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ABSTRACT
THAPBI PICT is an open source software pipeline for metabarcoding analysis of
Illumina paired-end reads, including cases of multiplexing where more than one
amplicon is ampli�ed per DNA sample. Initially a Phytophthora ITS1 Classi�cation
Tool (PICT), we demonstrate using worked examples with our own and public data
sets how, with appropriate primer settings and a custom database, it can be applied to
other amplicons and organisms, and used for reanalysis of existing datasets. The core
data�ow of the implementation is (i) data reduction to unique marker sequences,
often called amplicon sequence variants (ASVs), (ii) dynamic thresholds for
discarding low abundance sequences to remove noise and artifacts (rather than error
correction by default), before (iii) classi�cation using a curated reference database.
The default classi�er assigns a label to each query sequence based on a database
match that is either perfect, or a single base pair edit away (substitution, deletion or
insertion). Abundance thresholds for inclusion can be set by the user or
automatically using per-batch negative or synthetic control samples. Output is
designed for practical interpretation by non-specialists and includes a read report
(ASVs with classi�cation and counts per sample), sample report (samples with
counts per species classi�cation), and a topological graph of ASVs as nodes with
short edit distances as edges. Source code available from https://github.com/peterjc/
thapbi-pict/ with documentation including installation instructions.
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INTRODUCTION
Metabarcoding of DNA is a sensitive and powerful method to detect, identify, and
potentially quantify the diversity of biological taxa present in any given environmental
sample. It is based on PCR ampli�cation of a “barcode” region diagnostic for the groups of
organisms of interest followed by high-throughput sequencing of the amplimers, and is
often applied to environmental DNA (eDNA) samples (Deiner et al., 2017). This method is
revolutionising areas of research including wildlife conservation, ecological processes and
microbiology, by highly-sensitive detection of biodiversity across many taxa
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simultaneously (Arulandhu et al., 2017). Metabarcoding enables early detection of invasive
threats to plant and human health in support of biosecurity (Batovska et al., 2021; Green
et al., 2021), and is applicable to many complex and intractable systems, such as soil
(Ahmed et al., 2019), in which standard methods of microbial isolation and
characterisation are impractical or costly.

Our motivating use case is metabarcoding in which multiple environmental samples are
multiplexed for high-throughput sequencing on the Illumina platform using paired-end
reads, and for which the expected PCR ampli�cation product is short enough to be fully
covered by the overlapping paired reads. Each sample is expected to yield taxon-speci�c
marker sequences that can be matched to a high-quality database of marker sequences with
known taxonomic identity, to give a taxonomic breakdown re�ecting the community
composition. One of our goals was to minimise false positive identi�cation of the presence
of any taxon on the basis of small or disputable quantities of physical evidence.
Metabarcoding is prone to generation of artefactual sequence variation and suf�ciently
highly sensitive to register low-abundance sample reads at the same level as such
sequences, and sequences originating from cross-sample contamination and “splashover”
in even a careful laboratory. We therefore chose to prioritise accurate reporting of
taxonomic assignment for high abundance sequences over sensitive detection of
low-abundance marker sequences.

This manuscript was initially released as a preprint (Cock et al., 2023). We describe
THAPBI PICT v1.0.0, a metabarcoding tool developed as part of the UKRI-funded Tree
Health and Plant Biosecurity Initiative (THAPBI) Phyto-Threats project, which focused
on identifying Phytophthora species in commercial forestry and horticultural plant
nurseries (Green et al., 2021). Phytophthora (from Greek meaning plant-destroyer) is an
economically important genus of oomycete plant pathogens that causes severe losses and
damage to plants in agricultural, forest and natural ecosystems. The Phyto-Threats
project’s metabarcoding protocol used nested PCR primers designed to target the Internal
Transcribed Spacer 1 marker sequence (ITS1; a genomic region located between 18S and
5.8S rRNA genes in eukaryotes) of Phytophthora and related plant pathogenic oomycetes
(Scibetta et al., 2012). This approach is the current de facto standard within the oomycete
community (Robideau et al., 2011), and these primers have been used in conjunction with
THAPBI PICT in recent Phytophthora surveys (Vélez et al., 2020; La Spada et al., 2022).
PICT was short for Phytophthora ITS1 Classi�cation Tool.

We describe the implementation, operation, performance and output of THAPBI PICT
using datasets from the Phyto-Threats project, and public metabarcoding datasets.
Although originally designed as a Phytophthora ITS1 Classi�cation Tool (PICT), we show
that with appropriate primer settings and a custom database of genus/species
distinguishing markers, THAPBI PICT is an effective tool for analysis of short read
amplicon sequencing data with barcode marker sequences from other organisms.

WORKFLOW OVERVIEW
The THAPBI PICT core work�ow comprises (i) data reduction to unique marker
sequences, often called amplicon sequence variants (ASVs) (ii) discard of low abundance
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sequences to remove noise and artifacts (rather than attempting error correction by
default), and (iii) classi�cation using a curated reference database. This approach contrasts
with commonly-used operational taxonomic unit (OTU) clustering approaches (as
implemented, for example, in QIIME (Caporaso et al., 2010), UPARSE (Edgar, 2013), and
MOTHUR (Schloss et al., 2009)), which can be sensitive to changes in the input data
resulting in unpredictable clustering behaviour (Callahan, McMurdie & Holmes, 2017) and
overestimate population diversity (Nearing et al., 2018).

