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Abstract

High-throughput sequencing methods have become a routine analysis tool in envi-

ronmental sciences as well as in public and private sector. These methods provide

vast amount of data, which need to be analysed in several steps. Although the

bioinformatics may be applied using several public tools, many analytical pipelines

allow too few options for the optimal analysis for more complicated or customized

designs. Here, we introduce PipeCraft, a flexible and handy bioinformatics pipeline

with a user-friendly graphical interface that links several public tools for analysing

amplicon sequencing data. Users are able to customize the pipeline by selecting the

most suitable tools and options to process raw sequences from Illumina, Pacific Bio-

sciences, Ion Torrent and Roche 454 sequencing platforms. We described the design

and options of PipeCraft and evaluated its performance by analysing the data sets

from three different sequencing platforms. We demonstrated that PipeCraft is able

to process large data sets within 24 hr. The graphical user interface and the auto-

mated links between various bioinformatics tools enable easy customization of the

workflow. All analytical steps and options are recorded in log files and are easily

traceable.
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1 | INTRODUCTION

The development of high-throughput molecular identification meth-

ods has greatly improved our understanding about microbial commu-

nities and functioning. The so-called metabarcoding approach (c.f.

Taberlet, Coissac, Pompanon, Brochmann, & Willerslev, 2012) is

commonly used to identify selected groups of micro- and macro-

organisms based on a single or a few taxonomic markers in combina-

tion. Information about the distribution of organisms is often used in

environmental (Tedersoo et al., 2014; Wilson, Sing, Lee, & Wee,

2016) and palaeoecological surveys (Capo et al., 2016; Epp et al.,

2012), monitoring diseases (Lohan, Fleischer, Carney, Holzer, & Ruiz,

2016), forensics (Pechal et al., 2014), etc.

The overall throughput of sequencing platforms has been expo-

nentially rising since their introduction to the market >10 years ago

(Heather & Chain, 2016). Since then, high-throughput sequencing

technologies have been integrated into the working routine of many

nonresearch governmental institutions and private sector. Thus, there

is an enormous public demand for more accurate data at lower analyt-

ical costs as rapidly as possible. As bioinformatics expertise is rela-

tively costly, in-house data analysis by laboratory personnel or

assistants would strongly reduce the overall analytical expenses, but

this would require user-friendly sequencing data analysis tools. The

current bioinformatics workflows are often based on command-line

and/or optimized for analysis of specific taxonomic groups of organ-

isms based on a single specific marker. For example, bacteriologists

use most widely the 16S ribosomal RNA gene, whereas mycologists

and zoologists use the internal transcribed spacer (ITS) of rRNA genes

and cytochrome 1 oxidase of mitochondrial DNA (CO1), respectively.

Applying the tools that are developed for processing metabarcoding

data from prokaryotes is not straightforward for eukaryote metabar-

coding data (Gweon et al., 2015; Ramirez-Gonzalez et al., 2013).
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There are multiple analytical tools for processing HTS data, most

of which have been optimized for prokaryote 16S rRNA gene. Of

these, the most widely used routines include mothur (Schloss et al.,

2009), QIIME (Caporaso et al., 2010) and usearch (Edgar, 2010). For

fungal ITS region, UNITE 454 pipeline (Tedersoo et al., 2010),

CLOTU (Kumar et al., 2011), SCATA (https://scata.mykopat.slu.se/),

CloVR-ITS (White, Maddox, White, Angiuoli, & Fricke, 2013), SEED

(V�etrovsk�y & Baldrian, 2013) and several other tools have been

developed with an initial focus on the Roche 454 pyrosequencing

platform. In most of these analytical tools, the code has been

updated and adjusted for the Illumina platform with paired-end reads

(see also Balint, Schmidt, Sharma, Thines, & Schmitt, 2014). More

recently, bioinformatics tools such as LOTUS (Hildebrand, Tadeo,

Voigt, Bork, & Raes, 2014), PIPITS (Gweon et al., 2015), MICCA

(Albanese, Fontana, De Filippo, Cavalieri, & Donati, 2015) and Bio-

MaS (Fosso et al., 2015) have been developed for analysing Illumina

data (also Roche 454). However, none of the above mentioned tools

allow analysis of third-generation sequencing data generated by

Pacific Biosciences (PacBio) and Oxford Nanopore platforms.

