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SUMMARY

The overall goal of the EnvMetaGen project No 668981 is to expand the research and
innovation potential of InBIO — Research network in Biodiversity and Evolutionary Biology -
through the creation of an ERA Chair in Environmental Metagenomics. This field was
selected as the focus of the ERA Chair, because Environmental DNA (eDNA) analysis is
increasingly being used for biodiversity assessment, diet analysis, detection of rare or
invasive species, population genetics and ecosystem functional analysis. In this context, the
work plan of EnvMetaGen includes one work package dedicated to the Deployment of an
eDNA Lab (WP4), which involves the training of InBIO researchers and technicians for
implementing best practice protocols for the analysis of eDNA (Task 4.2). These protocols
are essential to the development of research projects in association with business partners and
other stakeholders in key application areas identified in the project, and thus to the

strengthening of InBIO triple-helix initiatives (InBIO-Industry-Government; WP5).

This report (Deliverable D4.5) builds upon previous ones (Deliverables D4.2-D4.4,
respectively Ferreira et al. (2018), Egeter et al. (2018), Paupério et al. (2018)) and provides
an overview of the processing protocols for DNA sequence data generated by next-gen
platforms within EnvMetaGen-affiliated projects. Deliverables D4.2-D4.5 form a detailed
account of the successful deployment of a fully functional eDNA lab under the EnvMetaGen
project and provide a valuable resource for eDNA practitioners in all spheres of the triple-
helix model. This development was made possible through the recruitment of the ERA Chair
team (WP2), secondments and Junior Researcher exchanges through the collaboration with
international networks (WP3), an enhancement of computational infrastructure at InBIO

(WP4) and participation of team members in workshops and conferences (WP6).
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1. INTRODUCTION
1.1. The context

The overall goal of EnvMetaGen is to expand the research and innovation potential of InBIO
— Research network in Biodiversity and Evolutionary Biology, through the creation of an
ERA Chair in Environmental Metagenomics. The project strengthens the research potential of
human resources, lab facilities and next-generation sequencing equipment funded by a
previous FP7 CAPACITIES project (No 286431). Through research, innovation, and
knowledge transfer, EnvMetaGen will increase the capacity of InBIO to tackle pressing
societal challenges related to the loss of biodiversity, degradation of ecosystem services and

sustainable development.

The EnvMetaGen project is structured around seven interconnected Work Packages. Each
Work Package has a number of Tasks designed to meet the respective Work Plan objectives.
The primary objective of Work Package 4, Deployment of an eDNA Lab, is to deploy a fully
functional environmental DNA (eDNA) lab, building upon the extant Illumina genomic
platform funded by a previous FP7 CAPACITIES project (No 286431). To achieve this
objective, the Work Package aims: to enhance the computational infrastructure to
accommodate the massive amounts of data generated by the next-generation sequencing
(Task 4.1 and Deliverable D4.1, submitted) and to train InBIO researchers and technicians for
implementing best practice protocols for the analysis of eDNA (Task 4.2 and Deliverables
D4.2, D4.3, D4.4 and D4.5 (this document), respectively Ferreira et al. (2018), Egeter et al.
(2018), Paupério et al. (2018), current submission). Together, these activities contribute to

unlocking the full research potential of InBIO in the field of environmental metagenomics.

This report constitutes the Deliverable D4.5 — Protocol for the processing of DNA sequence
data generated by next-gen platforms, from Work Package 4 — Deployment of an eDNA lab,
of the EnvMetaGen project. It reports one of the four aspects of capacity building considered
pivotal to boost the future performance of InBIO in environmental genomics, which are the
protocols for the processing of DNA sequence data generated by next-gen platforms.
Together with the protocols for building and organizing reference collections of DNA
sequences (Deliverable D4.2, Ferreira et al. (2018)), for field collection and preservation of
eDNA samples (Deliverable D4.3, Egeter et al. (2018)) and for next-gen analysis of eDNA
samples (Deliverable D4.4, Paupério et al. (2018)), it constitutes a standardized set of
knowledge and skills that will be widely adopted in InBIO’s genomic lab, achieving in this

way Task 4.2 and a major objective of the EnvMetaGen project, and reaching in due time two
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of the project’s milestones: MS6 — Collections from sampling campaigns, and MS7 — Meta-
genomics protocols and tools developed.

The development of the protocols herein was made possible through a combination of
activities planned within other Work Packages of the EnvMetaGen project, namely the
Recruitment of the ERA Chair team (WP2; see completed Deliverables D2.1-D2.6),
Secondments and Junior Researcher Exchanges through the collaboration with international
networks (WP3; see completed Deliverables D3.3 & D3.5 and upcoming Deliverables D3.4
& D3.6, due at M48), an enhancement of computational infrastructure at InBIO (WP4; see
above) and participation of team members in workshops and conferences (WP6; see

completed Deliverable D6.6 and upcoming Deliverable D6.7, due at M48).

The protocols were designed considering the interests of stakeholders from academia, in
particular InBIO, but also from industry and governmental organizations, to allow
mainstreaming of environmental metagenomics to solve problems in the different domains,
and in this way contributing to a major objective of Work Package 5, Strengthening the triple
helix: InBIO — Government — Industry relations. This is expected to foster the contribution of
InBIO for innovation and economic development, as one of the ways to ensure its long-term
sustainability (WP5; see completed Deliverable D5.3 and upcoming Deliverables D5.4 &
D5.5, due at M48).

EnvMetaGen focus on three key application areas: 1) Monitoring of freshwater eDNA for
species detection; 2) Assessing natural pest control using faecal metagenomics and; 3) Next-
generation biomonitoring using DNA metabarcoding. These key areas were proposed for the
strategic triple helix initiatives and have been taken into account when designing eDNA
projects and protocols, and that is why they are directed to samples taken from freshwater,
bulk invertebrate samples and vertebrate faecal samples. Metabarcoding, the identification of
species present in a sample using next-generation sequencing, has been the primary approach.
For details of current EnvMetaGen-affiliated projects, including their applicability to the

triple-helix initiatives and EnvMetaGen objectives, see Appendix A.

Within the context of this report and the activities associated with EnvMetaGen-affiliated
projects, DNA next-generation (next-gen) data are produced by high-throughput sequencing
(HTS) of both environmental DNA (eDNA) and DNA extracted from individuals (i.e. tissue)
on [llumina MiSeq and HiSeq platforms, primarily those available at InBIO from a previous

FP7 CAPACITIES project (No 286431).
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1.2.  Overview of eDNA next-gen data processing

eDNA next-gen data are generally sub-divided into two categories — 1) metagenomics and ii)
metabarcoding. Both survey the various organisms within environmental samples,
metagenomics with a broader scope targeting whole genomes or large genomic portions
including mitogenomes, and metabarcoding with a narrower scope using carefully selected
fragments of marker genes that allow the identification of the taxonomic composition of
samples. Technically they employ different approaches. Metagenomics, in its full extent, uses
untargeted direct shotgun sequencing of the total DNA from a sample, potentially allowing
the reconstitution of the genomic diversity therein through both taxonomical and functional
identification (identification of biological functions and genes) (Kim et al. 2013; Porter and
Hajibabaei 2018; Zepeda Mendoza, Sicheritz-Pontén, and Gilbert 2015). It has been widely
used for characterizing microbial communities in the most diverse environments and
conditions. On the other hand, metabarcoding is a targeted method, usually using PCR
amplification coupled to high-throughput sequencing of one or more DNA marker sequences
(barcodes), that allows the different species in a sample to be genetically distinguished (Epp
etal. 2012; Yoccoz et al. 2012).

Due to the untargeted approach of metagenomics, low abundance species or entities could be
less easily detected due to saturation with those that are more abundant. Indeed, the
sequencing depth required to capture a whole community using metagenomics is much higher
than the sequencing depth required to capture taxon diversity using DNA metabarcoding. In
this regard, the two approaches provide complementary results, with metabarcoding being
more suitable for addressing “what is there?”, while metagenomics is more powerful to
investigate “what are they doing?” (Porter and Hajibabaei 2018; Zepeda Mendoza et al.
2015).

Regardless of the approach, eDNA next-gen data are most commonly text-based files in a
fastq format. Generally, each sample from an experiment yields thousands or millions of raw
DNA sequence reads that are processed in a standardized way in order to answer the initial
question or hypothesis. The main goal of eDNA next-gen data processing is to generate
reliable data that can provide the building blocks to answering ecological and environmental
questions, starting from the raw sequences and most commonly involving the comparison of
taxonomic diversity among samples from different environments and/or conditions (Taberlet

etal. 2018).
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Most existing methods for taxonomic identification in metabarcoding studies rely on pre-
existing annotation linking sequences to species, stored in reference sequence databases that
are used to identify the source organism based on unclassified eDNA sequences. The
dependency of taxonomic identification on previously described species information has
several limitations, primarily the inability to assign sequences to poorly described or
undescribed species. In addition, the number of reference sequences per species in different
databases is highly variable. This can lead to biased results tending to favour species that are

more represented in databases, to the detriment of those less represented.

