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Abstract

We present version 6 of the DnaSP (DNA Sequence Polymorphism) software, a new version of the
popular tool for performing exhaustive population genetic analyses on multiple sequence
alignments. This major upgrade incorporates novel functionalities to analyse large datasets, such as
those generated by high-throughput sequencing (HTS) technologies. Among other features, DnaSP
6 implements: 1) modules for reading and analysing data from genomic partitioning methods, such
as RADseq or hybrid enrichment approaches, ii) faster methods scalable for HTS data, and iii)
summary statistics for the analysis of multi-locus population genetics data. Furthermore, DnaSP 6
includes novel modules to perform single- and multi-locus coalescent simulations under a wide
range of demographic scenarios. The DnaSP 6 program, with extensive documentation, is freely

available at http://www.ub.edu/dnasp.
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Main Text

Recent advances of high-throughput sequencing (HTS) technologies, including genomic
partitioning methods, are generating massive high-quality DNA sequence and SNP (single
nucleotide polymorphism) data sets (Bleidorn 2016), facilitating the study of non-model organisms.
Analysing HTS data can provide new insights into the evolutionary forces shaping biodiversity
(Ellegren 2014), which has multiple applications in animal and plant breeding, conservation

genetics, biomedicine, forensics and systematics.

DnaSP (DNA Sequence Polymorphism) is a bioinformatics tool designed for the comprehensive
analysis of DNA sequence data variation, using a friendly Graphic User Interface (GUI) (Rozas and
Rozas 1995; Rozas 2009; Librado and Rozas 2009). The program allows the detailed
characterization of the levels and patterns of DNA sequence variation at different time-scales, using
polymorphic variants (intra-specific data), divergence data (inter-specific or inter-population data),
or a combination of both. Version 6 incorporates novel capabilities specially suitable for the
analysis of thousands of DNA sequence regions in one-go, a feature increasingly demanded for
RADseqg-based studies, as well as in many disciplines, such as population genomics, molecular
ecology or clinical virology. Furthermore, DnaSP 6 also includes new functions to conduct

coalescent simulations under a wide range of demographic scenarios.

Major upgrades

Analyses of multi-MSA data sets
Methods for genomic partitioning are cost-effective approaches for molecular population genetics,
phylogeographic and phylogenomic studies, especially in non-model organisms (McCormack et al.

2011; Lemmon and Lemmon 2013). These mainly include RADseq, and hybrid enrichment. The
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first one embraces the original RADseq (Restriction-site Associated DNA sequencing), as well as
some methodological variants, such as ddRAD (double-digest RADseq) or GBS (genotype-by-
sequencing) (Puritz et al. 2014; Andrews et al. 2016). The most popular hybrid enrichment
techniques are anchored hybrid enrichment (AHE, Lemmon et al. 2012) and target capture of

ultraconserved elements (UCE; Faircloth et al. 2012).

Raw sequencing reads from these approaches can be pre-processed and assembled using a number
of available pipelines, such as PyRAD (Eaton et al. 2014) and STACKS (Catchen et al. 2013) for
RADseq, or PHYLUCE (Faircloth et al. 2016) for UCE data. RADseq files typically store many
thousands of short (from 100bp to 300bp) DNA sequences randomly distributed across the genome
(RAD-loci), each encompassing one or a few SNPs, while hybrid enrichment generally collects data
from a small number of longer loci. These programs generate curated data either in the form of a
single multi-MSA file, or in the form of multiple files, each containing information of an individual

marker (a single MSA).

Thanks to the new multithreading capabilities, DnaSP 6 can now efficiently process and analyse the
massive data generated by PYRAD and STACKS programs, namely *.alleles, *.loci and *.fa format
files. The program can also handle data from other partitioning approaches (see Lemmon and

Lemmon 2013 for a review), including data from low-coverage whole-genome sequencing projects
generated, for example, by the DOMINO pipeline (Frias-Lopez et al. 2016), or variation data stored
in the popular Variant Calling Format (VCF) (Danecek et al. 2011). All these features allow an easy

integration of DnaSP 6 with standard HTS pipelines.

Using multi-MSA files as the input data, DnaSP 6 will carry out most of the comprehensive
population genetic analyses available for a single locus in DnaSP 5 (Librado and Rozas 2009).

These typically involve the estimation of a large set of statistics that summarize the patterns and
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levels of DNA sequence variation both within and between populations, including estimates of
linkage disequilibrium and gene flow (Supplementary Tables S1 and S2; see also the DnaSP
documentation). DnaSP 6 additionally estimates the observed individual heterozygosity from
genotype data, a measure often used as proxy for inbreeding (Balloux et al. 2004). This new version
also incorporates new neutrality tests, including the Zeng's E (Zeng et al. 2006), especially devised
to pinpoint loci that recently underwent a positive selection event, and Achaz’s Y* and Y (Achaz
2008), devised to mitigate the impact of HTS sequencing errors. Furthermore, DnaSP 6 can analyse
full DNA sequence information or variable positions only (SNP data), phased or unphased SNP

data, or genotype data with different ploidy levels.

Processing and analysis of haplotype-frequency data

Population-based studies of viruses are rapidly increasing our knowledge about the molecular
mechanisms driving their evolution, revolutionizing molecular epidemiology and pathogenesis
(Acevedo et al. 2014; Quinones-Mateu et al. 2014). These studies usually involve millions of
samples from small DNA regions. To handle such huge sample data sets, we extensively redefined
DnaSP 5 variables, increasing their precision boundaries, and implemented efficient algorithms for
multithreading calculations (Table 1). DnaSP 6 is now capable of processing the commonly used
Arlequin format, which stores frequency information of haplotype sequences (*.arp; Excoffier and

Lischer 2010).