THAPBI PICT’s approach of reducing amplicons to ASVs is similar to that of DADA2
(Callahan et al., 2016) but, by contrast, THAPBI PICT does not by default attempt to
correct sequencing errors with a denoising model. Our approach is instead to discard
low-abundance sequences because we consider that they are likely not to represent
meaningful biological information in the sequenced sample. We observe, using synthetic
control sequences, that the abundance of such controls accidentally transferred between
samples tends to exceed by no small margin the abundance of amplicons whose sequence
variation might constitute “noise” in the amplicon sequence data. We consider the
observed abundance of (e.g., synthetic) control sequences, which could not have been
present in the biological sample, to be a lower bound for the abundance of reads we can
con�dently claim derive from that sample. Consequently, ASVs with much lower total
abundance cannot con�dently be determined to derive from the analysed sample, and so
are discarded. In general, we consider that proper use of negative and synthetic controls, to
account for alternative sources of experimental error, such as accidental transfer or
“splashover” from one well to another, should be considered best practice in
metabarcoding.

Figure 1 gives an overview of the work�ow. Paired raw Illumina FASTQ �les for each
sample are merged by overlap, trimmed to remove primers, and reduced to a list of
observed unique marker sequences (labelled by MD5 checksum) with abundance counts.
Discarding low abundance sequences further reduces the data volume; unique reads alone
may represent half the data (and 90% of the ASVs), but may not derive from the sequenced
sample. The remaining higher abundance sequences are then classi�ed by matching them
to a curated database. By default a species-level assignment is made when a database entry
is identical or different by at most one base pair (1 bp; algorithm onebp) to the query.
The matching algorithm can be chosen to adjust sensitivity for taxonomic classi�cation
(Table 1).

Following read preparation and ASV classi�cation, the pipeline generates two tables
describing (i) taxon presence/absence for each sample, and (ii) ASV presence/absence for
each sample (Figs. 2A and 2B respectively), in both plain text and Excel format. If the user
provides suitably formatted sample metadata, cross-referenced by the �lename stem, this
can be incorporated into the report to make for easier interpretation. Additionally, an
edit-graph showing the distances between the ASVs recorded in the sample can be
exported (e.g., Fig. 3).
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Figure 1 THAPBI PICT work�ow overview. Raw paired FASTQ input data is transformed (commands
prepare-reads, sample-tally, classify) into intermediate FASTA and TSV (tab-separated value)
format �les recording tallies of ASV counts and ASV classi�cations, using a local marker sequence
database. Summary report generation (command summary) produces output in reproducible (TSV, TXT
�le) and user-focused colour-coded Excel spreadsheet formats. The stages of THAPBI PICT can be run
individually, or as a single pipeline command that incorporates the prepare-reads, sample-tally,
classify and summary commands. Sample metadata can optionally be incorporated into report output,
and used to sort reports and support downstream interpretation. In addition, Biological Observation
Matrix (BIOM) format output can be requested. An ASV edit graph for the samples can be generated
(command edit-graph) to aid in diagnosis and interpretation.

Full-size �DOI: 10.7717/peerj-15648/�g-1

Table 1 Taxonomic classi�er algorithms in THAPBI PICT. Names constructed as XsYg re�ect an edit
distance of up to and including Xbp for species classi�cation, and Ybp for genus-level classi�cation.
Genus-level classi�cation does not attempt to assign a species-level identity to the sequence.

Name Description

identity Perfect match in database (strictest)
substr Perfect match or perfect substring of a database entry
onebp Perfect match, or one bp away (default)
1s2g As onebp but falling back on up to 2 bp away for a genus only match.
1s3g As onebp but falling back on up to 3 bp away for a genus only match.
1s4g As onebp but falling back on up to 4 bp away for a genus only match.
1s5g As onebp but falling back on up to 5 bp away for a genus only match.
blast Best NCBI blastn alignment covering at least 85% of the query, and 95% identity.
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Figure 2 Screenshots of the (A) sample and (B) read reports, using the “m6” ITS2 MiSeq run from Palmer et al. (2018), also used in Figs. 3 and
4. Both tables show cells with read counts in the lower right section, using conditional formatting to apply a red background for non-zero entries.
Excel shows read counts as “##” where the count is too wide for the column width, as in (A) where the default sample report layout prioritises
showing an overview. The column widths in the sample report have been adjusted for display in (B), and the bottom of the table cropped. In this
example two �elds of user-supplied metadata (sample alias and group) are included in both reports, which have been used for sample sorting and the
automatic use of a rainbow of �ve pastel background colours to visually show the sample groupings. In this case the environmental samples are in
pairs. The next �elds are from the data itself, reads counts in the samples as raw FASTQ, after read merging with Flash, primer trimming with
Cutadapt, the abundance threshold applied, the maximum ASV read count for non-spike-in or spike-in sequences, number of singletons, number of
unique ASVs accepted, and the total number of reads for the accepted ASVs. These �elds were used to generate Fig. 4. The read report also includes
the full ASV sequence and its MD5 checksum which is used internally as an identi�er, and a concatenation of all the species present in the classi�er
output as a single �eld. Full-size �DOI: 10.7717/peerj-15648/�g-2
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