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Abstract  18 

Double digested RADseq (ddRADseq) is a NGS methodology that generates reads from thousands of 19 

loci targeted by restriction enzyme cut sites, across multiple individuals. To be statistically sound and 20 

economically optimal, a ddRADseq experiment has a preliminary design stage that needs to consider 21 

issues related to the selection of enzymes, particular features of the genome of the focal species, 22 

possible modifications to the library construction protocol, coverage needed to minimise missing data, 23 

and the potential sources of error that may impact upon the coverage. We present ddRADseqTools, a 24 

software package to help ddRADseq experimental design by (i) the generation of in silico double 25 

digested fragments, (ii) the construction of modified ddRADseq libraries using adapters with either 26 

one or two indexes and degenerate base regions (DBRs) to quantify PCR duplicates, and (iii) the 27 

initial steps of the bioinformatics pre-processing of reads. ddRADseqTools generates single-end (SE) 28 

or paired-end (PE) reads that may bear SNPs and/or indels. The effect of allele dropout and PCR 29 

duplicates on coverage is also simulated. The resulting output files can be submitted to pipelines of 30 

alignment and variant calling, in order to allow the fine-tuning of parameters. The software was 31 

validated with specific tests for the correct operability of the program. The correspondence between in 32 

silico settings and parameters from ddRADseq in vitro experiments was assessed to provide guidelines 33 

for the reliable performance of the software. ddRADseqTools is cost-efficient in terms of execution 34 

time, and can be run on computers with standard CPU and RAM configuration. 35 
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Introduction 36 

Restriction site associated DNA sequencing (RADseq) is a fractional genome sequencing technology 37 

that allows for the cost effective genotyping of high numbers of individuals for a large number of 38 

polymorphisms (Baird et al. 2008; Davey & Blaxter 2010; Etter et al. 2011; Davey et al. 2011; Davey 39 

et al. 2013; Mastretta-Yanes et al. 2014). It has become popular in recent years because of its 40 

extraordinary potential for genetic mapping and population genetic studies in non-model species for 41 

which a reference genome is not available. Double digest restriction site associated DNA (ddRAD) 42 

sequencing, or ddRADseq, is a modification of RADseq that uses two restriction enzymes (Peterson et 43 

al. 2012), instead of only one. To obtain a manageable number of fragments, one enzyme typically has 44 

a rare motif while the other is more common, with the enzyme combination depending upon the size 45 

and structure of the target organism genome. The fragments produced by the ddRADseq platform are 46 

flanked by a cut site for each enzyme, and frequently fragments of a specific size range are selected to 47 

be sequenced. The fragments sequenced by ddRADseq consist of a genome insert between both 48 

restriction sites, and two ends that include an adapter and a primer. A short index sequence is attached 49 

to one or both ends to identify individuals. If a dual indexing approach is used (i.e. index sequences 50 

are embedded in both adaptors), the potential number of individuals that can be simultaneously 51 

sequenced increases considerably.  52 

 In vitro ddRADseq experiments may be optimized with preliminary in silico simulations. To 53 

achieve this, an effective in silico simulation tool must be able to generate plausible scenarios that take 54 

into account the different technical and analytical limitations that may compromise the success of an 55 

experiment. In silico ddRADseq approaches enable testing multiple scenarios to help in the design of 56 

the adapters, selection of optimal enzyme pair combinations, or the assessment of sufficient coverage 57 

to obtain sound results for the focal species, considering the biases produced by potential sources of 58 

error (see Mastretta-Yanes et al. 2015 for a review of the major sources of error in ddRADseq 59 

experiments). However, there are few available software tools that enable comprehensive in silico 60 

simulations for ddRADseq. The R package simRAD (Lepais & Weir 2014) provides functions to 61 
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simulate digestion and fragment selection, whereby a reference genome or randomly generated DNA 62 

sequences can be used as input for the digestion process. BU-RAD-seq (DaCosta & Sorenson 2014) is 63 

a RADseq data analysis pipeline that includes a program (Digital_RADs.py) for the digestion of a 64 

reference genome with one or two enzymes. Digital_RADs.py requires the motifs and the length of the 65 

down/upstream sequence (one enzyme) or the lower or upper size of the fragment (two enzymes). The 66 

Python program simRRLs included in the PyRAD pipeline (Eaton 2014) can be used to simulate 67 

RADseq-like random sequence data on a fixed species tree topology under a coalescent model. 68 

Although simRRLs is able to include some potential sources of error in the simulations, such as allele 69 

dropout or low coverage, it was not designed to handle reference genomes, and does not control for 70 

the presence of PCR duplicates.  71 

 Here, we describe ddRADseqTools, a software package for the design of ddRADseq 72 

experiments through the generation of in silico double digested single-end (SE) or paired-end (PE) 73 

read files under hypothetical scenarios of varying coverage and mutation rates. In addition to the 74 

selection of an optimal combination of enzymes and fragment size range for sequencing, the software 75 

takes into consideration two of the main potential sources of error present in ddRADSeq experiments 76 

that have a strong influence on coverage reduction - PCR duplicates and allele dropout- and 77 

parameterizes both for the simulation of ddRADseq read files. The output of the program includes the 78 

estimation of missing data produced by insufficient coverage, by both locus and individual. As such, 79 

experimental design can be optimized in advance to reduce bias in subsequent bioinformatic stages by 80 

running ddRADseqTools under different scenarios. The software is able to simulate modified 81 

ddRADseq libraries using adapters with either one or two indexes and degenerate base regions (DBRs) 82 

in one of the adapter ends to quantify PCR duplicates (Schweyen et al. 2014; Tin et al. 2015). The 83 

simulation of technical replicates to improve the accuracy of ddRADseq experiments (Mastretta-84 

Yanes et al. 2015) is also possible. Technical replicates can detect and identify sources of variation in 85 

measurements, and limit the effect of spurious variation on hypothesis testing and parameter 86 

estimation (Blainey et al. 2014). Finally, ddRADseqTools also performs the initial steps of 87 
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bioinformatic pre-processing of ddRADseq reads: quantification and removal of PCR duplicates, 88 

demultiplexing of individuals, and trimming of adapters from raw reads. The resulting output files can 89 

be submitted to pipelines of alignment and variant calling for subsequent fine-tuning of parameters, to 90 

optimize and reduce ddRADseq experimental costs. 91 

 92 

Methods 93 

ddRADseqTools is a set of programs, configuration files and data for the design and in silico testing of 94 

ddRADseq experiments. ddRADseqTools is programmed in Python 3 (version 3.4 or higher is 95 

required), and runs on any computer with an Operative System (OS) that allows for Python 3: 96 

Linux/Unix, Mac OS X, Microsoft Windows and other OSs. The only dependencies required to run 97 

this software package are the NumPy (http://www.numpy.org/) and matplotlib (http://matplotlib.org/) 98 

libraries. The software package, along with its manual, is available from the software repository 99 