Estimating the sequencing depth that will be sufficient to recover all taxa in a sample or to
answer the biological questions at hand is another difficult task. This relates, for instance,
with the total sequence diversity in a sample, their lengths and relative abundances. In
addition, metagenomics and metabarcoding face many additional challenges, including a high
risk of contamination, the degradation of eDNA, inhibition from co-extracted molecules,
erroneous sequences caused by PCR and sequencing errors, genome sequencing bias and de
novo genome assembly (particularly metagenomics), amplification bias and chimera
formation (particularly metabarcoding) (Thomsen and Willerslev 2015; Zepeda Mendoza et
al. 2015). These issues pose substantial difficulties for accurate diversity estimations,
requiring the inclusion of carefully selected controls, robust experimental design and

consistent quality control.

The processing steps for eDNA next-gen data allow the extraction of a subset of reliable
sequences (those without errors, sequencing artefacts and contaminants) that are commonly
searched against reference sequence databases like the NCBI Nucleotide in order to identify
the organism they originate from (Agarwala et al. 2018). In addition, sequence dereplication
or clustering methods provide a measure of read quantification per sample allowing to obtain
a matrix with the frequency of each unique or representative sequence in each sample.
Clustering sequences into operational taxonomic units (OTUs) based on a nucleotide
similarity threshold has been a common method to reduce data complexity and also produce
quantification tables. These OTU tables or taxon tables can be used for downstream

processing, such as statistical methods for diversity and differential analysis.

To date, there is no single universal processing procedure providing a unified and streamlined
manner for satisfactorily treating eDNA data from raw sequences to taxonomic identification
and diversity analysis. On the contrary, there are many bioinformatic pipelines that have been
separately developed and are being used and improved by the eDNA research community.

Tools such as obitools (Boyer et al. 2016), USEARCH (Edgar and Flyvbjerg 2015),
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VSEARCH (Rognes et al. 2016), giime (Caporaso et al. 2010), mothur (Schloss et al. 2009),
SWARM (Mahé et al. 2015) and several others have been developed to facilitate data analysis.
Community guidelines and efforts to systematize and unify data analysis procedures for
metabarcoding and metagenomics are thus highly required. For instance, this issue is tackled

within the DNAqua-Net framework for aquatic ecosystems (Leese et al. 2016).

The NCBI Nucleotide reference database is a sequence database that has historically been
most used for searching nucleotide sequences, storing data from several sources including the
GenBank, RefSeq and PDB databases (Agarwala et al. 2018). In more recent years, other
sequence databases appeared that provide additional resources for sequence matching,
namely the BOLD database (Ratnasingham and Hebert 2007), which contains DNA barcode
records for the mitochondrial cytochrome c¢ oxidase subunit I (COI) gene as well as
molecular, morphological and distributional data for eukaryotes. Many reference sequence
databases exist, commonly focussing in a taxonomic group or particular environment, for
example the SILVA database for rRNA (Quast et al. 2013) or the ITSoneDB for fungi
(Santamaria et al. 2018).

Several reviews of methods and databases for metagenomics have been reported (Breitwieser,
Lu, and Salzberg 2017; Fosso et al. 2015; Kim et al. 2013; Pavlopoulos et al. 2015;
Santamaria et al. 2012). Newer approaches relying on machine learning and trying to
circumvent the limitations of the existing databases are increasingly employed for
metabarcoding and metagenomics (Pasolli et al. 2016; Rangwala, Charuvaka, and Rasheed

2014; Soueidan and Nikolski 2015; Vacher et al. 2016).

1.3.  Overview on the deployment of next-gen data processing at InBIO

Research projects generating and using next-gen data are common at InBIO, for instance on
transcriptomics (Albert et al. 2012; Azevedo et al. 2016; Castro-Nallar et al. 2015; Loire et al.
2013; Machado et al. 2018; Pereira-Leal et al. 2014; Pérez-Losada et al. 2015), genomics and
population genomics (Cosart et al. 2011; Cahais et al. 2012; Gayral et al. 2013; Gargani et al.
2015; Fontanesi et al. 2016; Crawford et al. 2017), mitogenomics (Gibb et al. 2016; Marques
et al. 2017), viral metagenomics (Conceigdo-Neto et al. 2017), for defining the cystic fibrosis
lung microbiome (Hahn et al. 2016), for diet analysis (Aizpurua et al. 2018; Mata et al. 2016,
2018; Mclnnes, Alderman, Deagle, et al. 2017; Mclnnes, Alderman, Lea, et al. 2017;
Mclnnes, Jarman, et al. 2017; Sousa et al. 2016; de Vos et al. 2018) and species identification
(Vasconcelos et al. 2016; Corley et al. 2017; Corley and Ferreira 2017) studies.

10
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EnvMetaGen increases InBIO’s capacity for ecological studies using eDNA data, with
particular focus on three application areas for triple helix strategic initiatives: (i) monitoring
of freshwater eDNA for species detection, (ii) assessing natural pest control using faecal
metagenomics, and (iii) next-generation biomonitoring using DNA metabarcoding, as can be
seen in more detail in Deliverables D4.3 and D4.4 (Egeter et al. (2018) and Paupério et al.
(2018)) and through the affiliated projects described in Appendix A. Standardized processing
pipelines are used within the EnvMetaGen project aiming at the most reproducible routines,

with particular protocol differences relating to specificities of each project’s application.

Most next-gen sequencing data generated within EnvMetaGen-affiliated projects are from
[llumina MiSeq or HiSeq platforms, from genetic markers (e.g. COI and genes coding for
ribosomal RNA such as 128, 16S and 18S) that allow the characterisation of the taxonomic
composition of a sample. Reference fragments of such markers are paired-end sequenced and
allow the ascertainment of taxonomic diversity of a sample based on sequence matching to
existing databases. In addition, they can serve to create reference collections, databases
containing sequence identifiers and annotations for multiple organisms — see Deliverable

D4.2 (Ferreira et al. (2018)) for details on the InBIO Barcoding Inititive (IBI).

Faecal, water and bulk samples are the major raw materials used within the project, serving
four main applications: 1) single species detection, ii) diet assessment, iii) biodiversity

assessment and iv) reference collection barcoding.

1.4. Structure of the report

For accomplishing WP4 Task 4.2, the deployment of an eDNA laboratory, a workflow has
been set up at InBIO and is outlined in Figure 1. The different steps of the workflow are
shown according to the reporting structure of Deliverables D4.2-D4.5 (Ferreira et al. (2018),
Egeter et al. (2018), Paupério et al. (2018) and this document). Within this workflow, the
preceding steps allow the production of the next-gen data, namely through the InBIO
Barcoding Initiative (IBI), an invertebrate reference collection (Deliverable D4.2, Ferreira et
al. (2018)), the field collection and preservation of eDNA samples (Deliverable D4.3, Egeter
et al. (2018)) and the analyses of environmental samples from DNA extraction, through
amplification of targeted sequences and library preparation to sequencing (Deliverable D4.4,
Paupério et al. (2018)).

This report constitutes Deliverable D4.5 and focuses on the processing steps for the next-gen

data produced within EnvMetaGen-affiliated projects (Figure 1). Section 2 provides a general

11
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description of the current workflow of the data processing for eDNA metabarcoding, in the
context of the existing literature. Section 3 details the processing steps used for
metabarcoding data produced within the EnvMetaGen scope, which serve three primary
applications: 1) single species detection, ii) diet assessment and iii) biodiversity assessment.
Section 4 details the processing of data generated within the scope of the IBI, the fourth

primary application: iv) reference collection barcoding.

WP4 Deliverable D4.3

Task4.2 Vertebrate Water Bulk |:> Sample
faeces collection

\Sg

Deliverable D4.2 Sample
S ertebrate Building capacities for et
specimens eDNA analyses @
U Deliverable D4.4
Tissue I > DNA extraction
sample
collection
Deliverable D4.5 @
Morphological Curating reference DNA
identification collection barcodes amplification
\ Library
Reference eDNA metabarcoding data preparation for
collection processing Next-Gen
sequencing

~~

Single ) ._ :
IBI database species Diet Biodiversity
detection assessment || assessment

Figure 1. EnvMetaGen eDNA Lab workflow — steps are grouped according to the deliverable in
which they are addressed (Deliverables D4.2 — D4.5, respectively Ferreira et al. (2018), Egeter et al.
(2018), Paupério et al. (2018) and this document). The type of eDNA samples (blue) and project
applications (brown) require a range of tailored protocols within workflow steps, which are detailed in
Deliverables D4.2 - D4.5. The current report, Deliverable D4.5 (purple box), focuses on the
processing steps for the next-gen data produced within EnvMetaGen-affiliated projects.

12
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2. GENERAL WORKFLOW FOR PROCESSING eDNA
METABARCODING DATA

This Section details the general workflow for processing eDNA metabarcoding data, as a
large proportion of data produced within the EnvMetaGen project falls within this data type.