It is important to carefully consider the bioinformatics workflow

before the application (Majaneva, Hyytiainen, Varvio, Nagai, &

Blomster, 2015), especially for more complicated designs (several

markers, multiplex primers, variable tags, etc.), because many ana-

lytical pipelines allow too few options for optimal analysis. Addi-

tionally, switching between different original programs may suffer

from problems in data conversion, especially when the output of

one program is unsuitable input for another. For more pronounced

taxonomic resolution, trimming of the long barcode to a shorter

but more variable region (variable “V” regions of the 16S/18S rRNA

genes, the ITS region, variable “D” regions of the 28S rRNA gene

and introns of plastid genes and other functional genes) is often

important, but un-supported by the majority of programs. For

example, in fungal metabarcoding studies, it is crucial to remove

the conserved rRNA gene regions flanking the ITS1 and ITS2 sub-

regions, which may greatly distort species-level taxonomic resolu-

tion and bias the clustering step (Bengtsson-Palme et al., 2013). So

far, only the workflow of Balint et al. (2014) and PIPITS (Gweon

et al., 2015) have implemented the extraction step for ITS

sequences.

This study introduces PipeCraft, a user-friendly and flexible pro-

gram with a graphical user interface (Figure S1). PipeCraft incorpo-

rates several publicly available tools (Table 1) for analysing amplicon

sequencing data from Illumina, PacBio, Ion Torrent and Roche 454

sequencing platforms. All the incorporated programs have been

widely used in metabarcoding studies (e.g., Riit et al., 2016; Teder-

soo et al., 2014; de Vargas et al., 2015) and their relative perfor-

mance has been discussed in several papers (e.g., Flynn, Brown,

Chain, MacIsaac, & Cristescu, 2015; Forster, Dunthorn, Stoeck, &

Mahe, 2016; Westcott & Schloss, 2015). The benefits of PipeCraft

over other pipelines include the user-friendly interface, flexibility

with barcoding regions, options of choosing HTS platforms and algo-

rithms as well as computation-efficient optimizations for ultra-large

data sets. PipeCraft is available through PlutoF system (Abarenkov,

Tedersoo, et al., 2010; download link https://plutof.ut.ee/#/datacite/

10.15156%2FBIO%2F587450).

2 | SOFTWARE DESIGN AND
DESCRIPTION

PipeCraft is an open-source software built using Gambas (3.8.4),

Python (2.7) and bash programming language on Ubuntu 14.04. It

links a number of third-party applications (Table 1) in which the

users may choose the most suitable options for their specific needs.

PipeCraft has been built on the Docker container (created with

Docker engine v1.11.1) in which all the software and dependencies

have already been installed and configured. Considering the depen-

dencies, one exception is usearch (Edgar, 2010). Due to licence

restriction, usearch has to be downloaded by users (PipeCraft is

compatible with usearch for Linux platform, v8.1.1861). However,

the presence of usearch is not crucial for functioning of PipeCraft.

The Docker engine itself has to be installed prior to loading the

PipeCraft image (instructions available at https://docs.docker.com/

engine/installation/linux). To run PipeCraft, users have to download

the image file and follow the simple configuration instructions. Cur-

rently, PipeCraft is supported only for Linux distributions, but is

accessible to other operation systems over the Virtual Box. The

overall workflow of PipeCraft is illustrated in Figure 1.

PipeCraft is able to handle several raw data formats produced by

Illumina (paired-end fastq files; both ASCII 33 and 64 encoded Phred

scales are supported), Pacific Biosciences (bax.h5, bam, fastq), Ion

Torrent (bam, fastq) and Roche 454 (sff) sequencing platforms.

Depending on a sequencing platform, initial analyses will include cre-

ating circular consensus sequences (CCS) for PacBio, or assembling

the paired-end reads for Illumina, followed by quality filtering. Work-

ing with bam or sff files, the process starts with the conversion of

raw data to fastq which is required for the subsequent analyses. For

the Oxford Nanopore platform, PipeCraft 1.0 is able to handle fasta

and fastq files but not the raw output files. A simple fasta file may

be filtered with obiclean (OBITools; Boyer et al., 2016) for the

detection of potential PCR/sequencing errors.

For demultiplexing (allocating sequences to samples), users have

to specify the primers and tags to process input fastq or fasta file.