GitHub (https://github.com/GGFHF/ddRADseqTools).  100 

 101 

Conceptual approaches 102 

A flow-chart of the programs included in ddRADseqTools is shown in Figure 1. The work-flow has 103 

the three usual steps in an NGS experiment (Table 1): (1) library construction / in silico fragment 104 

generation; (2) high throughput sequencing / generation of simulated reads; (3) bioinformatic pre-105 

processing of reads. The rationale behind the processes included in the code of ddRADSeqTools is 106 

discussed in the following sections. 107 

 108 

Library construction / in silico fragments generation 109 

A file of fragments is generated from a reference genome by rsitesearch.py; or fragment sequences are 110 

simulated randomly with fragsgeneration.py. If the genome-guided version of the software is used 111 
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(rsitesearch.py), a particular pair of restriction enzymes has to be specified and their action within the 112 

genome is simulated. Each fragment corresponds to a locus, and loci of a given size range can be 113 

selected to generate the read files. Size selection is a common strategy in ddRADseq experiments that 114 

allows stable shared region recovery across samples, and some control over the target number of loci 115 

for sequencing, thus facilitating coverage optimisation (Peterson et al. 2012). 116 

 117 

High throughput sequencing / generation of simulated reads 118 

Raw reads are generated by simddradseq.py. This program incorporates parameters for the type of 119 

library, number of reads, size of the genomic inserts, allele dropout probability, probability of loci 120 

bearing PCR duplicates, and mutation probability, that are set by the user. The software can simulate 121 

read files from any NGS platform, for either single-end (SE) or paired-end (PE) read files. 122 

 The ends of raw reads can be configured with flexibility, depending on the details of the type 123 

of ddRADseq library. The user may define specific adapters, ad hoc PCR primers, indexes at both 124 

ends of the read, and degenerate base regions (DBRs) according to the needs of the experiment and the 125 

sequencing platform of choice. As several modifications of the ddRADseq library construction 126 

methodology exist (e.g. Peterson et al. 2012; Mastretta-Yanes et al. 2015; Schweyen et al. 2014; Tin 127 

et al. 2015), this version of ddRADseqTools implements four of these techniques (Figure 2). In the 128 

original ddRADseq protocol (Peterson et al. 2012) a single index is used in Adapter 1 to identify the 129 

individuals (Figure 2a). The number of samples that can be analysed in a single ddRADseq experiment 130 

can be increased by attaching two indexes to identify individuals (Figure 2b). The sequence of the end 131 

corresponding to Adapter 1 includes an index1 sequence, and the sequence of the end corresponding to 132 

Adapter 2 includes an index2 sequence. ddRADseqTools also considers design modifications of these 133 

two types of adapters by attaching a single index and a DBR to quantify PCR duplicates in Adapter 1 134 

(Figure 2c) (Schweyen et al. 2014; Tin et al. 2015); or using two indexes to identify individuals 135 

together with a DBR to quantify PCR duplicates (Figure 2d). The indexes and DBRs can have any size 136 

and be located at any position within the adapters. 137 
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 Coverage is controlled by setting the number of loci, the number of individuals, and the total 138 

number of reads of the library. The average number of reads per locus is calculated by dividing the 139 

total number of reads to be generated, by the number of loci to sampled. Empirical data reported in the 140 

literature for diverse organisms show that coverage is unequal among loci and individuals. For 141 

instance, Recknagel et al. (2013) obtained an average coverage by locus and individual of 15x, with a 142 

standard deviation of 5.1x for fishes of genus Amphilophus. Mastretta-Yanes et al. (2014) reported an 143 

average coverage of 10.3x and a standard deviation of 4.2x for shrubs within the genus Berberis. With 144 

ddRADseqTools, unequal coverage is simulated by sampling the number of read copies at random for 145 

each locus and individual from a discrete uniform distribution. The minimum and maximum values of 146 

the distribution are defined by weighting the average number of reads per locus with two user defined 147 

parameters, minreadvar and maxreadvar, respectively, that vary between 0 and 1. If uniform coverage 148 

is desired, both options should be set to 1.  149 

 Loci affected by allele dropout are expected to show a lower coverage in ddRADseq 150 

experiments. Allele dropout may result in either no sequence data for an individual at a given locus, or 151 

for a heterozygote to be scored as a homozygote (Gautier et al. 2013), and affected alleles result in no 152 

reads. Allele dropout in ddRADseq may be produced by mutations at the enzyme recognition motif 153 

(Gautier et al. 2013), by DNA methylation in the case of methylation sensitive enzymes (Roberts et al. 154 

2010), or by unequal PCR success (Casbon et al. 2011). In ddRADseqTools, the associated reduction 155 

in coverage is implemented as the probability of a locus to be affected by allele dropout. Under this 156 

approach, the higher the allele dropout probability, the higher the reduction in coverage and the 157 

generation of missing data. This parameter is independent of the probability of mutation in order to 158 

adjust to the variety of scenarios causing allele dropout.  159 

 PCR duplicates are artifacts of sequencing that derive from the attachment of more than one 160 

copy of the same original DNA molecule to different beads or cells. In ddRADseq experiments, these 161 

artifacts may inflate coverage estimates, or produce heterogeneous coverage distributions due to GC 162 

content and PCR bias. In ddRADseqTools, loci yielding PCR duplicates are selected at random 163 
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according to a probability defined by the user, which is modified by the GC ratio for each locus. 164 

Digested fragments with a higher GC ratio have a higher probability of producing PCR duplicates than 165 

those with a lower GC ratio (Davey et al. 2013). The number of duplicates per read is sampled from 166 

either a Poisson distribution, where the probability is controlled by the user with the parameter 167 

lambda; or by a multinomial distribution, for which a vector of probabilities for the number of 168 

duplicates by loci and individual must be introduced by the user.  169 

 Polymorphisms due to mutations (substitutions and/or indels) are incorporated within the 170 

simulated read files considering that individuals have two fragment sequences per locus (+ and - 171 

strands). Polymorphic states (one mutated and one non-mutated) are randomly assigned to + and - 172 

strands, conditioned upon a probability defined by the user that will be proportional to the average 173 

mutation rate for the organism, and that should not exceed 0.2. The number and type of mutations 174 

across the simulated reads are determined according to user-defined probabilities, as well as a 175 

maximum number of mutated positions per fragment. The nucleotide positions of mutations within 176 

loci are randomly assigned, and are conserved across loci and individuals. At present, only the Jukes-177 

Cantor model of sequence evolution is implemented. 178 

  179 

Bioinformatic pre-processing of reads 180 

Three steps are needed before downstream analysis of the output of ddRADSeqTools with a given 181 

RAD-seq analysis pipeline: (1) quantification and removal of PCR duplicates; (2) demultiplexing of 182 

reads by individual; and (3) trimming of raw reads. 183 

 When using the DBR strategy (Schweyen et al. 2014; Tin et al. 2015), PCR duplicates can be 184 

quantified and removed with pcrdupremoval.py. The output of this program generates statistics files 185 

reporting the number of total and duplicated reads per locus and individual. This program can also be 186 

run for scenarios that do not use the DBR strategy to obtain the percentage of missing data by 187 

individual and locus.  188 
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 Reads need to be demultiplexed by individual, in order to build individual genotypes, and to 189 

check for the presence of paralogous loci (see Mastretta-Yanes et al. 2015). Joint raw reads are 190 

demultiplexed by indsdemultiplexing.py to obtain separate individual read files. 191 

 The adapters, primers, indexes and DBRs are removed from raw reads in order to use trimmed 192 

reads for alignment and variant calling. The program readstrim.py removes the adapters and other 193 

sequences from raw reads for the correct alignment of reads and variant calling.  194 