Multi-locus coalescent simulations

The coalescent theory, which describes the statistical proprieties of gene genealogies, is a
fundamental tool for understanding the evolutionary dynamics of natural populations (Hudson
1990). DnaSP 6 widely extends its capabilities to analyse DNA samples under the coalescent, by
incorporating the algorithms described in Hudson (2002) and Ramos-Onsins and Mitchell-Olds

(2007). The new coalescent modules automatically capture summary statistics calculated from the
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observed data, using either the single-locus mode or new batch routines for multilocus analyses
(Figure 1). The current version allows evaluating the likelihood of the summary statistics (by
reporting their p-values and confidence intervals), not only under the standard neutral model
(already available in the version 5), but also under wide range of demographic scenarios, such as

population growth (or decline), population bottleneck and population split with admixture.

System and Benchmarking

To facilitate the analyses of large data sets, we have migrated DnaSP from Visual Basic 6 to
VB.NET (Visual Studio 2015). This new Windows programming language supports multithreading
computation, optimizes RAM memory usage, enables 64-bit variables and executables, and
facilitates inter-operability with the Internet. These features are primary requirements for user-

friendly analyses of large data sets using personal computers or workstations.

We benchmarked DnaSP 6 performance using diverse data sets, file formats and computer
configurations (including Macintosh and Linux operating systems, using virtual machines) (Table
1). We found that DnaSP 6 can efficiently manage large data files, storing more than 100,000
MSAs, more than 100,000 SNPs, or thousands of individuals (up to S00MB in total). The software
is able to conduct a complete DNA Polymorphism analysis (which computes 17 summary statistics
and neutrality tests; Supplementary Table S1) in a few seconds (or minutes, depending on the data
file). For example, using an Intel Core-i7-6700 3.4 GHz processor and 32GB of RAM (Table 1), the
analysis of a VCF data file of 30MB (120 diploid individuals, n = 240; 3,967 scaffolds) takes 20
seconds, a VCF File of 232MB (n = 40; 1,000 scaffolds; 101,000 SNPs) 35 seconds, and a multi-
FASTA data file of 437MB (n = 30; 98,876 MSAs; 17,220 SNPs) 231 seconds. Similar performance
resulted using Arlequin file formats, completing the analysis of a data set with 316,976 sequences in
48 seconds. Therefore, the software is appropriated to analyse representative data files from diverse

genome partitioning methods.
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Tables

Table 1. Performance Benchmark of DnaSP 6.
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Table 1. Performance benchmark of
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DnaSP 6.

Data DnaSP _ )

Files® Data Information Module® MB* n? MSA® Total Pos'  Variable Pos® PC/Windows" PC/Windows Linux Macintosh®

* fa Phased --Genotype (Diploid) Multi-MSA1 437 30 98,876 14,337,020 17,220 231 287 309 325

* loci Phased Multi-MSA1 62 28 55,454 2,548,620 103,946 62 90 133 129

* vcf Phased --Genotype (Diploid) Multi-MSA2 10 5,008 10 950 940 49 156 119 236
Phased --Genotype (Diploid) Multi-MSA2 10 5,008 1 968 963 124 174 143 187
Phased --Genotype (Diploid) Multi-MSA2 100 5,008 10 9,680 9,630 672 2,021 1,374 2,996
Phased --Genotype (Diploid) Multi-MSA2 200 5,008 1 19,394 19,322 1,095 1,318 1,724 1,666
Phased --Genotype (Diploid) Multi-MSA2 232 40 1000 968,000 101,000 35 75 57 78

* vcf Unphased --Genotype (Diploid) Multi-MSA2 56 82 12,065 22,290 20,834 12 15 30 29
Phased/Unphased --Genotype

* vcf (Diploid) Multi-MSA2 30 240 3,967 5,914 5,863 20 35 56 65

*.arp Phased -Haplotype Data HapFreq 0.4 316,976 1 340 267 48 130 162 180

Computation time required to complete the DNA Polymorphism analysis referred in Supplemental Table S1, using different data files and computer systems.
®Data files specification: *.fa (STACKS; Catchen et al. 2013 ); *.alleles and *.loci (PyRAD; Eaton et al. 2014); *.vcf (Danecek et al. 2011).

®Data DnaSP modules as in Supplemental Tables S1 and S2.

“Data file size measured in megabytes.

Sample size, the number of chromosomes analysed.

*Number of MSA included in the data file; i.e., the number of RAD loci or scaffolds.
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Total number of positions included in the data file (including monomorphic positions).
8Total number of polymorphic positions analyzed.
"Computation Time in seconds. PC-Windows computer with an Intel i7-6700 processor (3.4GHz; 4 cores -8 threads), 32GB RAM; Windows 10 (64 bits).

'Computation Time in seconds. PC-Windows computer with an Intel i7-6500U processor (3.1GHz; 2 cores -4 threads), 8GB RAM; Windows 10 (64 bits).

JComputation Time in seconds. Linux (Mint 18.1 64 bits; 16 GB RAM), with an Intel i5-4690 processor (3.50GHz; 4 cores -4 threads); VirtualBox 5.1.22 with Windows 8, 64bits
11 (8GB RAM in the virtual machine)

12 kComputation Time in seconds. MacBook Pro (MacOS Sierra -10.12-; 8GB RAM), with and Intel Core i5-5257U processor (2.7 GHz; 2 cores; 4 threads); VirtualBox 5.1.22-

13 Windows 8, 64 bits (4GB RAM in the virtual machine)

14 'A single MSA with 116 samples.
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Figure 1.
Input for simulating a single locus under the coalescent.
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Supplementary Tables

Table S1. Summary statistics and neutrality tests computed by DnaSP.
Intrapopulation analysis.
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10 Table S2. Summary statistics computed by DnaSP. Interpopulation analysis.
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