Because raw data from all sequencing platforms contains both 50–30

and 30–50 orientated reads, recognition of primers is used to reorient

all reads to 50–30. For both tags and primers, degenerate positions

are allowed. Users can also specify whether to allow any mismatches

to primers or tags. PipeCraft allows both one-sided and double-sided

tag recognition. In the demultiplexing panel, users may systematically

rename the reads and set the minimum unique read size to discard

rare groups of reads (e.g., full-length unique sequences that have less

than two identical matches in the data set).

Putative chimeric sequences are recognized and discarded by de

novo and/or reference-based filtering options using uchime (Edgar,

Haas, Clemente, Quince, & Knight, 2011) as implemented in vsearch

(https://github.com/torognes/vsearch). Additionally, users may filter
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out reads in which the full-length sequencing primer string is

detected within the read (so-called multiprimer artefact), which is

particularly common in Illumina sequencing data (Balint et al., 2014).

PipeCraft includes tools that enable to extract specific barcoding

regions amongst the full read (ITS1, ITS2, full ITS, “V”-regions of 16S/

18S and “D”-regions of 28S rRNA genes) using the programs ITSx

(Bengtsson-Palme et al., 2013), V-Xtractor (Hartmann, Howes, Abar-

enkov, Mohn, & Nilsson, 2010) and Metaxa2 (Bengtsson-Palme et al.,

2015). As implemented in these original programs, users can choose

the groups of organisms to be recognized by the extraction module.

Because barcode extraction is a relatively slow process, only unique

sequences are subjected to extraction after which all the sequence

abundance data will be restored. Additionally, users may precluster the

sequences using more relaxed similarity thresholds for further reduc-

tion in computing time. Besides barcode extraction, it is possible to

trim all reads to a specified length and to remove specified number of

bases from the beginning or from the end of the reads.

PipeCraft contains several programs to cluster reads into opera-

tional taxonomic units (OTUs; Table 1). It extends the use of imple-

mented clustering programs (except usearch) by allowing the selection

of the minimum number of sequences per OTU. This simplifies the

common practice of discarding global singletons (i.e., OTUs repre-

sented by a single sequence across the entire data) to improve the

quality of the data set (Balint et al., 2016; Majaneva et al., 2015; Ted-

ersoo et al., 2010). Users can use the options implemented in individ-

ual programs, including specifying the sequence similarity threshold

and collapsing homopolymers of specific length. The latter may be

required in 454 (Lindahl et al., 2013) and PacBio data sets. PipeCraft is

also capable of merging and differentiating several sequencing runs

that may contain identical primers and tags that should be clustered

together. The OTU by sample table may be created at the same phase.

This is based on the cluster- and groups files that are generated in the

clustering- and demultiplexing phase, respectively. This tab-delimited

text file includes the abundance of each OTU per sample.

TABLE 1 List of third-party applications that are incorporated in PipeCraft

Analysis step Program Version Source

Create circular consensus sequences pbccs 2.0.2 github.com/PacificBiosciences/unanimity

bax2bam 0.08 github.com/PacificBiosciences/pitchfork

Assemble paired-end sequences PANDAseq 2.10 Masella, Bartram, Truszkowski, Brown, and Neufeld (2012)

FLASH 1.2.11 Magoc and Salzberg (2011)

vsearch 1.11.1 github.com/torognes/vsearch

Quality filtering mothur 1.36.1 Schloss et al. (2009)

OBItools 1.2.9 Boyer et al. (2016)

vsearch 1.11.1 github.com/torognes/vsearch

Demultiplexing OBItools 1.2.9 Boyer et al. (2016)

mothur 1.36.1 Schloss et al. (2009)

Chimera filtering vsearch 1.11.1 github.com/torognes/vsearch

Gene extraction ITS extractor 1.0.11 Bengtsson-Palme et al. (2013)

V-Xtractor 2.1 Hartmann et al. (2010)

Metaxa2 2.1 Bengtsson-Palme et al. (2015)

mothur (cut sequences) 1.36.1 Schloss et al. (2009)

Clustering CD-HIT 4.6 Fu, Niu, Zhu, Wu, and Li (2012)

vsearch 1.11.1 github.com/torognes/vsearch

swarm 2.1.8 Mah�e, Rognes, Quince, De Vargas, and Dunthorn (2015)

mothur 1.36.1 Schloss et al. (2009)

usearcha 8.1.1861 Edgar (2010)