 The output files of this work-flow are ready to be submitted to alignment utilities, such as 195 

BWA (Li & Durbin 2009), or to RADseq analysis pipelines, such as Stacks (Catchen et al. 2011) or 196 

Pyrad (Eaton 2014), that can provide the number of in silico polymorphic loci. 197 

  198 

Validation of correct program operability	199 

Four experiments were conducted to validate the correct operability of ddRADseqTools programs, as 200 

well as the reliability of the resulting outputs. We wrote specific Bash scripts, modifying the 201 

parameters of the program for each validation test (Table 2).  202 

 Validation test A performed a double digestion of three benchmark genomes with 203 

rsitesearch.py, each with a different enzyme combination, and a simulated size selection step. The 204 

three genomes have contrasting size and degree of complexity, sampled from the kingdoms of Fungi 205 

(Saccharomyces cerevisiae, 14 chromosomes, small size = 12Mbp, Engel et al. 2014), Animalia 206 

(Homo sapiens, 23 chromosomes, medium size = 3 Gbp, Venter et al. 2001), and Plantae (Pinus taeda, 207 

12 chromosomes, large size = 20 Gbp, Neale et al. 2014). The Bash script simulation-genome.sh 208 

included in the software package has all the instructions to perform this test.  209 

 Validation test B used simddradseq.py to simulate read files from a ddRADseq experiment 210 

for 48 individuals of S. cerevisiae, under different scenarios for the number of reads to generate 211 

(readsnum, an indirect estimate of coverage). Three iterations were run for an expected coverage of 212 

2x, 4x, 8x, and 16x, respectively. A moderate variation of coverage was simulated setting the 213 
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parameters minreadvar to 0.8 and maxreadvar to 1.2. For each scenario, the mean coverage and the 214 

variance for 48 individuals of S. cerevisiae and the high and low confidence intervals (α = 0.5) were 215 

plotted across all loci to test for a correct simulation of unequal coverage among loci and individuals. 216 

The Bash script simulation-unequal-coverage.sh included in the software package has all the 217 

instructions to perform this test.  218 

 Validation test C analysed the effect of modifying the theoretical probability of PCR 219 

duplicates and the effect of the GC content of the fragments on the number of reads generated for 48 220 

individuals of S. cerevisiae, with 4x and 8x coverage. The program simddradseq.py generated reads 221 

for a range of values for both the probability of loci bearing PCR duplicates (pcrdupprob = 0.0-0.9), 222 

and a weight factor that multiplies the GC content of a locus (gcfactor = 0.0-0.5), to randomize the 223 

number of PCR duplicates per locus and individual. To simulate the number of copies per locus with 224 

PCR duplicates, we selected a multinomial distribution for a range between one and ten copies. For 225 

this range, a vector of probabilities that decreased monotonically was defined to sample the actual 226 

number of PCR duplicates. The program pcrdupremoval.py quantified and removed the PCR 227 

duplicates. The Bash script simulation-gcfactor.sh included in the software package has all the 228 

instructions to perform this test. 229 

 Validation test D was used to check the correct generation of mutations according to a range 230 

of user-defined probabilities (0.001-0.1) for 48 samples of S. cerevisiae. In this test the programs 231 

rsitesearch.py, simddradseq.py, pcrdupremoval.py, and indsdemultiplexing.py were run. Statistics of 232 

mutated and not-mutated fragments for each individual were calculated based in the information of 233 

reads collected in the read headers, and stored in a CSV file. The resulting reads were mapped back to 234 

the S. cerevisiae reference genome with BWA (Li & Durbin 2009), and performed a variant calling 235 

analysis to test for a correct generation of SNP and indel mutations. Besides ddRADSeqTools and 236 

BWA, the Bash script simulation-mutations_polymorphicloci.sh, included in the software package, 237 

used samtools (Li et al. 2009), bedtools (Quinlan & Hall 2009), and vcftools (Danecek et al. 2011). 238 

The output files of alignment and variant calling analyses are returned in SAM, BAM, BED and VCF 239 
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format that can be visualized with a genome browser, for instance the Integrative Genome Viewer 240 

IGV (Robinson et al. 2011), and are used to compute the percentage of polymorphic loci. The Bash 241 

script simulation-mutations_polymorphicloci.sh included in the software package contains all the 242 

instructions to perform this test. 243 

 244 

Correspondence of in silico and in vitro parameters 245 

The correspondence of parameters from in vitro ddRADseq experiments in yeast -S. cerevisiae- (Tin 246 

et al. 2015), ant -Wasmannia auropunctata- (Tin et al. 2015), viper -Vipera sp.- (Zinenko et al. 2016), 247 

and oilseed rape -Brassica napus- (Wu et al. 2016) with input settings optimized through a series of 248 

runs of ddRADSeqTools were assessed in order to provide some guidance for running the software 249 

with reliable parameters. Experiments were selected to cover different features of ddRADseq 250 

experiments that have been parameterized in ddRADseqTools, such as enzyme pair combination, 251 

range of selected fragment size, type of reads, type of library, length of insert, and number of 252 

polymorphic loci (see the specific parameters for each experiment in Table 6). 253 

 In all ddRADseq simulations, the total number of loci for the selected insert size and enzyme 254 

pair combination, and the percentage of missing data were computed. In order to calculate the number 255 

of polymorphic loci, the simulated reads were mapped back to the corresponding reference genomes 256 

with BWA (Li & Durbin 2009), and a variant calling analysis was performed. The experiments for S. 257 

cerevisiae and W. auropunctata (Tin et al. 2015) adopted a DBR strategy, allowing the comparison 258 

between the percentages of experimental and simulated PCR duplicates. The Bash scripts simulation-259 

pipeline-Scerevisiae-se.sh, simulation-pipeline-Wauropunctata-pe.sh, simulation-pipeline-Vberus-260 

se.sh and simulation-pipeline-Bnapus-pe.sh included in the software package have all the instructions 261 

to perform the simulations above. 262 

 263 

Computational efficiency of ddRADSeqTools 264 
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 The computational efficiency of the programs that form ddRADSeqTools was assessed with 265 

the Bash script simulation-performance.sh included in the software package (see the settings of 266 

ddRADseqTools to perform this test in Table S1, Supporting information II). In this script, the 267 

programs rsitesearch.py, simddradseq.py, pcrdupremoval.py, indsdemultiplexing.py, and readstrim.py 268 

were run repeatedly in order to measure the elapsed real time used by the program, the total number of 269 

CPU-seconds used by the system on behalf of the process, the total number of CPU-seconds that the 270 

process used directly, and the maximum resident set size of the process during its lifetime. The 271 

analysis was run in a computer with Bio-Linux 8 OS. The main features of the computer were Intel 272 

Core i5-4200U 1.6 GHz with Turbo Boost up to 2.g GHz; RAM 8 GB; 5400 rpm disk.  273 

 274 

Comparison with other in silico tools 275 

The number of fragments obtained in validation test A for S. cerevisiae, H. sapiens and P. taeda were 276 

compared to the results of analogous simulations performed with simRAD (Lepais & Weir 2014) and 277 

the Digital_RADs.py program of BU-RAD-seq (DaCosta & Sorenson 2014) for the same benchmark 278 

genomes and enzyme pair combinations. The computational efficiency of ddRADseqTools at 279 

rsitesearch.py was also compared to the performance of simRAD and BU-RAD-seq.  280 

