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Abstract
Nucleic acid hybridization capture is a principal technology in moleculaog@g@nd genomics.

Bait design, however, is a narivial task and few resources currently exist to automate the
process. Here, I present BaitsTools, an esmurce, usefriendly software package tacilitate
the design.of nucleic acid baits for hybridization capture.

I ntr oductien

Targeted higkthroughput sequencing using hybridization capture (e.g. Gaide 2009)is a
critical toolin molecular ecology angenomics. Applications include genomic investigations of
non-modelorganisms using ultcanserved elements (Fairclahal. 2012; Lim & Braun 2016),
exome capture’(e.flg et al. 2009), single nucleotide polymorphism (SNP) analysis (e.g.
Burbanoet al. 2010), targeted metagenomics (e.g. Camptala 2016),and ancient DNA
enrichmenand museomic.g. Burban@t al. 2010;Hawkinset al. 2016; Lim & Braun 2016),
among othersHybridization capture utilizes oligonucleotide baitetwichtargetmolecules

from nucleic acid librarieshrough hybridization of the baits to complementary nucleotide
sequences.in'the libraries, isolation of the hybridized molecules, and removal of-tlaeged
library moleeulesManual bait desigims nontrivial, and fewsoftware packages are pubyicl
available for this tasksee, for instance, Faircloth 2017). Here, | desdBaitsTools, an open
sourcepackage to design amalsilico test bait sequences for a variety of hybridization capture

applications.
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BaitsT ools functions

BaitsTools generashigh-quality oligonucleotide baits from a variety of input formats using
input-specificsubcommandgrable1). Subcommand parameters are user customizable with
defaults suited for generating 120 bp RNA baits (such as MYbé&its®MY croarray).
Currently,BaitsTools can generate baits from FASTA/FASTQ sequences and alignments, Stacks
(Catcheretal=2011, 201 Bpopulationsummarystatisticsfiles, genome annotatiomsd features
(BED/GTF/GFF),PyRAD and ipyrad loci files (Eaton 2014), and VCF filEke software can

also analyze and filter previously generated bait sequences using the checkbaits subcommand
BaitsTools\utilizes a threstep workflow: variant selection, bait generation, and bait quality
control and filtration (Figurd). Depending on the selected subcommand user requirements
some of these steps can be omitiaitsTools can output detailed log files giving locus- and

subcommandpecific results for each of these steps.

Variant selection

Genome sequencing and reducepresentation approaches (such as RADseq) often discover
orders of magnitude more sequence variants thatygically analyzed irgenomic projects

using hybridization capture. BaitsTools can select variants from YZIRAD and ipyrad LOCI
files, and Stacks population summary statistics filesliémtify a subset of variants evenly spaced
across genomes. Genome assemblies vary isigmify in quality— ranging between a selection

of assembled reduceadpresentation loci to contigscaffold or chromosome-level whole-
genome assemblies. Hereafter, individt@hponenassembled sequences are referred to as
‘contigs™for simplicity. To ensure even spacing across reference sequences of varying quality,
the user caselecta maximum number of variants per contig canscale the number of selected
variantsper individual contigoy its length. The first option is useful for highly fragmented
assemblies orreducedpresentation datasets without a genome assemobiger to sample as
many genomic markers as possjhitereaghe latter is appropriate for higjuality genome
assemblies where most polymorphisms are locateleolohgestontigs The user can also
specify a minimum physical distance between selected variants to ensure equal coverage across