Literature context is given and the pros and cons of different steps are discussed.

2.1. Introduction

The processing pipeline for eDNA metabarcoding data starts with the raw sequencing data
from next-gen sequencers and produces taxonomic composition descriptions for each sample.
The metabarcoding workflow produces sequencing libraries for all samples (see Deliverable
D4.4, Paupério et al. (2018), for details), which can be sequenced in a multitude of platforms
such as those from Illumina, Roche, PacBio, Ion Torrent, SOLiD and Nanopore. The choice
of the sequencing platform will highly depend on the study goal and should be well
considered, as they apply different chemical methods for the sequencing and provide data
with distinct characteristics (Glenn 2011; D’Amore et al. 2016; Allali et al. 2017; Cao et al.
2017). Within EnvMetaGen, the Illumina platforms MiSeq and HiSeq are used for next-gen
sequencing. For a recent thorough description of eDNA for biodiversity research and
monitoring please refer to Taberlet et al. (2018). The general steps for processing next-gen

metabarcoding sequencing data are depicted in Figure 2.

Processing pipelines apply some or all of the presented steps, and the order of the steps can
vary among studies. Common workflows include sample demultiplexing, merging read pairs,
quality filtering, error correction and chimera filtering, sequence dereplication and singleton
removal, sequence clustering by similarity into Operational Taxonomic Units (OTUs),
taxonomic annotation using BLAST (Altschul et al. 1990) against reference databases, and
post-BLAST taxonomic assignment for instance using MEGAN (Huson et al. 2016) and the
lowest common ancestor (LCA) algorithm. Throughout the process of taxonomic assignment,
manual curation is usually necessary prior to diversity and differential analyses which are
frequently done using R/Bioconductor packages such as vegan (Jari Oksanen, F. Guillaume
Blanchet, Michael Friendly et al. 2017), phyloseq (McMurdie and Holmes 2013), iNEXT
(Hsieh, Ma, and Chao 2016) and DESeq?2 (Love, Huber, and Anders 2014).

13
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Sequence classification

Unsupervised Supervised
. Error
Demultiplex correction J« 'l'
Clustering --»  Querying
reference
Quality Merge read databases
filtering pairs
Chimera Dereplication Tax.onomic ~ Filtering
filtering p assignment g results J
Species Subsequent
composition analysis...

report

Figure 2. General metabarcoding data analysis workflow of eDNA data. An initial data filtering step
takes the raw sequencing reads (commonly paired-end) and processes them into a set of ideally high
quality and low error unique reads. Not all steps are mandatory and their choice impacts the results. In
a second phase, sequence classification, often via taxonomic assignment through reference databases,
allows the characterization of species composition details for a group of samples.

2.2. Data filtering

The main goal of data filtering is the production of a subset of reliable sequences, the most
error-free possible, which better represent the real sequence diversity and abundance in a
sample (Figure 2). This is a critical step of data processing that can have a strong impact on

results and thus should be well considered on processing pipelines.

2.2.1. Demultiplex

Prior to sequencing, samples are generally pooled together in order to maximize the
sequencing output from one run. For this, known unique specific short sequences, termed
indexes, are added to each sample prior to sequencing, allowing resultant reads to be assigned
to the sample from which they originated (see Deliverable D4.4, Paupério et al. (2018), for
more details). Demultiplexing is the process of organizing reads by sample using these
indexes and amplification primers. However, this process is not error free and can lead to the
incorrect assignment of sequences to samples, for instance via index cross contamination or
from sequencing errors (Pedersen et al. 2015; O’Donnell et al. 2016). Therefore, allowing 1
or 2 mismatches on the indexes during the demultiplexing step might be advantageous or

necessary. Several existing tools have been reported to overcome demultiplexing difficulties

14
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(Renaud et al. 2015; Yi et al. 2015; Zepeda-Mendoza et al. 2016; Murray, Borevitz, and
Berger 2018).

2.2.2. Error correction

Erroneous DNA sequences can arise at different stages in the metabarcoding process. Some
important factors that have been noted are the very long DNA preservation times, PCR errors
causing point mutations and chimeric fragments, and incorrect base calling during sequencing
(Thomsen and Willerslev 2015). During the sequencing process the nucleotide composition
of template sequences are generated including errors. These affect the reported read
composition in variable proportions depending on the sequencing technology and underlying
chemistry. Errors are problematic, for instance, because they can contribute to overestimation
of sample diversity (Kunin et al. 2010; Sefc, Payne, and Sorenson 2007). In addition, they
can hamper assemblies and correct sequence alignments. To account for these ubiquitous
error rates from sequencing, error correction programs have been developed that take into
account the sequencing technology and prior knowledge to find and correct sequencing errors
(Alic et al. 2016). In (Alic et al. 2016) the authors compared 50 of these methods, providing
guidance on which methods perform better for each sequencing technology. For example,
programs such as USEARCH allow error correction to be performed based on the expected

number of errors for each read by using the quality scores.

2.2.3. Merge read pairs

In paired-end sequencing, both forward and reverse ends of a fragment are sequenced. In
order to simplify and reduce redundancies in the sequencing data, several programs exist that
take the forward and reverse reads of a sample and attempt to merge them based on an
existing overlap or quality score (Zhang et al. 2014; Edgar and Flyvbjerg 2015; Schubert,
Lindgreen, and Orlando 2016), one of which is the obifools ‘illuminapaireded’ command.
Fastq files contain read IDs and the read sequence (A, C, T, G or N for uncalled bases), as
well as quality scores per base, giving the probability of that base call being incorrect. The
forward and reverse reads of the same fragment are at the same line position in the two fastq
files obtained after paired-end sequencing. The assembly of the forward and reverse reads is
done by alignment and returns the reconstructed sequence as well as an alignment score that
is used to filter out reads. The fraction of reads merged and kept for further processing
depend on the specified minimum read overlap. The consensus quality score calculation

method will additionally influence downstream quality score filtering.
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2.2.4. Quality filtering

The quality information contained in the fastq files are encoded with ASCII characters that
correspond to numeric Phred quality scores. The estimated probability (P) of a base call being
incorrect is given by P = 10%"°, with Q being the Phred quality score of a base. Therefore, a
quality score Q of 30 represents a 1 in 1000 chance of that base call being incorrect. These
Phred quality scores are generally used to filter out reads or parts of reads for which the
probability of incorrect base calling is higher than desirable (Sunyoung Kwon et al. 2013;
Wright and Vetsigian 2016). A fairly strict quality filtering uses 30 as minimum quality score
in the entire read. Softer filtering use 20 as minimum quality score and/or a percentage of the
read having to fulfil that imposition (Deiner et al. 2017). Several programs allow the filtering
of reads by quality scores including the FASTX-Toolkit () and PRINSEQ (Schmieder and
Edwards 2011).

A cleaning step for low abundance sequences is also often employed in processing
workflows, namely removing sequences with a count under a defined threshold, which might

be the result of errors or chimera formation.

2.2.5. Chimera filtering

Chimeras arise during sample preparation (e.g. PCR steps), from the partial joining of two or
more fragments, for instance when closely related sequences are amplified. In the simplest
case, the chimeric sequence contains one part from one fragment and a second part from a
different fragment. Several methods for identifying and removing chimeras have been
developed (Schloss et al. 2009; Caporaso et al. 2010; Edgar and Flyvbjerg 2015; Rognes et
al. 2016), either relying on filtering out known chimeric sequences (using a reference chimera
database) or via de novo chimera filtering, which models possible chimeric formations based

on the given sequences.

2.2.6. Dereplication

Dereplication produces unique sequences with abundance counts. It is essential to reduce data
redundancy and minimize computational effort. It also provides a measure of the sequence
diversity relative to sequence abundance, allowing to get a sense of the total number of
different sequences present in a sample and their relative amounts within the sample. Most

tools for sequencing data analysis perform a dereplication step by grouping and counting
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identical reads (Caporaso et al. 2010; Edgar and Flyvbjerg 2015; Fosso et al. 2015; Rognes et
al. 2016; Mysara et al. 2017; Allali et al. 2017). This is equivalent to clustering reads with
100% similarity.

2.3. Sequence classification

The main goal of sequence classification is to provide a simplified but comprehensive list of
unique sequences grouped by common attributes that ideally cannot be further sub-divided.
This can be done for instance using reference databases that in some cases allow the
classification of sequences by species (supervised approach). In cases for which no sufficient
annotation information and database info exists, it might only be possible to group sequences
by nucleotide similarity, using clustering methods (unsupervised approach). For reference-
based taxonomic assignment (Figure 2), a species composition report for a group of samples

1s commonly obtained and further statistical analysis done to answer ecological questions.