 281 

Results and Discussion 282 

Validation of correct program operability	283 

Validation test A: double digestion and generation of fragments 284 

The summary statistics produced by rsitesearch.py for the total number of fragments, and the number 285 

of fragments whose size is between the selected size interval for the benchmark genomes and the 286 

enzyme pair combinations EcoRI-MseI, PstI-MseI and SbfI-MseI are shown in Table 3. The success 287 

and cost-efficiency of a ddRADseq experiment largely depends on the selection of the enzyme pair 288 

combination, which can be assessed in silico with ddRADSeqTools. The effect of the double digestion 289 
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with different combinations of enzymes varied depending on the genome of choice. Since the number 290 

of reads is a function of the number of fragments multiplied by the coverage and the number of 291 

individuals, the enzyme pair chosen in a ddRADseq experiment must provide a tractable number of 292 

fragments; that is, there must be a balance between the number of fragments, the total number of reads 293 

and the number of individuals to obtain an optimal coverage and a low percentage of missing data. A 294 

more detailed graphical representation of the distribution of the resulting fragments by 25 nucleotide 295 

size intervals is shown in Figures S1-S3 (Supporting information I). The restriction enzymes marked 296 

in bold in Table 2 are considered to provide the optimal number of loci to obtain sufficient coverage 297 

across loci and individuals with a reasonable number of reads per experiment. 298 

 299 

Validation test B: unequal coverage among loci and individuals 300 

This test validated the way ddRADseqTools simulates unequal coverage among loci and individuals 301 

with simddradseq.py. Figure 3 shows the mean number of reads generated by loci across individuals, 302 

and the corresponding low and high confidence intervals for coverage values of 2x, 4x, 8x and 16x. 303 

The mean number of reads by locus and individuals oscillated around the expected coverage in all four 304 

scenarios, consistently with the minreadvar and maxreadvar input parameters (0.8 and 1.2 305 

respectively). The high and low confidence intervals showed different values for each locus, 306 

demonstrating that different coverage was achieved for each individual at each locus.  307 

 308 

Validation test C: quantification and removal of PCR duplicates  309 

This test performed an in-depth analysis of the effect of the probability of loci bearing PCR duplicates 310 

on the number of reads. Table 4 shows the percentage of removed reads, and the coverage deviation 311 

for each PCR duplicate probability and coverage (4x and 8x) in S. cerevisiae. The results demonstrate 312 

the correct operability of simddradseq.py and pcrdupremoval.py.  313 
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 The number of removed reads (i.e. the number of duplicate reads) was proportional to the 314 

probability of loci bearing PCR duplicates (pcrdupprob), and the values were independent of the depth 315 

of coverage. The coverage deviation was proportional to both the probability of loci bearing PCR 316 

duplicates and the coverage depth. Decreasing coverage, and percentage of loci with missing data 317 

became more important as PCR duplicates increased.  318 

 The low values scored for the standard deviations of the percentage of removed reads and loci 319 

with missing data, respectively, indicate the correct simulation of duplicate reads in relation to 320 

variation in the gcfactor parameter. Due to an artefact derived from the random generation of the DBR 321 

sequences, some duplicate reads were produced when the probability of loci bearing PCR duplicates 322 

was 0.0. These duplicate reads occurred also when the probability of loci bearing PCR duplicates was 323 

> 0.0, and there is no way to distinguish between real duplicates or artefacts. In any case, the number 324 

of duplicate reads generated randomly was negligible when the probability of PCR duplicates was > 325 

0.0.  326 

 327 

Validation test D: checking the mutation patterns 328 

The results for this test confirmed a correct generation of mutated reads by the program. After the 329 

removal of PCR duplicates and demultiplexing, fragments are annotated with information about the 330 

chromosome or scaffold and strand where they belong, and their start and end positions. Reads are 331 

annotated with the fragment from where they derived. Files in VCF format allow for the quantification 332 

of mutations (SNPs or indels) identified by chromosome or scaffold, and by their coordinates within 333 

the genome. The percentage of mutated reads matches the user-defined probabilities (Table 5), 334 

confirming that mutations were correctly generated by the program. Also, the number of polymorphic 335 

loci calculated after aligning to the reference genome was the expected for each mutprob value.  336 

 337 

Correspondence of in silico and in vitro parameters 338 
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 The results obtained for in vitro experiments could be achieved in silico setting standard 339 

parameters as options in ddRADseqTools. Table 6 shows the correspondence between in vitro 340 

parameters and input settings for ddRADseqTools. In all cases, the selected enzyme pair combination, 341 

the size of the selected fragments to sequence, and the high total number of simulated reads resulted in 342 

a null percentage of loci with missing data by individual, suggesting that the correct combination of 343 

parameters was selected for the in vitro experiments. The deviance between in silico generated and 344 

empirical number of polymorphic loci was 8% for S. cerevisiae and W. auropunctata, 15% for Vipera 345 

sp., and 33% for B. napus. The optimal mutation probability depends on the life cycle and mutation 346 

rate of the focal organism. While the mutation probability parameter was set to 0.15 for S. cerevisiae, 347 

a much lower mutation probability was used in the case of W. auropunctata (mutprob=0.015), and 348 

intermediate values were used for Vipera sp. (mutprob=0.1). In the case of B. napus, we used a higher 349 

mutation probability than expected for the species (mutprob=0.2) to highlight the discordance in terms 350 

of the  number of polymorphic loci with the results scored in vitro.  351 

 The experiments of Tin et al. (2015) on S. cerevisiae and W. auropunctata using the DBR 352 

approach showed a high percentage of PCR duplicates (48-69% and 31-70%, respectively), that could 353 

be obtained in silico setting the probability of PCR duplicates to 0.4 and 0.5 respectively, and the GC 354 

content factor to 0.2. Schweyen et al. (2014), adopting the same DBR strategy, reported a smaller 355 

range of PCR duplicates in freshwater invertebrates (12-44%) that could be achieved in silico by 356 

setting pcrdupprob to 0.2-0.3. Accordingly, in terms of experimental design, all ddRADseqTools 357 

settings can be explored to set more conservative or relaxed scenarios and aid in the selection of 358 

optimal in vitro parameters to simultaneously optimise for limiting missing data and experimental 359 

cost.  360 

 361 

Computational efficiency of ddRADSeqTools 362 

The programs included in ddRADSeqTools are computationally efficient, and do not require 363 

expensive computer infrastructure to be functional. Table 7 shows the performance of the different 364 



 

16 
 

programs of ddRADSeqTools after running the script simulation-performance.sh, in terms of elapsed 365 

real time used by the program, CPU usage, and memory consumption.  366 

 The program rsitesearch.py needed the highest amount of memory: approximately 61 MiB 367 

were required for S. cerevisiae; more than 4 GiB for H. sapiens; and less than 220 MiB for P. taeda. 368 