Taxonomy assignment BLAST+ 2.2.28+ Camacho et al. (2009)

mothur 1.36.1 Schloss et al. (2009)

Extras python with biopython 2.7 www.python.org

fqgrep 0.4.4 github.com/indraniel/fqgrep

fastqc 0.10.1 Andrews (2010)

fastq-splitter 0.1.2 kirill-kryukov.com/study/tools/fastq-splitter

fastx toolkit 0.0.14 hannonlab.cshl.edu/fastx_toolkit

samtools 1.3.1 Li et al. (2009)

BBMap 36.02 github.com/BioInfoTools/BBMap

aUsearch has to be downloaded by the user.

e236 | ANSLAN ET AL.

http://www.python.org


Users may define generation of representative sequences for

taxonomy assignment from the following options: i) the longest

sequence, ii) the most abundant unique sequence type per OTU; iii)

representative nominated by the clustering program by default.

These sequences are queried against user-specified reference

sequence database(s) for taxonomy assignment. The BLAST algo-

rithm for these searches can be modified by the user to compromise

between time and precision by specifying word length, match score,

gap creation and extension penalties. The output of this procedure

contains two files that contain the best hit and 10 best hits. It is

possible to use also the Na€ıve Bayesian Classifier (Wang, Garrity,

Tiedje, & Cole, 2007) as implemented in mothur. Taxonomic assign-

ments of the OTUs are aligned accordingly with the OTU by sample

table so that the user may straightforwardly copy the taxonomic

information to the OTU table.

Alongside with the analysis pipeline, PipeCraft implements cer-

tain other tools for processing fasta, fastq and cluster files. Several

data converting options are also available including conversions of

bam or sff files to fastq, split fastq and merge files, reformatting the

quality scores, sorting paired-end reads and creating BLAST data-

bases from fasta files.

3 | EVALUATION

To evaluate the software, we analysed data obtained from three dif-

ferent sequencing platforms using Ubuntu 14.04 (Intel� CoreTM i7-

4770 CPU @ 3.40 GHz, 9.5 Gb RAM) via VirtualBox (v5.0.10) on

Windows machine. The time scale for the analyses processes is out-

lined in Table 2. For the test run, we used our yet unpublished data

from Illumina MiSeq (2 9 300) and PacBio RS II platforms that con-

sisted of 11,594,152 (14.2 Gb) and 2,422,466 (23.3 Gb) raw- and

subreads, respectively. These data represent fungal ITS region ampli-

cons from environmental samples. The Illumina data set was

amplified with plant/fungal primers gITS7 (50-GTGARTCATCGARTC

TTTG-30; Ihrmark et al., 2012) and ITS4ngs (50-TCCTSCGCTTATT

GATATGC-30; Tedersoo et al., 2014) for obtaining the ITS2 sub-

region. The PacBio data set was amplified with all-eukaryote primers

1389f (50-TTGTACACACCGCCC-30; Amaral-Zettler, McCliment,

Ducklow, & Huse, 2009) and ITS4ngsUni (50-CCTCCSCTTANTDAT

ATGC-30; Tedersoo & Lindahl, 2016) for obtaining the 18S V9 and

full ITS region. Third, we used bacterial 16S (SRA054360) and mito-

chondrial COI (DRX051481-051490) data produced by the 454

sequencing platform from the study of Hildebrand et al. (2013) and

Saitoh et al. (2016) that consisted of 393,070 (892 Mb) and 59,008

reads (44.4 Mb), respectively (Table 2).