2.3.1. Clustering sequences based on similarity

After dereplication there is an optional clustering step. Dereplicated sequences can be directly
matched against reference databases (e.g., using BLAST) or serve for differential and
diversity analysis. However, clustering sequences prior to sequence database matching is
useful to reduce the number of input searches, and thereby the computational effort.
Clustering also decreases potentially spurious results, by joining similar sequences based on a
similarity threshold and retaining a representative sequence only, commonly termed OTU
(operational taxonomic unit), which theoretically represent the same taxonomic unit. In
addition, this step facilitates the construction of quantification tables, which are useful to
understand and compare sequence abundances among a group of samples. obitools,
USEARCH, VSEARCH, gqiime, mothur and SWARM all perform such tasks, providing

different and adjustable parameters.

2.3.2. Querying reference databases

BLAST is by far the most common tool for the retrieval of sequence information by similarity.
In the context of analysis workflows, the command line BLAST+ suite (Camacho et al. 2009)
is used to perform sequence searches against NCBI reference databases or any database

converted into a BLAST-readable format.
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The BOLD database provides an increasingly relevant resource for metabarcoding. Despite a
highly manual sequence search system, recent tools are providing easier access to the BOLD

database information, including programmatic access (Vesterinen et al. 2016).

With the increase of genome sequencing projects, alignment tools have been developed that
allow for fast and accurate mapping of reads to genomes or target databases (Langmead and
Salzberg 2012; Li and Durbin 2009; Liu et al. 2012), extending the options for sequence

searching against a reference database.

2.3.3. Filtering reference database query results for taxonomic assignment

The raw outputs of sequence database searches often contain spurious results that need to be
filtered in order to keep only the set of matches that are most plausible. This task frequently
involves text and table processing methods using custom definitions such as the percentage
identity, the alignment length, query coverage, and many other options that may be common
to most projects or project-specific. In essence, this step reduces the search results into a
higher confidence subset that can be further analysed. Besides manual curation, programs
such as MEGAN are useful in this task. MEGAN is a toolbox for taxonomic analysis of
sequences, commonly used through a graphical user interface but also available via
command-line. It uses a lowest common ancestor (LCA) algorithm to assign taxonomy based
on database search results, for instance from a BLAST results file. For each query sequence, it
considers all the search results that pass the user-defined parameters and assigns the query to
the highest taxonomic resolution possible. The default taxonomy used by the toolbox is the
NCBI taxonomy tree, but custom taxonomy can also be defined by the user. MEGAN also

provides tools for a variety of analyses and visualizations for comparing samples.

2.3.4. Subsequent analyses

The following steps are generally dependent on project’s goals and involve statistical
analysis. For instance, a common step is diversity analysis, which provides a quantitative
measure of differences in the ecological traits in study with a focus on taxonomic units,
functional types or communities. Statistical and community analysis tools are used in this
step, including phyloseq (McMurdie and Holmes 2013), vegan (Jari Oksanen, F. Guillaume
Blanchet, Michael Friendly et al. 2017), BiodiveristyR (Kindt and Coe 2005), DESeq?2 (Love
et al. 2014) and iINEXT (Hsieh et al. 2016).

18



Deliverable D4.5 ENVMETAGEN H2020 - 668981

2.4. Other considerations for eDNA metabarcoding data processing

The vast data amounts, the varied questions and motivations underlying different studies and
the lack of a community-based effort for standardizing procedures and providing guidelines is

reflected in the multitude of approaches reported in the metabarcoding and metagenomics

fields.

No single optimal workflow exists that allows for an easy to follow but comprehensive
dataset comparison, and many challenges remain, including reproducibility. Most of the time,
researchers struggle with the literature and the different tools setting up their own analysis
pipeline satisfying the intended criteria. Nonetheless, several tools exist that provide means to
bundle several analysis steps (Schloss et al. 2009; Caporaso et al. 2010; Edgar and Flyvbjerg
2015; Fosso et al. 2015; Zepeda Mendoza, Sicheritz-Pontén, and Gilbert 2015; Boyer et al.
2016; Rognes et al. 2016; Mysara et al. 2017; Allali et al. 2017).

3. ENVMETAGEN PROTOCOL FOR PROCESSING eDNA
METABARCODING DATA

3.1. Introduction

In this Section, the processing steps for metabarcoding data used within the EnvMetaGen
project are presented in context of the affiliated projects (see Appendix A). Currently, the
analyses pipelines implemented within EnvMetaGen-affiliated projects are mainly based on
obitools (Boyer et al. 2016), which allows the streamlining of several steps commonly
employed in metabarcoding data analysis (Figure 2). Taxonomic assignment is achieved with
blastn from the command-line BLAST+ suite and MEGAN or with Geneious and manual
inspection. The NCBI Nucleotide database (‘nt”), BOLD, the IBI invertebrate reference

collection and additional public reference and private databases are frequently used. Manual

sequence query on the BOLD website (http://www.boldsystems.org/index.php/databases) is

performed to include their private sequences on the results.

The projects AZORES, FRESHING, FILTURB, GUELTA, ICVERTS, IRANVERTS,
NZFROG and WOLFDIET follow mainly the obitools workflow, local BLAST against the
reference Nucleotide database and MEGAN for secondary taxonomic assignment. The
projects CHASCOS, ECOLIVES, SABOR and TUA also follow an obifools-based workflow,
including one cleaning step for removing sequences that are likely errors followed by

alignment in Geneious to select unique sequences to search against BOLD and IBI, in order
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to build taxa composition tables which are further processed with statistical methods. Other
projects are in an early phase and will follow the described workflows with project-specific

adjustments.

3.2.  Protocol used for the processing of metabarcoding data

The processing of metabarcoding data produced within EnvMetaGen’s scope follows the

workflow detailed in Figure 3.

BaseSpace Merge read pairs obitools
‘illuminapairedend’, align paired
end reads, filter bad alignments
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Demultiplex e i
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base difference of a more
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Figure 3. Data processing workflow currently used in EnvMetaGen for metabarcoding data, based on
obitools for data filtering and BLAST against reference databases for taxonomic assignment.

3.2.1. Data filtering

Upon sequencing on MiSeq or HiSeq Illumina platforms, usually using paired-end reads,
several gigabytes of raw sequencing data are produced and stored in fastq files. As
sequencing libraries most commonly contain several samples pooled together and identifiable

through multiplexing indexes (see Deliverable D4.4, Paupério et al. (2018), — Sections 2.3
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and 3.3), the first step is to obtain two fastq files per sample, that is, containing all sequenced
reads that originate from one sample. The Illumina program BaseSpace is used for this step,
together with a user-provided identity file matching samples and/or primer sets to the
respective unique combination of indexes. At the end, two fastq files are generated per
sample, one for forward reads and one for the reverse reads. Next, the forward and reverse
read pairs of a read are merged using the obitools ‘illuminapairedend” command. A minimum
alignment score (commonly between 40 and 50) is used and unaligned sequences presenting
no overlap between the forward and reverse reads are discarded. Visualizing the distribution
of alignment scores is useful to get a sense of which threshold to use and of the merging
success. Then the reads are processed through the command ‘ngsfilter’ to add labelling info,
using a description file. Chimera filtering is carried out using the de novo option of
USEARCH or VSEARCH (e.g. FRESHING) or by visualizing alignments and looking for
sub-fragments of more abundant sequences that appear in less abundant ones, which are then
removed (e.g. CHASCOS, ECOLIVES, SABOR and TUA). The following step,
dereplication, is performed with the command ‘obiuniq’, discarding sequences with an
abundance of only one read (singletons), as they most likely result from sequencing errors
and no biological interpretation can be done with such low occurrence. USEARCH or
VSEARCH are also commonly used for this step. Additional processing steps are done mainly
to exclude reads that represent artefacts. For instance, a length range is defined for keeping
sequences using the ‘obigrep’ command, based on the expected fragment size which depends
on the primers used (e.g. CHASCOS, ECOLIVES, FRESHING, NZFROG, SABOR, TUA
and WOLFDIET). Another option is removing reads differing 1 base pair from a more
abundant sequence using ‘obiclean’ (e.g. CHASCOS, ECOLIVES, FRESHING, SABOR and
TUA). In addition, depending on the project, a number of options are used to remove
spurious reads, for example reads with count < 50 or reads with a count < 1% of the total
reads in a sample (e.g. FRESHING, NZFROG, WOLFDIET). At this point, one has a set of
unique reads and their abundances in a fasta file and can generate a quantification table,
commonly referred to as an OTU table, summarizing the abundance of each read, either in
the total dataset or per sample, using the ‘obitab’ command. In addition to those previously
mentioned, FRESHING is currently comparing the output of obitools, USEARCH,
VSEARCH and SWARM for sequence clustering by similarity.

A step-by-step protocol for the most often used data filtering method for metabarcoding data

within EnvMetaGen is provided in Appendix B, Section B1.
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3.2.2. Taxonomic assignment

The next steps detail the assignment of taxonomy to filtered sequences following two

different approaches, Method 1 and Method 2 (see also Figure 3).