The way the reference genome files are structured also has an impact on the performance of 369 

rsitesearch.py. Although the genome of P. taeda is much larger than that of H. sapiens, memory 370 

requirements for the scaffolded P. taeda genome were lower than for H. sapiens that presented a more 371 

complex structural arrangement with chromosomes. The elapsed time depended both on the genome 372 

size and on the number of fragments obtained (Table 7).  373 

 The program simddradseq.py had very low memory requirements: below 23 MiB for the three 374 

reference genomes analysed, and the elapsed time was proportional to the number of reads (Table 7). 375 

The maximum elapsed time recorded was less than 39 min for P. taeda with 16x coverage (2 400 000 376 

simulated reads). The performance of the program pcrdupremoval.py depended largely on the number 377 

of records in the input and the output files: for a fixed size of the input file, the execution time was 378 

directly proportional to the value of the pcrdupprob parameter. The maximum elapsed time recorded 379 

was approximately 2 hr and 57 min for P. taeda with 16x coverage, and a probability of 0.2 for loci 380 

bearing PCR duplicates. 381 

 The program insdemultiplexing.py consistently had a memory requirement of approximately 382 

10 MiB. Again, the elapsed time depended on the records in the input file. For a fixed coverage, higher 383 

prcrdupprob values implied less number of reads in the files where the PCR duplicates were already 384 

removed. The maximum elapsed time recorded was 21 min and 11 s for P. taeda with 16x coverage, 385 

and a probability of 0.2 for loci bearing PCR duplicates. The program readstrim.py was also very 386 

efficient. The memory consumption was below 9 MiB, and the mean elapsed real time was 5 min and 387 

12 s for P. taeda with 16x coverage, and a probability of 0.2 for loci bearing PCR duplicates. 388 

 389 
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Comparison with other in silico tools 390 

On the one hand, the program rsitesearch.py showed good performance in comparison to both the R 391 

package SimRAD (Lepais & Weir 2014) and Digital_RADs.py of BU-RAD-seq (DaCosta & Sorenson 392 

2014). The number of fragments of different sizes sampled from the benchmark genomes for different 393 

enzyme pair combinations varied only slightly among the three applications (Table 8), probably due to 394 

differences in size selection algorithms or in the treatment of N's in the genomes. Particularly, 395 

rsitesearch.py was computationally efficient when executed against large or complex genomes. The 396 

software simRRLs (Eaton 2014) is a good alternative for phylogenetic ddRADseq studies, because it 397 

builds read files conditioned upon an input tree topology based on coalescence. simRRLs generates 398 

random sequences for several modifications of the RADseq methodology, including ddRADseq, and 399 

also incorporates some sources of error to the read simulation procedure, such as allele dropout or low 400 

coverage. However, unlike ddRADseqTools, it does not generate reads from a reference genome and 401 

the current version does not handle PCR duplicates.  402 

 403 

Limitations of ddRADseqTools  404 

The current version of ddRADseqTools presents some limitations: (1) when ddRADseqTools is run 405 

without a reference genome, it only provides randomly generated reads, that can be used to estimate 406 

computational times in further ddRADseq bioinformatic pipelines, rather than provide specific 407 

information about the design of the experiment for the focal species;  (2) the mutation model currently 408 

implemented in ddRADSeqTools does not consider the possibility of simulating individuals with 409 

varying degree of relatedness; (3) mutations are incorporated only according to the Jukes-Cantor 410 

model of sequence evolution; (4) mismatches are not admitted in the demultiplexing process. This 411 

limitation is not important when reads are generated in silico, as in the examples presented here, but 412 

the current version of pcrdupremoval.py and indsdemultipling.py should be used with caution with 413 

experimental ddRADseq data; and (5) paralagous sequences are not parameterized. If genomes with a 414 

high content of repetitive regions (e.g. P. taeda) are used as a reference, some paralogous fragments 415 
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will be generated, but this is a feature not controlled by the user. However, paralogous sequences can 416 

be identified following Mastretta-Yanes et al. (2015). When reads are generated at random with 417 

fragsgeneration.py, paralogous sequences are not generated. Subsequent versions of the software will 418 

address these limitations. 419 

 420 

Conclusions 421 

ddRADseqTools is a flexible application to facilitate the in silico design of ddRADseq experiments. 422 

The software is adaptable to a broad range of conditions, such as the construction of modified 423 

ddRADseq libraries using adapters with either one or two indexes, and degenerate base regions 424 

(DBRs) to quantify PCR duplicates. Simulations with ddRADseqTools may be used to estimate an 425 

optimal enzyme pair combination and size range for sequenced fragments, and to simulate scenarios to 426 

predict the impact of PCR duplicates or allele dropout on coverage and missing data. It performs the 427 

initial bioinformatic pre-processing of reads, so in silico reads can then be downstreamed to 428 

ddRADseq analysis pipelines to estimate the number of polymorphic loci or to perform specific tests 429 

with simulated data. The software runs efficiently in computers with Linux/Unix, Mac OS or 430 

Microsoft Windows, and standard CPU and RAM configuration. 431 

 432 
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Figure S1. Distribution of fragments after a double digest of S. cerevisiae genome with EcoRI-MseI, 518 
PstI-MseI and SbfI-MseI enzyme pair combinations drawn by rsitesearch.py. 519 

Figure S2. Distribution of fragments after a double digest of H. sapiens genome with EcoRI-MseI, 520 
PstI-MseI and SbfI-MseI enzyme pair combinations drawn by rsitesearch.py. 521 

Figure S3. Distribution of fragments after a double digest of P. taeda genome with EcoRI-MseI, PstI-522 
MseI and SbfI-MseI enzyme pair combinations drawn by rsitesearch.py. 523 
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Tables and Figures 524 

Table 1. Parallelism between the in vitro and in silico initial steps in a ddRADSeq experiment. The 525 
programs that perform each step in ddRADseqTools are indicated. The output of ddRADSeqTools is 526 
further downstreamed to an alignment or de novo assembly RADseq pipeline. 527 

 528 

In vitro experiments In silico experiments ddRADseqTools program 

Library construction In silico fragments 

generation 

rsitesearch.py (w/genome) 

fragsgeneration.py (random) 

High-Throughput Sequencing Generation of reads simddradseq.py 

Bioinformatics pre-processing of reads  

Quantification and removal of PCR duplicates pcrdupremoval.py 

Demultiplexing of individuals indsdemultiplexing.py 

Trimming of raw reads readstrim.py 

 529 

  530 
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Table 2. Parameters used in tests A-D to validate the correct operability of ddRADseqTools. 531 

Options Test A  Test B Test C Test D 

enzyme1 EcoRI, SbfI & PstI EcoRI EcoRI EcoRI 
enzyme2 MseI MseI MseI MseI 
fragstinterval 25 25 25 25 

genfile 
S. cerevisiae† 
H. sapiens‡ 
P. taeda# 

S. cerevisiae† S. cerevisiae† S. cerevisiae† 

minfragsize 
101 (S. cerevisiase) 
201 (H. sapiens and 
P. taeda) 

101 101 101 

maxfragsize 300 300 300 300 

individualsfile - file with 48 
individuals 

file with 48 
individuals 

file with 48 
individuals 

index1len - 6 6 6 
index2len - 6 6 6 
dbrlen - 4 4 4 
format - FASTQ FASTQ FASTQ 

fragsfile - Output of 
rsitesearch.py 

Output of 
rsitesearch.py 

Output of 
rsitesearch.py 

readtype - PE PE PE 
technique - IND1_IND2 IND1_IND2_DBR IND1_IND2_DBR 

Readsnum 
(coverage) - 

300 000 (2x) 
600 000 (4x) 
1 200 000 (8x) 
2 400 000 (16x) 