the reference sequences amitigate linkage disequilibriumAdditionally, stacks2baits can sort
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82  polymorphisms varyingvithin or betwea populations and by deviatidrom HardyWeinberg
83 equilibrium according to g test. Finallyvcf2baits can exclude sequence variants below a
84  minimum specifiedPhredlike quality score.
85
86  Selected variants are output in a new VCF or Stacks summaryfealie vcf2baits and
87  stacks2baits commands respectively. Furthermore, the BaitsTools \&smliaction and bait
88 generation.options are appended to the end of the VCF header for future user reference.
89
90 Bait generation
91 To generate/candidate bait sequences, BaitsTools imports reference sequences in FASTA/FASTQ
92 or PyRADf/ipyrad LOClormat. For the aln2baits and tilebaits commands, the input nucleotide
93 alignmentsresequence listare treated as reference sequences. BaitsTools can also generate baits
94  across the break in linearized circular sequences (e.g. complete mitogenomes in FASTA format).
95 Appending ‘#circ’ to the end of a sequence header indicates to BaitsTools that a sequenc
96 circular.Otherwise, BaitsTools assumes linear sequences.
97
98  After reference sequence importation, baits are generated according to each subcommand’s
99 algorithm. For vcf2baits and stacks2baits, the regions surrounding the selectetararia
100 extracted fren the reference sequence using genomic coordinates. The extracted region is
101 determined by thepecifiedbaitlength, tiling density, and position of the selected variaittsn
102 the candidate bait. Optionally, alternate alleles are then applied dbtdreed bait sequence®
103  produceabalanced bait seepresentingll known alleles equally.
104
105 The tilebaits subcommand divides the imported sequences into baits basqdestedbait
106 length and tiling density. The annot2baits and bed2balisommands extraspecified genomic
107 features from the reference sequengée extracted sequences are output in FASTA format for
108 user reference. The extracted sequences are then passed to tilebaits to generate the candidate
109 baits.Similarly, the aln2bigs divides the alignment into windows based on desired bait length
110 and tiling density. Baits are then generated either for each observed hapldabypewiindow

111 or for every permutation of variants observed within a window. This produces a weightset ba
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that has higher coverage for more variable regions and retiagdeddundancy for conserved
regions. Additionally, pyrad2baits camportindividual loci as sequen@ignments rather than

SNP variant calls. The loci alignments are then passed2baita to generate weighted bait sets,

Candidate baits attien output in FASTA format along with an optioB&D file specifying the

location of the bait sequences with regards to the input reference sequences.

Quality control ‘and filtration

During the final step, candidate baits are filteredibgrspecified qualitycontrol parameters.

Filterable parameteraclude GC content, bait melting temperature, reference sequence base
quality, pereentage of masked bait sequepcesence of gaps and unknown bases (Ns) in bait
sequencesand'whether generated baits are shorter than the specified desired HaiBiaitg)t

with gap characters can also be extended with flanking sequence to ensure that deletion variants
are efficiently capturedaitsTook then generates a set of filtered baits in FASTA foand an
optionalBED'file describing the location of filtered baits with regard to the input reference
sequenges=Forithe vcf2baits and stacks2baits commands, BaitsTools also produces a filtered
VCF o Stacksssummary file, respectively. For user reference, the filtration parameters are added
to the header of the filtered VCF after the BaitsTools variant selection and bait generation
parameters. BaitsTools can also generate a suntheriabulates thitration parameterand
inclusion/exclusion from the final filtered bait $et each candidate baithe qualityeontrolled
baitsare suitable either for direntanufacture of hybridization capture kits or further filtration

using platfermspecific propietary pipelines.

User interface

To accommodate users with different computational needs and comfort with corimeand-
interfacesBaitsToolsutilizesboth a standard commattide interface using arguments and an
interactivesinterface using text promgEsgure 2) An optional graphical frontend is also

available for macOS systentsxecuting the baitstools.rb script without subcommands or
arguments printa list of available subcommands and their functions to the screen. Detailed help

messages are available for each subcommand by executing the baitstools.rb script with a
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142  subcommand and theh’-or ‘--help’ arguments. Executing the baitstools.rb scriph ait

143  subcommand withodtrther arguments launebthe interactive interface. For instance,

144  executing ‘baitstools.rb vcf2baith’ prints detailed help on the vcf2baits subcommanmkereas
145  executing‘baitstools.rb vcf2baits’ activates the interactive prsiigptthe vcf2baits

146  subcommand. Furthermore, to improve usendliness, BaitsTools will interactively prompt the
147  user to correct entries from the commdine interface when the subcommand cannot be

148 executed as entered (e.g. if a needed input filetifonad). Upon executiorBaitsTools will

149  print to the'screethe complete interpreted command (including usepecified defaults) to

150 ensure that'tSers can acety reproduce their commanidslater analyses.

151

152  Softwarerequirementsand licensing

153  BaitsTools is a selontained Ruby (Matsumoto 2013) package and is therefore compatible with
154  most UNIX and UNIXlike operating systems. Besides Ruby (version 2.0 or greater) and its
155 standard libraryBaitsTools has no additional dependencies and doesaute local

156  compilation,before executioifhe optional frontend requires the Ruby gem “tk” (version 1.2 or
157  greater) (Shibata 201@nd the Ruby Version Manager (SeguiiP&pis2016).BaitsTools is

158 compatible with both the Ruby reference implementation (Matz’'s Ruby Intedpaettthe

159  Rubinius (version 3.73 or greater) compiler (Phoenix 200&3.program is freely available

160 under theésmithsonian Institution terms of use (http://wwwedu/termsofuse).