Method 1

The first method is based on locally blasting the filtered sequences against reference
databases using the blastn tool and most often the ‘megablast’ option in order to search for
very similar sequences. The NBCI Nucleotide database is used, often including additional
sequences obtained from target taxa expected to be observed in the samples. Depending on
the project, the IBI invertebrate reference collection is used. Manual searches on BOLD are
often also performed in a project basis. MEGAN 1is used to filter and bin the blast results and
fine tune the taxonomic assignment (using parameters such as >95% identity, e-value <
0.0001, considering the blast top hit and other hits within 5% blast score). MEGAN
taxonomic assignments are then merged with the quantification table from ‘obitab’ and
further processing (e.g. Excel, R) and manual inspection is done, including filtering of taxa
based on low counts (often using data obtained from negative controls, see Deliverable D4.4,

Paupério et al. (2018), for details).

EnvMetaGen-affiliated projects using this approach: AZORES, FILTURB, FRESHING,
GUELTA, ICVERTS, IRANVERTS, NZFROG, WOLFDIET.

Method 2

The second method uses Geneious to perform de novo alignment of the unique sequences,
sorted by read count. Manual inspection is necessary to determine which sequences are
variants of more abundant sequences, which are discarded. The remaining unique sequences
are searched against the IBI invertebrate reference collection or against BOLD. Manual
filtering of the database query results produces a final table with a taxonomic description for
each unique sequence and sequence occurrence per sample. From these, species richness and
diversity analyses are commonly carried out using R/Bioconductor packages on a project

basis.

EnvMetaGen-affiliated projects using this approach: CHASCOS, ECOLIVES, SABOR,
TUA.

22



Deliverable D4.5 ENVMETAGEN H2020 - 668981

Other projects including AGRIVOLE, CRAYFISH, GALEMYS and MANTIDS are
currently in early phase, as well as MATEFRAG for next-gen data analyses. They will follow
similar workflows, with adjustments as needed. The project XENOPUS uses eDNA for the

gPCR-based detection of an invasive frog species and will not involve next-gen data.

4. ENVMETAGEN PROTOCOL FOR PROCESSING InBIO
BARCODING INITITIATIVE (IBI) DNA DATA

4.1. Introduction

Deliverable D4.2 (Ferreira et al. (2018)), contains details on the InBIO Barcoding Initiative
(IBI). In this section, we present the processing steps utilized for the standardized analysis of
data produced within IBI’s scope for the invertebrate reference collection of DNA sequences.
Data filtering is mainly obitools-based. The software Geneious is used to assemble the reads
from one sample (DNA amplified from a single specimen), providing one or more
overlapping fragments depending on the primers used, which are then manually matched to

morphological identification and added to the database.

4.2.  Protocol for processing IBI DNA sequence data

The processing of next-gen DNA data produced within the IBI’s scope follows the workflow
detailed in Figure 4.
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Figure 4. Data processing workflow currently used in EnvMetaGen for the IBI invertebrate reference
collection, based on obitools for data filtering and using Geneious and BLAST against reference
databases to curate and validate sequence data annotation with the morphological identification.

4.2.1. Data filtering

Next-gen data produced for the reference collection are generated on a MiSeq Illumina
platform using paired-end reads (Deliverable D4.2, Ferreira et al. (2018), Section 3.4), with
many gigabytes of raw sequencing data produced and stored in fastq files. As sequencing
libraries of the reference collection contain samples from different specimens pooled together
and identifiable through multiplexing indexes (see Deliverable D4.4, Paupério et al. (2018),
Sections 2.3 and 3.3 for general library preparation steps), the first step is to assign all
sequenced reads that originate from one specimen. The Illumina program BaseSpace is used
for this step, together with a user provided identity file matching specimens and/or primer
sets to the respective unique combination of indexes. At the end, fastq files are generated per
sample, one for forward reads and one for the reverse reads. Next, the forward and reverse
read pairs of a read are merged using the obitools ‘illuminapairedend’ command. Currently, a
minimum alignment score of 50 is used and unaligned sequences presenting no overlap
between the forward and reverse reads are discarded. Then, reads are processed through the

command ‘ngsfilter’ to combine all sequence records in one fastq file including taxonomic
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info for each collection specimen, using a description file. If needed, additional
demultiplexing can be done in this step, for instance to assign each sequence record to marker
combination. The following step, dereplication, is performed with the command ‘obiuniq’
and only sequences with > 5 reads are kept. Count statistics for each sample are obtained with
the ‘obistat’ command. Additional processing steps are done mainly to exclude reads that
represent artefacts. For instance, reads with a length < 50 bp are discarded using the ‘obigrep’
command. Fields with sample and count information are added to the reads using the
‘obiannotate’ command. Then, reads differing 1 base pair and with an abundance lower than
10% of a ‘head’ sequence are discarded using the ‘obiclean’ command. Sequences are then
sorted by decreasing count number with the ‘obisort’ command and the sequence ID is
converted to the IBI specimen code using ‘obiannotate’. Depending on the dataset and
sequencing run, sequences are split by insect order using the ‘obisplit’ command. At this
point, one has a set of unique sequences with specimen codes in a fasta file (no longer

containing base quality information).

A step-by-step protocol for filtering next-gen data produced through the IBI for the
invertebrate reference collection is provided in Appendix B, Section B2.

4.2.2. Curating DNA sequences for reference collection

Fasta files containing specimen codes and their sequences are uploaded to Geneious (Figure
4). In case of the 658bp COI barcode, which is amplified and sequenced in two overlapping
fragments due to the maximum length allowed by the Illumina MiSeq platform (see
Deliverable D4.2, Ferreira et al. (2018), Section 3.4 for details), de novo assembly is
performed for each unique specimen code to assemble the two fragments and obtain a
consensus sequence spanning the overall length of the COI barcode. Next, a step of manual
visualization and curation is performed. Sequence variants presenting very low coverage and
1 or 2 bp differences from more abundant sequences are dismissed from the analyses. As a
validation step, the consensus sequences for each specimen code are blasted against the
BOLD and the NCBI Nucleotide databases following the steps described previously for the
metabarcoding data processing (Section 3.2). They are then matched to the morphological
identification of the specimen. Curated sequences and additional data are inserted into the
reference collection of DNA sequences database, which currently comprises over 6200

specimens (Deliverable D4.2, Ferreira et al. (2018)).
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5. OTHER DEVELOPING AREAS FOR THE PROJECT

Reproducibility is a general issue in research and within EnvMetaGen there is an ongoing
effort to standardize data processing pipelines and analyses reports, in order to facilitate their
comprehension and reproducibility. Besides obitools, other processing programs such as
USEARCH, VSEARCH, SWARM, giime and mothur are used on a project by project basis. In
later stages of the project, we foresee publicly sharing the code developed through GitHub or
other suitable platform. Currently we aim at developing configurable and fully automated
pipelines to address the above issues. In addition, we are also working on the development of
several scripts to facilitate analysis, namely to filter BLAST outputs and report the taxonomic

assignment based in a set of rules or a priori defined criteria.

Data processing workflows may vary according to the specific needs of the project. For
instance, SOILPHOS, an ongoing project that uses DNA extracted from an agricultural plant
growth experiment (see Appendix A), uses sequence clustering by similarity and protein blast
against the NCBI non-redundant database. This project is still in the early phases and

additional fine tuning of the data processing will be done as the project progresses.

Reference collection of DNA sequences is a key area in the project fostered by the InBIO
Barcoding Initiative (IBI), including more than 6200 invertebrate specimens. To
accommodate, organize and facilitate the access to specimen information, a relational
database (in mySQL) and a graphical user interface frontend (implemented in JAVA) for

easy access are under development (Deliverable D4.2, Ferreira et al. (2018), Section 3.1.2).

The availability of longer barcodes for reference collection of DNA sequences could improve
their usefulness for taxonomic identification by expanding the range of single species
discriminated. In this regard, newer technologies that allow for sequencing longer reference
barcodes are of interest, such as the Oxford Nanopore Minlon sequencer, a portable device
which allows to sequence reads up to hundreds of kilobases in real-time. Indeed, DNA
barcoding using the Minlon technology has already been reported in the field (Menegon et al.
2017) and a workflow including an analysis pipeline for achieving high accuracy presented
(Srivathsan et al. 2018). Such workflows are being investigated and could potentially be
implemented within the EnvMetaGen project, for expanding the IBI invertebrate reference

collection and/or for new barcode reference collections.
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6. CONCLUDING REMARKS

This report provides a description of the current processing steps for the next-gen data
produced within EnvMetaGen affiliated projects, which focus on eDNA collected from three
main sample types (vertebrate faeces, water samples and bulk samples) and targeting three
main applications (single species detection, diets and biodiversity assessments). An overview
of the current state of the art for the processing of metabarcoding data was provided in
Section 2, as this is the main data type generated within the project. The current
metabarcoding data processing protocols used within EnvMetaGen-affiliated projects were
described in Section 3. In addition, the processing of data generated from tissue samples of
specimens for the invertebrate reference collection of DNA sequences of the InBIO
Barcoding Initiative (IBI) was presented in Section 4. Other relevant areas for the project

were mentioned in Section 5.