600 000 (4x) 
1 200 000 (8x) 
 

300 000 

locinum - 3000 3000 3000 
insertlen - 100 100 100 

mutprob - 0.2 0.2 

0.001, 0.010, 0.020, 
0.030, 0.040, 0.050, 
0.060, 0.070, 0.080, 
0.090, 0.100 

indelprob - 0.1 0.1 0.1 
locusmaxmut - 1 1 1 
maxindelsize - 10 10 10 
maxreadvar - 1.2 1.2 1.2 
minreadvar - 0.8 0.8 0.8 
dropout - 0.0 0.0 0.0 
pcrdistribution - - MULTINOMIAL MULTINOMIAL 

multiparam - - 

0.167, 0.152, 0.136, 
0.121, 0.106, 0.091, 
0.076, 0.061, 0.045, 
0.030, 0.015 

0.167, 0.152, 0.136, 
0.121, 0.106, 0.091, 
0.076, 0.061, 0.045, 
0.030, 0.015 

pcrdupprob - 0.0 0.0, 0.1, 0.2, 0.3, 0.4, 
0.5, 0.6, 0.7, 0.8, 0.9 0.2 

gcfactor - - 0.0, 0.1, 0.2, 0.3, 0.4, 
0.5 0.2 

† ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF_000146045.2_R64/GCF_000146045.2_R64_genomic.fna.gz 532 
‡ ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF_000001405.29_GRCh38.p3/GCF_000001405.29_GRCh38.p3_genomic.fna.gz 533 
# http://dendrome.ucdavis.edu/ftp/Genome_Data/genome/pinerefseq/Pita/v1.01/ptaeda.v1.01.scaffolds.fasta.gz 534 
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Table 3. Fragments generated by restriction endonucleases for three reference genomes (S. cerevisiae, 535 
H. sapiens, and P. taeda). The optimal enzyme combination inferred from the number of fragments 536 
generated for the selected size interval is indicated in bold. 537 

S. cerevisiae 

Enzymes Total fragments Fragments w/ size 101-300 nt 

EcoRI - MseI 8,176 3,103 

PstI - MseI 4,623 1,853 

SbfI - MseI 188 70 

H. sapiens 

Enzymes Total fragments Fragments w/ size 201-300 nt 

EcoRI - MseI 1,629,978 203,735 

PstI - MseI 2,236,406 331,344 

SbfI - MseI 156,140 21,016 

P. taeda 

Enzymes Total fragments Fragments w/ size 201-300 nt 

EcoRI - MseI 11,459,733 1,353,309 

PstI - MseI 4,784,215 621,933 

SbfI - MseI 215,211 26,532 

 538 

 539 

 540 

 541 

 542 

 543 
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Table 4. Percentage of removed reads, coverage deviation and percentage of loci with missing data for 544 
a range of theoretical pcrdupprob values (0.0-0.9), iterated five times each (gcfactor = 0.0-0.5). Mean 545 
and standard deviation (in brackets) of iterations are shown. Data for 48 S. cerevisiae individuals at 4x 546 
and 8x coverage simulated in test C. 547 

 4x 8x 

pcrdupprob 
% removed 
reads 

Coverage  
deviation 

% of loci with  
missing data 

% of removed 
reads 

Coverage  
deviation 

% of loci with  
missing data 

0.0 0.72 (0.02) -0.03 (0.00) 1.50 (0.52) 1.42 (0.01) -0.11 (0.01) 0.00 (0.00) 
0.1 9.09 (0.79) -0.38 (0.04) 5.67 (0.98) 9.95 (1.22) -0.82 (0.10) 1.67 (0.65) 
0.2 16.31 (1.09) -0.67 (0.04) 9.00 (1.21) 16.82 (0.58) -1.40 (0.05) 3.00 (1.04) 
0.3 23.77 (0.44) -0.99 (0.02) 12.50 (1.31) 24.70 (0.70) -2.06 (0.05) 4.58 (0.90) 
0.4 31.64 (0.46) -1.32 (0.02) 16.33 (1.50) 32.12 (0.23) -2.67 (0.03) 6.00 (1.04) 
0.5 39.81 (0.71) -1.66 (0.03) 20.42 (1.56) 39.90 (0.94) -3.33 (0.07) 7.17 (1.11) 
0.6 46.58 (0.58) -1.94 (0.03) 23.33 (1.72) 47.04 (1.21) -3.92 (0.09) 8.83 (1.27) 
0.7 54.45 (0.53) -2.27 (0.02) 27.17 (1.64) 54.69 (1.05) -4.55 (0.09) 10.42 (1.44) 
0.8 61.82 (0.55) -2.58 (0.02) 30.75 (1.71) 62.09 (0.45) -5.17 (0.04) 11.75 (1.54) 
0.9 68.92 (0.88) -2.87 (0.04) 34.00 (2.04) 69.14 (0.47) -5.76 (0.04) 13.17 (1.47) 

 548 
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Table 5. Number of total and mutated reads, and of polymorphic loci for 48 individuals of S. 549 
cerevisiae obtained for validation test D with values of mutbprob=0.0-0.1. The percentage of mutated 550 
reads and polymorphic loci is shown in brackets. 551 

mutprob Total reads Mutated reads (%) Polimorphic loci (%) 

0 .001 251 773 552 (0.1) 111 (3.6) 

0 .010 253 729 2 513 (1.0) 915 (29.5) 

0 .020 250 896 4 973 (2.0) 1507 (48.6) 

0 .030 252 112 7 733 (3.0) 1899 (61.2) 

0 .040 252 189 9 947 (3.9) 2165 (69.8) 

0 .050 252 746 12 705 (5.0) 2335 (75.3) 

0 .060 252 835 14 961 (5.9) 2403 (77.4) 

0 .070 253 788 17 524 (6.9) 2493 (80.3) 

0 .080 251 965 20 087 (8.0) 2547 (82.1) 

0 .090 250 839 22 404 (9.0) 2585 (83.31) 

0 .100 253 335 25 347 (10.0) 2600 (83.8) 
 552 

 553 
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Table 6. Correspondence between parameters of in vitro ddRADseq experiments and parameters set as options in ddRADseqTools. 554 
 555 

 Tin et al. (2015) Tin et al. 2015 Zinenko et al. 2016 Wu et al. 2016 
Experiment /ddRADseqTools 
parameter 

Experiment 
parameters 

ddRADseqTools 
parameters 

Experiment 
parameters 

ddRADseqTools 
parameters  

Experiment 
parameters  

ddRADseqTools 
parameters 

Experiment 
parameters 

ddRADseqTools 
parameters 

Organism / genfile 
Saccharomyces 
cerevisiae S. cerevisiae† 

Wasmannia 
auropunctata W. auropunctata† 

6 Vipera 
species Vipera berus† Brassica napus B. napus† 

1st restriction enzyme / enzyme1 EcoRI EcoRI EcoRI EcoRI EcoRI EcoRI SacI SacI 
2nd restriction enzyme / enzyme2 MseI MseI MseI MseI SbfI SbfI MseI MseI 
Lower boundary of size selection 
/minfragsize 300 87‡ 400 187‡ 300 230# 270 140‡ 
Upper boundary of size selection / 
maxfragsize 700 487‡ 500 287‡ 450 380# 550 420‡ 