161

162 BaitsToolspipelines

163  Although BaitsTools produces high-quality bait sets on its dait,setperformance can be

164 improved with the addition of external tools into the bait generation pip@ligare 3) To

165 reducethe capture of repetitiveegions and low complexity sequendespeatMasker (Smét al.
166 2013-201%can/mask these featuieshe reference sequences. BaitsTools can then exclude
167 baitsthat include repetitive sequences using theé 6iK-- maxmask’ arguments. Downstream of
168 BaitsToolshaitscan be clusteredsing Cd-hit (Li & Godzik 2006) tefficiently remove overly
169 redundant sequenceBLAST (Altschul et al. 1990)searchesf bait sequences against reference

170 genomes and the other candidate baits can help identify problematic oligonucleotides for
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removal. Common issues include ngpecific baits that can hybridize with multiple genomic

targets, seltomplementarity, and inter-bait hybridization.

Comparison to existing software

BaitsTools is more flexible and covers a wider varietiydiridization capturapplications than
existingpubliely-available software, such as BaitDesigner (Broad Institute 2017) and the
PHYLUCE ultra-eenserved element (UCE) workflow (Faircloth 201BaitDesigner is a
unpublished oligonucleotide bait design towluded withinthe Picard package (Broad Institute
2017).BaitDesigner implements a few features not currently included in Baits{sumls as
Agilent file.output) However BaitDesigner only accepts FASTA sequences as iapdithas
limited bait filtration and quality control optionis also requires the generation of Picard interval
lists prior to usagerhis interval list can be used extract regions of interest from the reference
sequenceBaitsTools’s bed2baitand annot2baits plerms similar region extractiowithout the

need for a_custom file format.

The PHYLUCE UCE workflow is designed to identify and produce baits for UCE loci from aligned
genomes and'sequence data (Faircloth 2017). Although BaitsTools does not d€asfyt can

be used to design appropriate bait sequences orsaddbeare identifiedBaitsTools, however,
does not provide the posépture and sequeing UCE data analysis pipeline included in

PHYLUCE (Fairelothet al. 2012).Neither BaitDesigner nor tirdyLuce UCE workflow can

design baits from VCE4.OCI files, or Stacks population summary statisticsdile

Perfor mance

To benchmark typical BaitsTools performanioaits were generated and filtered using sequence
data from previously sequenced African wild dbgcaon pictus) genomes (Camparetal.

2016), reference sequences from GenBank (accessions: KT448283.1, NC_008093.1,
NC_002008:4, NC_006621.3) (Bjornerfetdlial. 2006; Kimet al. 1998; Koepfliet al. 2015;
Lindbad-Toh et al. 2005), and simulateBtacks data angyrad loci (available:
ipyrad.readthedocs.io/output_formats.htrBlenchmarked datasets are included in the example

data within the BaitsTools repository, except for @aais familiaris X chromosome sequence
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201 (GenBank accession: NC0621.3) due to file size limitations. All benchmark analyses used

202  BaitsTools version 0.9 and were performed single-threaded on a desktop computer running
203 macOS El Capitan (10.11.6) powered by a 3.5 GHz hexacore Intel Xeon E5 processor with 64
204 GB 1866'MHzZDDR3 ECC memory. Benchmark analyses and results are summarized in Table 2.
205 Benchmark analyses were run under default settintgss otherwise noteBRNA baits were

206  generated to capture DNA sequences. Sequence ambiguities were collapsed:|dimgtfultla

207  was required. Baits including gaps or unknown bases were excluded. Retained baits’ had GC
208 contents between 30% and 50% and melting temperatures were between 0.0°C and 120.0°C.
209 Parameter files, absolute BED coordinates (except in the checkbaits experamémetailed

210 logs were'output for all experiments.

211

212 Furthermoreyto compare performance between BaitsTools tilebaits and BaitDéRigakt

213 version 2.9.4), baitwere generatefiitom a 16725 bpLycaon pictus mitogenome (GenBank

214  accession: CM007595.1; Campastal. 2016) under analogous settings. Each program

215 generated 120 bp baits with a 60 bp offset between baits. The full-length bait wasir&jooe

216  BaitDesignerdoes not filter baiid cannot tile over circular sequenassotherfilters were

217  applied in BaitsToolsind thanitogenome was treated as a linear sequdaecoordinates were
218  output either as an interval list (BaitDesigner) or as a BED file (BaitsT@adgsDesigner

219 completed.the task in 0.512 wall-clock seconds (0.814 user seconds, 0.092 system seconds),
220 whereas tilebaits finished inI20wall-clock seconds (@00 user seconds, 0.0&ystem

221 seconds)The resulting baits were identical.