All EnvMetaGen-affiliated projects are generating ecological and environmental data to
tackle pressing societal challenges related to the loss of biodiversity, degradation of
ecosystem services, and sustainable development. These data feed into the triple-helix
initiatives in the context of the strategic key areas of freshwater species detection, natural pest
control services and biomonitoring. This report (Deliverable D4.5) describes current state of
the art protocols for the processing of DNA sequence data generated by next-gen platforms.
Together, Deliverables D4.2-D4.5 (Ferreira et al. (2018), Egeter et al. (2018), Paupério et al.
(2018) and this document) form a detailed account of the successful deployment of a fully
functional eDNA lab under the EnvMetaGen project, achieving Task 4.2 and providing a

valuable resource for eDNA practitioners in all spheres of the triple-helix model.
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APPENDIX A: DESCRIPTION OF ENVMETAGEN-AFFILIATED
PROJECTS

This section provides a description of current EnvMetaGen-affiliated projects. At present,
there are 20 ongoing EnvMetaGen-affiliated projects. Through the development of field,
laboratory and data analysis pipelines, each of the projects contributes to the deployment of
an eDNA Lab, which is the main goal of Work Package 4 and the focus of Deliverables
D4.2-D4.5 (Ferreira et al. (2018), Egeter et al. (2018), Paupério et al. (2018) and this

document).

All of the projects are highly collaborative involving a total of six other InBIO research
groups, five research groups from other Portuguese institutions and fourteen overseas
research groups. Twelve of the projects are being led by the EnvMetaGen team. These
collaborations build relationships with key national and international organisations and
networks in the environmental area, fostering the establishment of long-term partnerships
with leading research institutions, helping to fulfil the objectives of Work Package 3
Development of Capacities to Participate in the ERA.

All projects are within the focus of one or more of the three key areas being developed under

the triple-helix model of innovation (WP5):
1. Monitoring of freshwater eDNA for species detection
2. Assessing natural pest control using faecal metagenomics

3. Next-generation biomonitoring using DNA metabarcoding
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The applicability of each project to EnvMetaGen Work Packages and Objectives is
highlighted. Overall, the projects” contributions to the deployment of an eDNA Lab, by
developing analyses within the scope of the triple-helix key areas, as well as fostering
networks among institutional, national and international collaborators, substantially increase

InBIO’s capacity for research and innovation using environmental metagenomics.

AGRIVOLE

The role of voles in agroecosystems: linking pest management to biodiversity

conservation under environmental change

Agroecosystem services are being threatened worldwide by biodiversity loss. Biological pest
management is one of the main ecosystem services often supported by agroecosystems, as
non-crop habitats can provide resources for species that may act as natural controllers of
agricultural pests, responsible for huge losses in crop yields. However, there is still limited
understanding on how biodiversity levels relate with biological control, particularly
considering current trends in agricultural land use change. AGRIVOLE project aims to assess
the responses of vole communities to agroecosystem structure and management practices, by
combining ecological tools and high throughput DNA sequencing techniques. The project
will analyse the effects of different population regulatory processes and evaluate how
community responses may affect the potential for pest outbreaks or impact the resilience of
vole species of conservation concern. The focus will be on the vole community of
northeastern Portugal agroecosystems, a species rich system where vole pests have significant
economic impact on fruit tree orchards. The project will use data previously collected on
voles’ distribution in the region, complemented with detailed plant and vole surveys across
agroecosystems with different structures and management treatments. We will also use high-
throughput sequencing techniques, namely DNA metabarcoding, to determine voles’ trophic
niches based on their droppings. Overall, it is expected that the results obtained in this project
contribute significantly to foster sustainable agricultural techniques linking pest management
to biodiversity conservation. This project begun recently, but its progress will boost the
development of the laboratory methods for analysing herbivore diets, using a metabarcoding
approach, as well as the methods for collecting and analysing soil samples for determining
plant diversity. Moreover, this project involves a collaboration with the University of Natural
Resources and Life Sciences, Vienna, for building a reference collection for plants using high

throughput sequencing, fundamental for the diet studies and vegetation surveys. Therefore,
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this project will contribute significantly for building capacity on the eDNA analyses in
InBIO, while expanding its network of collaborations (WP3). AGRIVOLE is aligned with
one of the key application areas of EnvMetaGen, Assessing natural pest control using faecal
metagenomics, and it is expected that it provides relevant outcomes for practical applications
in crop management. This may lead to the development of services, relevant to the farmers

and Regional Agricultural Institutions, thereby fostering the triple helix (WP5).

AZORES
Assessing fish diversity in Azores freshwater lagoons using a metabarcoding approach

Eutrophication is a relevant issue for water quality in lagoons and is considered one of the
main environmental problems in the Azorean archipelago, with high impacts on landscape,
economy and the conservation of natural resources. Landscape changes and anthropogenic
activities in general are considered as the main causes for eutrophication, and the lagoons in
the island of Sao Miguel, are considered a good example of this situation, where land use
changes have been associated with water quality degradation. Water quality of the Azorean
lagoons has been monitored since 2003, and within this frame the development of efficient
and cost-effective methods for monitoring biodiversity in the lagoons has become highly
relevant. This project aims at developing a cost-effective monitoring program for fish
diversity in the Azores freshwater lagoons. The main goal is the optimization of field and
laboratory protocols for assessing the diversity of fish communities from environmental
samples, using a metabarcoding approach. Samples have been collected by the University of
Azores InBIO team, using both water filtering and precipitation techniques. The data is
helping to refine best practices in collecting eDNA samples from water, while the
optimisation of extraction and amplification protocols contribute to the development of
capacities at InBIO. This project is aligned with the one of the key application areas of
EnvMetaGen, Next-generation biomonitoring using DNA metabarcoding, and it is expected
that it will help progress monitoring programs for fish diversity in freshwater ecosystems.
The developed methodology is of relevance for the Regional Government of Azores, and
applicable to other areas, with potential for application by other regional institutions and
companies, thereby fostering the triple helix (WP5), and contributing to the expansion of

InBIO’s collaboration network.

CHASCOS
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Diet analysis of black wheatears (Oenanthe leucura)

The black wheatear (Oenanthe leucura) is the most threatened passerine in Portugal. Its
distribution used to range from the Portuguese coast to the French Pyrenees. Nowadays it is
extinct in France, while in Portugal it is restricted to the remote inner Douro and Tagus
valleys, and in Spain its population decreased more than one third in recent years. To help
understand the reasons for this severe decline, this project aims to study in detail the diet of
this threatened bird. High throughput sequencing techniques have been shown to be able to
characterise the diet of several animals in unprecedented detail. However, to study the diet of
passerines and other large feeding spectrum animals is challenging for metabarcoding
techniques due to several constraints, such as molecular marker selection and secondary
predation detection. High throughput sequencing is being used on droppings from captured
birds in the Douro valley. As well as using traditional morphological analysis, several
commonly used molecular markers are being used. All the information obtained from the
molecular markers and the morphological identification are being compared. This has
allowed the detailed description of the feeding requirements of the black wheatear, and given
the observed large feeding spectrum and plasticity found, it has become apparent that it is
unlikely that its decline is directly related to shortage of food. The project also identified the
main problems and biases of some of the most commonly used molecular markers used in
metabarcoding diet studies, and allowed for the development of techniques to minimize these
problems. The project focuses on protecting biodiversity (identified as a societal challenge to
be tackled by InBIO, EnvMetaGen Objectives) thereby contributing to the triple-helix
initiatives (WP5). It focuses on identification of critical food resources for endangered
species (identified as an emerging eDNA research line, EnvMetaGen Objectives). By
comparing diet analysis protocols and molecular markers, it contributes substantially to the
development of an eDNA lab by making technical advancements that have implications for

eDNA best practices (WP4) and help to build capacity at InBIO.

CRAYFISH
Assessing the impact of invasive crayfish through diet analysis

The invasion of freshwater ecosystems by exotic species is a cause of concern worldwide due
to their negative environmental and economic impacts. Invasive crayfish are one of the most
detrimental alien species occurring in European freshwater ecosystems. Among the known,

negative effects are bioturbation, competition with native species, predation on native
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biodiversity, effects on leaf and algae abundance, and trophic subsidizing for predators
(which in turn can enhance predation on native species). To adequately assess the impact of
these species, including their potential overlap with the trophic niche of native, threatened
fauna, and provide information on their control and management, knowledge of their trophic
ecology is essential. This project aims to characterize the diet of two invasive crayfish species
in  Northern Portugal (Procambarus clarkii and Pacifastacus leniusculus) using
metabarcoding. As both species are thought to have a varied generalist diet, the project will
involve conducting assays targeting a number of mitochondrial metabarcoding markers
across multiple prey groups. The project will provide high resolution diet information for
improved management of these invasive species, which pose a widespread global threat to
biodiversity. It should be noted that this project is in the early stages of development, and as
such detailed protocols are not provided in these deliverables. The project will focus on
biodiversity conservation and invasive species control (identified as an emerging eDNA
research line, EnvMetaGen Objectives), producing data to inform governmental management
for protecting biodiversity (identified as a societal challenge to be tackled by InBIO,
EnvMetaGen Objectives) thereby contributing to the triple-helix initiatives (WPS5). The
project already has an associated InBIO MSc student, who will receive training in

metagenomic techniques, helping to build InBIO’s capacity (WP4).