For Illumina data, we first assembled the paired-end reads using

vsearch (options: fastq_minovlen = 15, fastq_minlen = 50, fastq_-

maxee = 1, fastq_maxns = 0, allowmergestagger = T) that discarded

low-quality sequences at that stage. Raw data from PacBio was sub-

jected to CCS generation with default settings of pbccs (https://

github.com/PacificBiosciences/unanimity). The 16S and COI data

from 454 pyrosequencing platforms were subjected to quality filtering

using mothur (qwindowaverage = 30, qwindowsize = 50, maxam-

big = 0, maxhomop = 12 and qwindowaverage = 25, qwindow-

size = 50, maxambig = 0, maxhomop = 12, minlength = 200,

respectively). Initial processes for different platforms generated

4,352,160; 49,289 (CCS reads); 362,548 and 28,335 high-quality

reads for Illumina, PacBio and 454, respectively (Table 2). These reads

(except COI data) were subjected to demultiplexing, allowing no mis-

matches in the primer and barcode strings. The COI data were demul-

tiplexed allowing two mismatches in the primers. To exclude putative

chimeric sequences, we performed uchime de novo filtering. For Illu-

mina and PacBio data, an additional reference-based chimera filtering

(against UNITE reference data set v7.0) was performed. Filtered fasta

files were subjected to ITSx analysis to obtain only fungal ITS2 subre-

gion for the Illumina data set and full ITS region for the PacBio data

set. Prior to clustering, the filtered 16S rRNA gene sequences from

the 454 platform were subjected to V-Xtractor for extracting the V4-

V5 regions of bacterial 16S. The processed reads were clustered using

97% sequence similarity threshold using CD-HIT (Illumina data) or

usearch (PacBio data). The 454 16S (V4-V5) and COI sequence data

were clustered using swarm (with d = 2) and vsearch (90% similarity

threshold), respectively. Singleton OTUs were discarded by setting

the minimum cluster size to consist of at least of two sequences. For

the final taxonomy assignment step, we chose the representative

sequences based on the default options of clustering programs and

compared those against the UNITE fungal database (v7.1; Abarenkov,

Nilsson, et al., 2010) with the default BLASTn options (word

size = 10, reward = 2, penalty = �3, gap open = 5, gap extend = 2)

for Illumina and PacBio data. Using the SILVA 16S database (release

123; Quast et al., 2013), taxonomy was assigned to 16S rRNA gene

data sing the Na€ıve Bayesian classifier as implemented in mothur. The

taxonomy assignment step for COI data was performed with the

default BLASTn values using the BOLD database (local database con-

sisting of sequences downloaded from BOLD; Ratnasingham &

Hebert, 2007) as reference. The entire process took 17 hr 18 min,

F IGURE 1 Illustration of the PipeCraft workflow
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11 hr 57 min, 10 hr 29 min and 59 min for Illumina, PacBio, 454 16S

and 454 COI data, respectively. The taxonomic assignments were

transferred to the OTU by sample table to obtain a final table with

taxonomy, sample and sequence abundance information. However, to

detect remaining artefact OTUs that have passed the bioinformatics

filtering, it is important to perform additional manual OTU filtering

considering the taxonomy assignment values (Nguyen, Smith, Peay, &

Kennedy, 2014).

4 | DISCUSSION

The rising popularity of high-throughput sequencing technologies

leads to the need for user-friendly sequencing data analysis plat-

forms that do not require strong bioinformatics expertise. Here, we

introduce PipeCraft, which enables to develop a suitable pipeline to

process HTS amplicons. We demonstrated that PipeCraft is able to

efficiently process large data sets in a relatively short time. Pipe-

Craft implements a graphical user interface for easy selection of

the available analysis options instead of a command-line-based

approach. Because the software and all the dependencies are com-

piled in a single downloadable image, users are free of struggle to

set up multiple tools for bioinformatics analyses. PipeCraft supports

bioinformatics analysis of sequence data from various platforms,

including third-generation sequencing platforms such as PacBio

(raw files of RSII, fastq and fasta files of the Sequel model) and

Oxford Nanopore (only fastq and fasta files). Users have multiple

choices for quality filtering, specific gene extraction, chimera filter-

ing, clustering and taxonomic assignment that are common to all

sequencing platforms, albeit with specific technical nuances. Addi-

tionally, PipeCraft offers multiple choices for specific platforms

such as options for read assembly (Illumina paired-end data) and

circular consensus sequence generation (PacBio data). The final out-

put consists of an OTU by sample table and a text file of refer-

ence-based taxonomic assignments. Users may perform analyses as

a sequential process from raw input to the final output, or run

selected routines only. The implemented third-party software pack-

ages should be cited appropriately if they are used. PipeCraft is an

open-source package available through PlutoF system (https://plu

tof.ut.ee/#/datacite/10.15156%2FBIO%2F587450) without the

need of creating user account. PipeCraft will be maintained regu-

larly by upgrading the dependencies and/or adding new tools.

Detailed instructions on how to get started are provided in the

user manual that is included in the package (also provided in Sup-

porting Information).
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