators, other 

methods of ascertainment can be as cost-effective and potentially result in better data for 

studying adaptation. For example, Gould et al. (2017) recently conduct a whole genome 

pooled-sequencing outlier study, which cost $6712 for library preparation and sequencing 

and resulted in 29,693,578 useful single nucleotide polymorphisms (4424 SNPs per $1).

McKinney et al. (2017) argued that if all of the species in Lowry et al (2017) Table S1 had 

an LD of 100 kb or greater, then 100% of the genome would be covered by 5000 RAD-tags. 

However, the length of LD has not actually been established for many of these species and 

at least 40% of the studies listed in Table S1 had fewer than 5000 polymorphic RAD-tags. 

Obviously, RADseq protocols can be altered to increase the number of markers, a point 

made by both McKinney et al. (2017) and Catchen et al. (2017). Yet, many studies still 

do not achieve the necessary numbers of polymorphic RAD-tags to sample a large fraction 

of the genome. In addition, the published literature may represent a biased sample of all 

attempted RADseq studies, as species with long haplotype blocks are more likely to sample 

a large portion of the genome with fewer RAD-tags and have successful results. The number 

of unpublished RADseq genome scans, i.e. failure to detect adaptive loci due to short LD, is 

unknown.

While genome-wide marker sparseness is a major concern for RADseq studies, there are 

additional important issues that apply to all types of genome scan studies that should not 

be overlooked. In a given genome scan study, where success is claimed because outliers 

are detected, how do we know that a given outlier is adaptive? Further, how do we assess 

what a set of outliers from a given study can tell us about the process of adaptation? 

Each outlier locus detected by any type of genome scan study is a hypothesis for local 

adaptation, but multiple alternative hypotheses may also account for the detected allele 

frequency differences among populations (Hoban et al 2016). For instance, because genomes 
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are heterogeneous, local differences in recombination rates and background selection across 

the genome can lead to differentiation of allele frequencies that may look like adaptive 

divergence (Charlesworth 2012). Other neutral, purely demographic processes, such as allele 

surfing (Excoffier et al. 2009), can also result in false positive outliers. From a statistical 

standpoint, there will always be outliers, but the challenge is to identify definitively the 

biological processes producing those outliers. Any type of genome outlier study, RADseq 

or otherwise, is just one of many types of studies that are necessary to understand the 

genetics of adaptation in a given system. This includes field experimentation (Clausen et 

al. 1940; Hereford 2009; Ågren & Schemske 2012; Savolainen et al. 2013) and follow-up 

functional molecular studies, which are necessary to prove that any outlier allele causes an 

adaptive phenotypic change (Colosimo et al. 2005). Without follow-up functional studies, 

individual outlier loci remain hypotheses and cannot advance our general understanding of 

the mechanisms of adaptation. Major scientific debates, such as the involvement of “coding 

vs. regulatory regions” (Catchen et al. 2017) in adaptation, are unlikely to be resolved by 

population genomic analyses alone.

In conclusion, we do not deny that RADseq is a useful tool. Rather, we advocate that it 

be used responsibly. Responsible usage of RADseq for outlier studies of adaptation means 

that researchers should follow a few basic principles. Many of these principles also apply to 

genome scans generally.

1. Acknowledge and report the potential study limitations. If a good estimate of 

LD exists for the study species, then researchers should report the proportion of 

the genome likely covered with polymorphic RAD-tags. If there is not a good 

estimate of LD, then try to maximize the number of polymorphic markers to help 

alleviate concerns. This is a major point of agreement with Catchen et al. (2017): 

“researchers should be explicit in their expectations of the extent of LD in their 

system,” and “results should be presented in the context of the experimental 

characteristics known about the system (including LD).”

2. Focus resources first on developing a reference genome or linkage map, if one 

does not exist. RADseq outlier studies conducted without a reference genome 

or linkage map will result in lists of anonymous candidate loci that do not 

alone advance our understanding of the mechanisms of adaptation. Researchers 

should be aware that new technologies have considerably reduced the expense of 

building reference genomes for non-model species (e.g. VanBuren et al. 2015).

3. Include field-based or lab-based evidence that demonstrate local adaptation. 

RADseq is one of many tools in the toolkit for understanding adaptation. 

Outliers generated by any type of genome scan study are hypotheses and are 

not definitive proof of adaptation. Functional molecular studies are still required 

to prove that any given allele has a true phenotypic effect. Authors should 

take care not to overstate the results of outlier loci from RADseq or any other 

ascertainment scheme. Moreover, field experiments are still the best way to 

demonstrate local adaptation (Hereford 2009; Ågren & Schemske 2012). This 

has been the case since Clausen, Keck, and Hiesey conducted their pioneering 

field experiments (Clausen et al. 1940).
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4. Use a model, even a simple one, to evaluate the feasibility of a planned 

experiment and sampling scheme. If conservative assumptions are used, a model 

can help the investigator understand the trade-offs between different sampling 

and sequencing strategies. Simple models can be used for planning purposes 

to calculate the number of RAD-tags required to cover a genome and whether 

it will be cost-effective to obtain that number. Models can then be used to 

demonstrate to reviewers that a plan will be feasible, or used by reviewers 

to assess a given study. Neither McKinney et al. (2017) nor Catchen et al. 

(2017) criticized the simple model that we presented in Lowry et al. (2017) to 

compare experimental designs, and we urge readers to use that code to compare 

experimental designs for their study organisms before embarking on genomic 

scan studies.

Finally, we would like to note that Lowry et al. (2017) was not intended to attack or offend 

any investigator or their research program. While “Breaking RAD” was a controversial 

title, our aim was to encourage researchers to think critically about the hypothesis being 

tested, and to consider, among possible experimental designs, which design best tests a 

hypothesis based on the specific details of a system. We did not and do not advocate for 

any ascertainment method across all scenarios, only that investigators responsibly assess 

different ascertainment designs including RADseq, whole-genome pooled sequencing, 

RNA-seq, and sequence capture in the context of a study question, genome size, and 

expected patterns of LD. We do advocate for careful consideration of experimental designs 

and acknowledgement of errors when they occur. We acknowledge that we made errors in 

the original draft of Lowry et al. (2017) and we appreciate all those who brought those errors 

to our attention.
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