ECOLIVES

Fostering sustainable management in Mediterranean olive farms: pest control services

provided by wild species as incentives for biodiversity conservation

Efficient pest management is recognized as a major challenge for fostering economically
profitable agroecosystems worldwide. Biocontrol services provide clear incentives for
biodiversity conservation in agroecosystem as naturally occurring species can efficiently
reduce populations of pests, thus reducing both crop losses to pests and the need for
agrochemicals. Yet, the ecology of biocontrol services is poorly known, thus limiting our
ability to understand its value and to plan their conservation and management. Using
Mediterranean olive farms as case study, the overarching research goal of this project is to
estimate the value of natural biological control of the Olive fruit fly (Bactrocera oleae) and
the Olive fruit moth (Prays oleae) —the two major pests in olive farms worldwide—, in farms
following distinct pest management strategies. The overall hypothesis is that the abundance

and diversity of biocontrol providers will decline with increasing pest management intensity,
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which will be expressed in a non-negligible economic impact. Specifically, the project will
focus on predatory insects (parasitoid wasps) as well as insectivorous vertebrates (birds and
bats) as biocontrol providers. This is particularly relevant because, although birds and bats
are thought to provide high levels of pest suppression, knowledge about their role as
biocontrol providers is negligible compared to insect predators in Mediterranean olive farms
in particular and in agroecosystems worldwide in general. The hypothesis will be tested by
quantifying occurrence and abundance patterns both of biocontrol providers and insect pests
in 2 olive farms following distinct types of pest management strategies: IPM (Integrated Pest
Management), where producers apply agrochemicals when pest populations reach the
economic threshold; and organic, where producers rely completely on biocontrol services.
The relative importance of each biocontrol provider on levels of pest infection will be
investigated, and their economic value calculated. The data obtained at this local scale will be
used to model potential scenarios of biocontrol services provision in olive farms at the whole
Iberian Peninsula, with the aim to select priority conservation-management in the face of
global environmental change. This project is based in Evora University and the EnvMetaGen
team will participate on the development of molecular tools to identify prey items of key
predators/parasitoids present in olive farms and to perform diet analysis. The project is likely
to provide data to assist farmers finding better solutions to pest control than using high loads
of pesticides. This project is of high relevance to existing and future InBIO-Industry-
Government triple-helix initiatives (WP5), as it uses faecal eDNA samples to assess natural
species as a form of pest control, addressing the provision of ecosystem services (identified
as a promising eDNA research theme, WP2). The associated InBIO PhD student will receive
training in metagenomic techniques, helping to boost InBIO’s capacity (WP4).

FILTURB

Comparing methods to filter turbid water and modelling site occupancy based on eDNA

detections

eDNA survey methods have been applied mainly in freshwater ecosystems, focusing on
water without a high sediment load. This is largely due to difficulties with sampling suitable
volumes of turbid water. One of the objectives of this project is to test the efficiency of
different DNA capture methods in turbid waters, evaluating their performance on eDNA
recovery and species detection. The project will compare the most common filtering and

DNA precipitation methods with newer high-capacity filtering approaches. The latter have
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the potential to filter much higher volumes of water than the former, even in turbid
environments. Using the information from this objective a second aspect of eDNA sampling
will be investigated: modelling site occupancy based on eDNA detections. Once shed into the
environment, the probability of detecting DNA of a target species will vary depending on
environmental factors. By collecting eDNA samples multiple times at many sites, the
probability of detection of amphibians will be estimated using site occupancy models. This
will inform future studies on the number of samples that are required to detect a given
species. The project is focussed on making technical advancements for cost-effective species
detection and biodiversity assessment, contributing to existing and future triple-helix
initiatives in different areas (WP5). By comparing existing and emerging protocols, it will
also help to implement best practice protocols for eDNA analysis (WP4). The project already
has an associated InBIO MSc student, who will receive training in eDNA sampling and
metagenomic techniques, helping to boost InBIO’s capacity (WP4). This project is closely
linked with GUELTA.

FRESHING

Next-generation biomonitoring: freshwater bioassessment and species conservation

improved with metagenomics

Data collection of freshwater habitats is essential, allowing countries to fulfil legislation
requirements, such as the European Union Habitat and Water Framework directives.
However, collecting biotic data for freshwater monitoring implies extensive effort. This
project aims to investigate the value of using latest metagenomic approaches and applied
ecological tools to improve freshwater bioassessments and detection of species of
conservation concern, and ultimately optimize monitoring programs. Objectives include: 1)
developing metagenomic approaches to obtain reliable biodiversity data and species
detections; 2) building metagenomic multimetric indexes for bioassessment of ecological
quality; 3) validating rapid landscape predictions for monitoring bioassessment indices, and
threatened and invasive species; and 4) designing a next-generation biomonitoring framework
for freshwaters for an early warning system to alert authorities. The project will focus on
fishes and macroinvertebrates, in the Douro Basin (North Portugal), because they are
informative freshwater indicators and include many species of conservation concern.
Ultimately, the project will use decision making and conservation tools to perform a cost-

efficiency analysis, and design a framework for next-generation monitoring programs in
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freshwaters. The project is focussed on making technical advancements for cost-effective
species detection, biodiversity assessment and biomonitoring. It will have implications for
biodiversity conservation and invasive species control, contributing to the triple-helix
initiatives (WP5) and the development of an emerging eDNA research line (EnvMetaGen
Objectives), producing data to inform governmental management for protecting biodiversity
(identified as a societal challenge to be tackled by InBIO, EnvMetaGen Objectives). The
project tackles the pressing societal challenge of the loss of biodiversity (EnvMetaGen
Objective). The project has an associated InBIO PhD student, who will receive training in
metagenomic techniques, and will include the comparison of existing and emerging

protocols, helping to boost InBIO’s capacity (WP4).

GALEMYS

Conservation genetics of a threatened semi-aquatic mammal: The Iberian desman

(Galemys pyrenaicus) in northeast Portugal

The Iberian desman (Galemys pyrenaicus) is a threatened, elusive mammal endemic of the
Iberian Peninsula and the Pyrenees. In Portugal, the species is restricted mostly to the North
of the country and a recent survey revealed a marked reduction in the species distribution in
Northeast Portugal. Besides the paucity of distributional data, baseline information relative to
the ecology, genetic diversity and structure in Portugal is also scarce. However, this
knowledge is crucial for understanding how river connectivity shapes the species ecology,
particularly considering the threat posed by the recent construction of large hydroelectric
infrastructures. Therefore, this project aims at determining the degree of genetic
diversification and structuring of the desman population in Portugal and examining how
species traits and trophic requirements together with river connectivity and other landscape
features influence the species persistence in fragmented areas. This information is vital for an
efficient conservation of this endangered, poorly known, semiaquatic mammal. For achieving
this main goal, a set of microsatellites is being optimized using high throughput sequencing
(HTS) for analysing the population genetic structure and diversity with tissues and non-
invasive samples (faeces). Moreover, faeces collected in two river basins are being analysed
using metabarcoding for assessing the species trophic niche in the study area. Therefore, this
project is contributing for building capacities at InBIO, namely for the optimization of
methods for genotyping microsatellites using HTS and for refining best practices in the diet

analyses of insectivores using metabarcoding. GALEMYS project is related with one of the
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key application areas of EnvMetaGen, Next-generation biomonitoring using DNA
metabarcoding, as it is expected that the results obtained with this project will help define
conservation actions for this endangered species. Therefore, we expect this project to
contribute with relevant information to the Portuguese administration strengthening the

relation between InBIO and administration (WP5).

GUELTA

Assessing vertebrate diversity in turbid Saharan water-bodies using environmental

DNA

The Sahara Desert is the largest warm desert in the world and a poorly-explored area. Small
water-bodies occur across the desert, which are crucial habitats for vertebrate biodiversity, as
well as providing resources for local human activities. The long-term conservation of these
habitats requires a better assessment of local biodiversity and potential human-related
conflicts. There is potential to use eDNA for monitoring vertebrate biodiversity in these
areas. However, there are a number of difficulties with sampling eDNA from such turbid
water-bodies and it is often not feasible to rely on electrical tools in remote desert
environments. This project is trialling novel, manually-powered, water filtering methods in
Mauritania to obtain eDNA samples. The project is focussed on making technical
advancements for cost-effective biodiversity assessment, contributing to triple-helix
initiatives in identified key areas (WP5), in poorly explored regions (identified as a promising
eDNA research theme, WP2). As well as contributing to the deployment of an eDNA lab, it
provides training for InBIO researchers as it involves the investigation and comparison of
multiple field eDNA sampling methods (WP4). This project is also closely linked to
FILTURB.