222

223  BaitsTools'igast. Most benchmarking experiments complételéss than a second.

224  Furthermoretilebaits produced the same bait set as BaitDesigriz3% of the wall-clock time

225 and 12% of thejuser time.

226

227 Conclusien

228 BaitsTools is a usdriendly, fast,opensourcesoftwarepackage that simplifies the production of

229 baits for hybridization capture. Since the software is highly user configurableadwla variety
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of input formats, BaitsTools can produce baits for a wide range of targeted genomics

applications.
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300 Tablesand figures

301 Tablel: BaitsTools subcommands, their functions, and input file requirements.

Subcommand Function I nput for mats

aln2baits Generatevariability-weightedbaits from Alignment: FASTA/FASTQ
an alignment file
annot2baits Generate baits from a genome Annotation: GTF/GFF

annotation file and a reference sequend®eference: FASTA/FASTQ

bed2baits Generate baits from a BED file and a Features: BED
reference sequence Reference: FASTA/FASTQ
checkbaits Evaluate and filtepreviously generatec Baits: FASTA/FASTQ
baits
pyrad2baits Select variants and generate baits fror Loci: LOCI

PyRAD and ipyrad loci files
stacks2baits Select variants and generate baits frot Stacks: sumstaiBSV
Stackspopulation summary statistics Reference: FASTA/FASTQ
file and a reference sequence
tilebaits Generate baits from a list of sequence Sequences: FASTA/FASTQ
vcf2baits Select variants and generate baits fror Variants: VCF
VCEF file and a reference sequence ReferenceFASTA/FASTQ
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Table 2: BaitsTools benchmarking experiments. The sgstemand waltclock completion

times are listed in seconds. Benchmarked file names are listed at the end of the experiment

description‘in‘parentheses).

Subcommand

Experiment description User

System Wall-clock

aln2baits

annot2baits

bed2baits

checkbaits

pyrad2baits

stacks2baits

tilebaits

Weighted baitsvere generated and filtere 0.250
from an alignment of five canid

mitogenomes (canid_mito_aln.fa).

Baits were generated and filteried all 0.052
annotated genes and tRNAs frorhygaon

pictus mitogenome (Ananku.fa,

Ananku.gff).

Weighted baits were generated and filter 0.066
from five 999bp regions from an

alignment of five canid mitogenomes
(canid_mito_aln.fa, canid_mito_aln.bed).

Bait quality controwas performean the 0.0148
baits output from the aln2baits

benchmarking experiment.

Baits were generated and filtered from tv 0.054
simulated ipyrad lodireated as sequence
alignments (ipyrad.loci).

Variants were sorted by population and 0.054
deviation from Hardy-Weinberg

Equilibrium (@ = 0.025; options -H -A

0.025). Up to five variants (option5) per
category were selected. No baits were

output (option p) (example.sumstats.tsv).

Baits were generated and filterfedm two 0.243

0.016

0.011

0.012

0.014

0.086

0.012

0.014

0.276

0.065

0.080

00.0167

0.017

0.070

0.243
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Lycaon pictus mitogenomes and a FASTA
file of canid pelage genes (lycaon_mito.fa,
pelage genes.fa).
vcf2baits Onehundred_ycaon pictus X 988.553 1.248 990.551
chromosomeequence variantgere
selectedoption--m 100).Baits were
generated and filterddom the selected
variantsusing theCanis familiaris
reference sequence (NC_00621.3)
(WDF20_X.raw.vcf.gz).

Figure 1: BaitsTools workflow. The entry points for each subcommand and the drgputsach
BaitsTools step are listegyrad2baits is listed twice since it can treat input LOCI files either as

variantcall fileser sequence alignments

Figure2:BaitsTools interactive interface. Executing the baitstools.rb script without further
arguments prints the splash screen detailing the available subcommands (top). Executing the
script with-a subcommand (but omitting other arguments) starts the interaterface (bottom).

Here the user has started the interactive prompts for the vcf2baits subcommand.