Number of loci to simulate - 4353 - 18159 - 2351 - 110 464 

Number of individuals / content of 
individuals.txt file 5 

5 index 
sequences  5 5 index sequences  40 40 index sequences  189 189 index sequences  

Total number of reads / readsnum 5 629 058 - 4 518 638  5 000 000 4 967 954 - 6 733 656  5 000 000 3 300 000 3 300 000 506 810 000 506 810 000 

Read type / readtype SE SE PE PE SE SE PE PE 
Library type / technique 

Single 7 bp barcode 
and a DBR of 4 bp 

IND1_DBR 

Two 7 bp barcodes and 
a DBR of 4 bp 

IND1_IND2_DBR 

Single index 
(no DBR) 

IND1 

Single index 
(no DBR) 

IND1_IND2 

Library type / index1len 7 7 6 5 
Library type / index2len 0 7 0 5 

Library type / dbrlen 4 4 0 0 
Read length / insertlen 50 50 25 25 50 50 80 80 

Format of reads file / format .fastq FASTQ .fastq FASTQ .fastq FASTQ .fastq FASTQ 
% of duplicate reads / pcrdupprob  48-69%   0.4 / 51%  31 - 70%  0.5 / 45% - - - - 
GC content / gcfactor - 0.2 - 0.2 - 0.2 - 0.2 

Mutation probability / mutprob - 0.15 - 0.015 - 0.10 - 0.2 

Probability of indels / indelprob - 0.1 - 0.1 - 0,1 - 0.1 
Maximum number of mutations by 
locus / locusmaxmut - 1 - 1 - 1 - 1 
Allele dropout probability /dropout - 0.05 - 0.015 - 0,05 - 0.0 
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Upper indel size / maxindelsize - 10 - 10 - 10 - 10 
Lower threshold value for inter-locus 
coverage variation / minreadvar - 0.8 - 0.8 - 0,8 - 0.8 

Upper threshold value for inter-locus 
coverage variation / minreadvar - 1.2 - 1.2 - 1,2 - 1.2 

Number of polymorphic loci  2774* 2998 2331* 2151 1959 1668 31 833 42406 

Average % of missing data by 
individual - 0.0% - 0.0% - 0.01% - 0.0% 

 556 
In bold the output of ddRADseqTools. 557 
† Genome assemblies download from NCBI genome database. 558 
‡ Length of both adapters and primer pairs were substracted from actual size because size selection was performed after ligation and before attachment of PCR primers. 559 
# Length of the adaptor was not specified in Zinenko et al. (2016). We assumed a length of the adaptor of 70 bp that was substracted form the original size length to perform the 560 
simulations. 561 
* Polymorphic loci after PCR duplicates removal. 562 
  563 
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 564 
Table 7. Performance data of the programs rsitesearch.py, simddradseq.py, pcrdupremoval.py, indsdemultiplexing.py, and readstrim.py collected from 565 
a run of simulation-performance.sh in a PC with Bio-Linux 8 OS, an Intel Core i5-4200U 1.6 GHz with Turbo Boost up to 2.g GHz processor, RAM of 566 
8 GB, and a 5400 rpm disk. 567 

Program organims 
enzyme 1-
enzyme2 readsnum pcrdupprob 

elapsed real 
time (s) 

CPU time (s) 
in kernel 
mode 

CPU time (s) 
in user mode 

Percentage 
of CPU 

maximum 
resident 
set size (Kb) 

rsitesearch.py 

S. cerevisiae 
EcoRI-MseI - - 5.0 0.1 2.4 49% 62 352 
PstI-MseI - - 2.3 0.0 2.2 94% 62 316 
SbfI-MseI - - 2.0 0.1 1.8 93% 60 688 

H. sapiens 
EcoRI-MseI - - 421.4 11.9 399.3 97% 4 388 504 
PstI-MseI - - 469.8 10.0 457.6 99% 4 391 800 
SbfI-MseI - - 324.2 8.2 314.5 99% 4 387 148 

P. taeda 
EcoRI-MseI - - 2 812.5 19.3 2 773.9 99% 222 840 
PstI-MseI - - 2 429.5 15.4 2, 402.5 99% 214 040 
SbfI-MseI - - 2 005.7 11.5 1 985.6 99% 205 528 

simddradseq.py 

S. cerevisiae EcoRI-MseI 
300 000 0.2 33.7 1.1 14.1 45% 10 676 

0.6 34.4 1.2 11.8 37% 10 680 
2 400 000 0.2 278.3 8.7 107.9 41% 10 676 

0.6 280.1 9.3 87.5 34% 10 680 

H. sapiens SbfI-MseI 
2 000 000 0.2 228.1 7.4 104.8 49% 20 280 

0.6 227.9 7.6 87.4 41% 20 280 
16 100 000 0.2 1 843.2 61.2 818.2 47% 20 276 

0.6 1 838.4 64.8 671.8 40% 20 284 

P. taeda SbfI-MseI 
2 500 000 0.2 287.3 9.1 129.7 48% 23 324 

0.6 286.8 9.5 108.7 41% 23 176 
 

20 400 000 0.2 2 333.5 78.0 1 045.2 48% 23 172 
 0.6 2 337.6 79.9 839.2 39% 23 168 

pcrdupremoval.py 

S. cerevisiae EcoRI-MseI 
300 000 0.2 157.1 3.4 139.2 90% 453 764 

0.6 141.9 3.2 127.9 92% 441 848 
2 400 000 0.2 1 047.6 26.6 862.3 84% 1 008 240 

0.6 989.1 24.4 833.9 86% 1 008 276 

H. sapiens SbfI-MseI 
2 000 000 0.2 1 267.9 23.2 1 137.7 91% 2 413 072 

0.6 1 127.2 21.4 1 012.2 91% 2 325 848 
16 100 000 0.2 7 738.3 195.1 6 107.0 81% 2 622 616 

0.6 7 360.4 175.9 5 880.7 82% 2 616 196 
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P. taeda SbfI-MseI 
2 500 000 0.2 1 629.3 30.4 1 456.4 91% 2 988 600 

0.6 1 492.4 27.1 1 344.6 91% 2 909 216 
20 400 000 0.2 10 606.2 261.6 8 166.9 79% 3 248 108 