Figure 3: An example pipeline generate highest-quality oligonucleotide bait deeference
sequencesraremmasked with RepeatMasker to remove ivepatitl low-complexity sequences.
Candidate baits'are generated from the masked reference sequences and filtered using BaitsTools.
Filtered bait sequences are clustered usingi€Cdrinally bait sets are interrogated using BLAST

searches for features sugh interbait hybridization.
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Table 1: BaitsTools subcommands, their functions, and input file requirements.

Subcommand Function Input formats

aln2baits Generate variability-weighted baits fro Alignment: FASTA/FASTQ
an alignment file

annot2baits Generate baits from a genome Annotation: GTF/GFF
annotation file and a reference sequer Reference: FASTA/FASTQ

bed2baits Generate baits from a BED file and a Features: BED
reference sequence Reference: FASTA/FASTQ

checkbaits Evaluate and filter previously generate Baits: FASTA/FASTQ
baits

pyrad2baits Select variants and generate baits fror Loci: LOCI
PyRAD and ipyrad loci files

stacks2baits Select variants and generate baits fror Stacks: sumstaiBSV
Stacks population summary statistics Reference: FASTA/FASTQ
file and a reference sequence

tilebaits Generate baits from a list of sequence Sequences: FASTA/FASTQ

vcf2baits Select variants and generate baits fror Variants: VCF

VCF file and a reference sequence Reference: FASTA/FASTQ
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Table 2: BaitsTools benchmarking experiments. The user, system, and wall-clock completion

times are listed in seconds. Benchmarked file names are listed at the end of the experiment

description in parentheses).

Subcommand

Experiment description User

System Wall-clock

aln2baits

annot2baits

bed2baits

checkbaits

pyrad2baits

stacks2baits

tilebaits

Weighted baits were generated and filter 0.250
from an alignment of five canid

mitogenomes (canid_mito_aln.fa).

Baits were generated and filtered for all 0.052
annotated genes and tRNAs from a Lyca

pictus mitogenome (Ananku.fa,

Ananku.gff).

Weighted baits were generated and filter 0.066
from five 999-bp regions from an

alignment of five canid mitogenomes
(canid_mito_aln.fa, canid_mito_aln.bed).

Bait quality control was performed on the 0.0148
baits output from the aln2baits

benchmarking experiment.

Baits were generated and filtered from tv 0.054
simulated ipyrad loci treated as sequenc
alignments (ipyrad.loci).

Variants were sorted by population and 0.054
deviation from Hardy-Weinberg

Equilibrium (@ = 0.025; optionsH -A

0.025). Up to five variants (option -t 5) pe
category were selected. No baits were

output (option -p) (example.sumstats.tsv

Baits were generated and filtered from tv 0.243
Lycaon pictus mitogenomes and a FAST

file of canid pelage genes (lycaon_mito.f

pelage_genes.fa).

0.016

0.011

0.012

0.014

0.086

0.012

0.014

0.276

0.065

0.080

00.0167

0.017

0.070

0.243
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vcf2baits One-hundred Lycaon pictué 988.553 1.248 990.551
chromosome sequence variants were
selected (optior-m 100). Baits were
generated and filtered from the selected
variants using the Canis familiaris
reference sequence (NC_00621.3)
(WDF20_X.raw.vcf.gz).
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Subcommands
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NZP-34878a:BaitsTools michaelcampana% ruby baitstools.rb
Welcome to baitstools 8.9

To use the interactive interface, enter <ruby baitstools.rb [subcommand]> without command-line options.
Command-line usage: ruby baitstools.rb [subcommand] [options]
Add '-h' or '——help' to subcommands (without other options) to see their relevant options.

Available subcommands:

alnZbaits Generate weighted baits from a FASTA/FASTQ alignment

annot?baits Generate tiled baits from a GFF/GTF file and a reference sequence
bedZbaits Generate tiled baits from BED file and a reference sequence
checkbaits Filter a FASTA/FASTQ of candidate baits by quality

pyrad2baits Select variants and generate baits from a PyRAD/ipyrad LOCI file
stacks2baits Select variants and generate baits from a Stacks summary TSV file
tilebaits Generate tiled baits from FASTA/FASTQ sequences

vcf2baits Select variants and generate baits from a VCF

NZP-34878a:BaitsTools michaelcampana$% ruby baitstools.rb wvcfZbaits
Enter input file.

example.vcf

Enter output file prefix.

example—out

Enter output file.directory.

example

Output detailed log? (y/n)

men_12721_f2.tiff
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Input men_12721_f3.pdf
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