0.6 9 560.6 234.3 7 337.3 79% 3 246 888 

indsdemultiplexing.py 

S. cerevisiae EcoRI-MseI 
300 000 0.2 17.1 0.9 5.6 38% 10 440 

0.6 10.9 0.7 3.5 38% 10 436 
2 400 000 0.2 143.4 7.5 41.2 33% 10 440 

0.6 91.9 4.7 27.0 34% 10 428 

H. sapiens SbfI-MseI 
2 000 000 0.2 121.8 6.9 35.6 34% 10 436 

0.6 75.4 3.8 22.1 34% 10 444 
16 100 000 0.2 996.2 56.3 281.0 33% 10 436 

0.6 640.1 37.5 180.5 34% 10 432 

P. taeda SbfI-MseI 
2 500 000 0.2 149.8 8.2 45.1 35% 10 440 

0.6 95.6 5.7 28.8 36% 10 436 
20 400 000 0.2 1 270.9 67.9 351.0 32% 10 436 

0.6 818.4 46.7 230.0 33% 10 440 

readstrim.py 

S. cerevisiae EcoRI-MseI 
300 000 0.2 3.9 0.3 3.3 98% 9 096 

0.6 3.3 0.1 2.9 98% 9 096 
2 400 000 0.2 19.3 1.3 13.7 91% 9 096 

0.6 13.7 0.8 9.6 93% 9 096 

H. sapiens SbfI-MseI 
2 000 000 0.2 15.7 1.0 12.3 94% 9 096 

0.6 10.2 0.8 8.5 96% 9 094 
16 100 000 0.2 237.9 11.3 90.3 45% 9 096 

0.6 160.5 8.0 60.7 47% 9 096 

P. taeda SbfI-MseI 
2 500 000 0.2 18.1 1.2 15.0 94% 9 096 

0.6 12.8 0.9 10.2 94% 9 094 
20 400 000 0.2 311.4 15.2 112.4 43% 9 094 

0.6 208.1 9.9 76.3 45% 9 095 
 568 

  569 
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Table 8. Comparison between rsitesearch.py and the R package SimRAD (Lepais & Weir 2014) and Digital_RADs.py of BU-RAD-seq (DaCosta & 570 
Sorenson 2014). 571 

S. cerevisiae 

enzymes 

ddRADseqTools - rsitesearch.py SimRAD (*) BU-RAD-seq - Digital_RADs.py (*) (**) (***) 

total 
fragments 

fragments 
w/ size 
101-300 nt 

elapsed 
real 
time (s) 

CPU 
time (s) 
in kernel 
mode 

CPU time 
(s) 
in user 
mode 

total 
fragments 

fragments 
w/ size 
101-300 nt 

elapsed 
real 
time (s) 

CPU time 
(s) 
in kernel 
mode 

CPU time 
(s) 
in user 
mode 

fragments 
w/ size 
1-1,000 nt 

fragments 
w/ size 
101-300 nt 

elapsed 
real 
time (s) 

CPU time 
(s) 
in kernel 
mode 

CPU time 
(s) 
in user 
mode 

EcoRI - 
MseI 8 176 3 103 4.99 0.09 2.38 8,176 3,048 21.14 0.21 17.94 8 139 3 191 1.30 0.03 0.41 
PstI - MseI 4 623 1 853 2.34 0.01 2.19 4,628 1,866 18.32 0.21 18.07 4 590 1 934 0.38 0.02 0.36 
SbfI - MseI 188 70 2.01 0.05 1.84 188 70 17.89 0.20 17.66 186 73 0.35 0.01 0.34 

H. sapiens 

enzymes 

ddRADseqTools SimRAD (*) BU-RAD-seq - Digital_RADs.py (*) (**) (***) 

total 
fragments 

fragments 
w/ size 
201-300 nt 

elapsed 
real 
time (s) 

CPU 
time (s) 
in kernel 
mode 

CPU time 
(s) 
in user 
mode 

total 
fragments 

fragments 
w/ size 
201-300 nt 

elapsed 
real 
time (s) 

CPU time 
(s) 
in kernel 
mode 

CPU time 
(s) 
in user 
mode 

fragments 
w/ size 
1-1,000 nt 

fragments 
w/ size 
201-300 nt 

elapsed 
real 
time (s) 

CPU time 
(s) 
in kernel 
mode 

CPU time 
(s) 
in user 
mode 

EcoRI - 
MseI 1 629 978 203 735 421.39 11.90 399.33 (****) (****) (****) (****) (****) 1 604 730 208 238 233.08 8.89 96.03 
PstI - MseI 2 236 406 331 344 469.76 10.03 457.63 (****) (****) (****) (****) (****) 2 195 695 343 793 180.33 5.66 87.17 
SbfI - MseI 156 140 21 016 324.16 8.18 314.54 (****) (****) (****) (****) (****) 141 656 21 660 175.42 5.37 84.21 

P. taeda 

enzymes 

ddRADseqTools SimRAD (*) BU-RAD-seq - Digital_RADs.py (*) (**) (***) 

total 
fragments 

fragments 
w/ size 
201-300 nt 

elapsed 
real 
time (s) 

CPU 
time (s) 
in kernel 
mode 

CPU time 
(s) 
in user 
mode 

total 
fragments 

fragments 
w/ size 
201-300 nt 

elapsed 
real 
time (s) 

CPU time 
(s) 
in kernel 
mode 

CPU time 
(s) 
in user 
mode 

fragments 
w/ size 
1-1,000 nt 

fragments 
w/ size 
201-300 nt 

elapsed 
real 
time (s) 

CPU time 
(s) 
in kernel 
mode 

CPU time 
(s) 
in user 
mode 

EcoRI - 
MseI 11 459 733 1 353 309 2 812.50 19.27 2 773.89 (*****) (*****) (*****) (*****) (*****) 11 181 647 1 377 129 26 937.80 872.16 4,062.31 
PstI - MseI 4 784 215 621 933 2,429.52 15.42 2 402.45 (*****) (*****) (*****) (*****) (*****) 4 590 018  643 991  34 287.74  902.78  4,141.07  
SbfI - MseI 215 211 26 532 2,005.67 11.48 1 985.56 (*****) (*****) (*****) (*****) (*****) 204 438  27 408  68 824.32  955,48  4,336.22  

	572 
(*) It was necessary to decompress the genome file in a preliminar stage. Elapsed real time: S. cerevisiae, 0.14 s; H. sapiens, 59.96 s; P. taeda, 443,30 s. 573 
(**) It was necessary to convert genome file content to upper case previously. Elapsed real time: S. cerevisiae, 0.14 s; H. sapiens, 100.81 s; P. taeda, 829.36 s. 574 
(***)	Further,	it	was	necessary	to	delete	temporal	files.	For	P.	taeda,	14	412	988	temporal	files	were	generated	and	their	deletion	took	several	hours.	575 
(****)	Error	in	ref.DNAseq	(result	would	exceed	2^31-1	bytes).					(*****)	Computer	crashed.	576 



 

32 
 

Figure 1. Overview of the work-flow of ddRADSeqTools. The input and output files for each 577 
application are indicated. The last step in the work-flow produces an input for pipelines of genome 578 
alignment or of de novo assembly.  579 

 580 

  581 



 

33 
 

Figure 2. Scheme of index and/or DBR positions in the adapters of the four types of library 582 
implemented in ddRADseqTools. (a) a single index in Adapter 1; (b) one index in Adapter 1 and 583 
another index in Adapter 2; (c) a single index and a DBR in Adapter 1; and (d) one index in Adapter 1, 584 
another index in Adapter 2, and a DBR. 585 
 586 

 587 
 588 
  589 
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Figure 3: Mean actual coverage by locus across individuals for 2x, 4x, 8x and 16x simulations for 48 590 
individuals of S. cerevisiae in validation test B. The high and low confidence intervals for α = 0.05 are 591 
shown in grey. 592 

 593 