ICVERTS

Providing an eDNA tool for rapid assessment of ecological integrity through detection

of rare indicator species in Western Africa

This project focuses on the detection of two iconic West African wetland species as bio-
indicators: the Critically Endangered West African slender-snouted crocodile (Mecistops
cataphractus) and the Endangered pygmy hippopotamus (Choeropsis liberiensis). The goal of

the project is to assess whether an eDNA approach can provide a rapid assessment tool of
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ecological integrity by detecting the presence of these important indicator species. Such a tool
would greatly reduce manpower and costs associated with traditional survey methods. High
sensitivity qPCR species-specific assays have been developed to detect the DNA of these two
high-value species. Water samples were collected throughout protected areas of Cote d'Ivoire,
the last strongholds for these species in the Upper Guinea forests of West Africa. Although
gPCR is often regarded as the most sensitive method of species detection, there is a current
ideological shift towards the idea that metabarcoding methods may in fact detect rare species
in eDNA samples with a similar efficacy. The project will compare both approaches of
species detection. The project is focussed on developing biodiversity assessment tools,
contributing to triple-helix initiatives in identified key areas (WPS5), in a poorly-explored
tropical region (identified as a promising eDNA research theme, WP2), to be used by
researchers and government for protecting biodiversity (identified as a societal challenge to

be tackled by InBIO, EnvMetaGen Objectives).

IBI
InBIO Barcoding Initiative

DNA barcoding is an essential tool in a vast array of ecological and conservation studies.
With the advent of Next Generation sequencing, it became possible to implement diet
analysis and monitoring methods based on DNA metabarcoding. While such studies can
include a range of environmental DNA sample types, such as faeces, saliva, blood meal,
stomach contents, hair, water, air, pollen/natural by-products (e.g. honey), soil, bulk samples
(or preservative), all demand the availability of a reference collection of DNA sequences in
order to allow the correct identification of taxa found in each sample. Therefore, its
applicability is hampered by the lack of comprehensive reference collections, particularly of
invertebrates that are underrepresented in reference databases and this knowledge gap
becomes greater in biodiversity hotspots. During the early stages of the EnvMetaGen project
conception the need of developing a reference collection of DNA sequences for Portuguese
invertebrates was identified and for this reason the Task 4.2. - Building capacity for eDNA
analysis includes the construction and organisation of reference collections of DNA
sequences as one of the pivotal capacity-building aspects. The InBIO Barcoding Initiative
consists in the development of a DNA reference collection of voucher specimens identified
by specialised taxonomists following the best practices, which is essential to develop and

conduct consistent, reliable and repeatable research studies boosting the future performance
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of InBIO in environmental genomics. By combining field work and networking with
taxonomists and ecologists, the project aims to produce DNA barcodes for thousands of
species, covering over one hundred families of insects. The reference library will be a
fundamental tool for long-term and large scale monitoring programs in Portugal and serve as
base for ecological studies related with loss of biodiversity, degradation of ecosystem
services, and sustainable development (EnvMetaGen Objectives) and to promising eDNA
research themes (WP2). Along its construction the project contributes for the training in
taxonomy and metagenomic techniques, helping to boost InBIO’s capacity (WP4).
Furthermore, it is likely to become a tool with significant relevance to the InBIO-Industry-
Government triple-helix initiatives (WP5) by promoting the development of partnerships in
all key areas: Monitoring of freshwater eDNA for species detection; Assessing natural pest
control using faecal metagenomics; and Next-generation biomonitoring using DNA

metabarcoding.

IRANVERTS
Assessing diet of large felids in central deserts of Iran

Information on population structure, hormones, parasites and diets can all be produced using
non-invasive faecal samples. Such information is highly valuable for conservation of elusive
species such as Asiatic cheetah (Acinonyx jubatus venaticus). For this project scat samples
are being collected from large carnivores across the distribution range of Asiatic cheetah.
Using metabarcoding, scats will firstly be assigned to the predator species and secondly used
to assess the diets of large felids. Two different extraction methods are being trialled to test
for their efficacy in producing DNA suitable for predator species identification. Extracted
DNA will be subject to PCR using a number of vertebrate-targeting PCR primers. Possible
prey items include wild sheep (Ovis orientalis), wild goat (Capra aegagrus), gazelles (Gazella
bennettiii and Gazella subgutturosa) and domestic livestock. This project is of relevance to
the agricultural industry sector as well as for conservation of a threatened species,
contributing to two key areas targeted for triple-helix initiatives (WP5). It tackles the pressing
societal challenge of sustainable development (EnvMetaGen Objective) and includes
assessment of habitat loss on trophic interactions in human-modified landscapes and
management of wild and domestic herbivores (identified as promising eDNA research

themes, WP2).
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MANTIDS
Diet analysis of mantids

Modern molecular techniques have made it possible to assess species composition of
complex samples, almost independently of individual density. In the last decades, DNA
Metabarcoding together with High Throughput Sequencing (HTS) has allowed for diet
assessment in several groups of animals, including insects. Although major developments
have been made for assessing vertebrate diets using metabarcoding, it is the field of
invertebrate ecology that has largely pioneered research in this area of molecular ecology.
One of the reasons for this is that many invertebrates either heavily masticate their prey or are
fluid feeders, precluding morphological analysis. This EnvMetaGen-affiliated project aims to
utilise metabarcoding methods to characterise the diet of selected species of mantids in
Portugal. Mantids (Order: Mantodea) are highly-adapted predatory insects. Their diet is
thought to be varied but no DNA-based assessment has been performed so far. This project
will assess mantid diets in nature, through the collection of mantid faecal samples, focussing
on their potential as agricultural pest controllers. This exploratory project might prove to be
of high relevance to the InBIO-Industry-Government triple-helix activities (WPS5), as it uses
faeccal eDNA samples to assess natural species as a form of pest control, addressing the
provision of ecosystem services (identified as a promising eDNA research theme, WP2). The
associated InBIO master student, will receive training in metagenomic techniques, helping to

boost InBIO’s capacity (WP4).

MATEFRAG

Impacts of habitat fragmentation on social and mating systems: testing ecological

predictions for a monogamous vole through non-invasive genetics

Intensification of agriculture has caused severe loss and fragmentation of semi-natural
habitats worldwide. Studies of the effects of habitat fragmentation on biodiversity have
revealed large impacts on species distribution and abundance patterns. However,
understanding demographic and behavioural processes that determine species vulnerability to
fragmentation is important to properly understand population viability in human-dominated
landscapes. Key, relevant, within-population processes affecting reproductive success and

thus population persistence include social interactions, mating systems, and the formation of
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Kin-structures. In this project we aim to assess the effects of habitat fragmentation on
mammalian social and mating systems, and how this affects population persistence. As it is
expected that monogamous species are more susceptible to stochasticity and prone to
extinction events, we have focused this project on a monogamous Iberian endemic mammal,
the Cabrera vole (Microtus cabrerae). To achieve this main goal, this project is using genetic
non-invasive sampling (faeces) for individual identification and for estimating kin-structure.
The methods being used for species and individual identification from faeces were already
optimized at InBIO (see Deliverable 4.4, Egeter et al. (2018), for details), hence this project
has provided a relevant contribution in capacity building of eDNA (WP4).

NZFROG
Determining the impact of invasive mammals on frogs in New Zealand

Since the arrival of mammals, New Zealand's endemic frogs (Leiopelma spp.) have
undergone a number of species extinctions and range contractions. Only two species now
persist on the mainland. One of these, Leiopelma archeyi, is Critically Endangered and
ranked as the world’s most evolutionarily distinct and globally endangered amphibian. Ship
rats (Rattus rattus) have often been implicated in the decline of amphibians in New Zealand
and worldwide, but prey from rodent stomach contents are notoriously difficult to identify.
This project utilises metabarcoding to survey for predation by ship rats on the remaining
mainland Leiopelma species. New PCR primers were developed that target all anuran
species. This study has provided the first evidence of these frog species in mammalian
stomach contents and this, along with evidence from other studies, has led to the the New
Zealand government including certain important sites in their rodent control program. It
should be noted that field samples for this project were collected as part of a separate project
and as such the field collection protocols are not explicitly detailed, but the treatment of the
eDNA samples and subsequent data are included in Deliverables D4.4 and D4.5 (Paupério et
al. (2018) and this document). The project focuses on biodiversity conservation and invasive
species control, contributing to the triple-helix initiatives (WP5) and an emerging eDNA
research line (EnvMetaGen Objectives), producing data to inform governmental management
for protecting biodiversity (identified as a societal challenge to be tackled by InBIO,
EnvMetaGen Objectives). It also contributes to the deployment of an eDNA lab (WP4) by

providing a new and validated primer set.
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SABOR
Assessment of the role of bats as pest regulators in Mediterranean agriculture

Small vertebrate insectivores are judged to provide important ecosystem services by
controlling insect pests. Bats, in particular, are major insect predators, suggesting that they
play a vital role in protecting crops from pests. However, there’s a lack of basic information
regarding bats’ diet and foraging behaviour. Traditional diet analyses use visual identification
of arthropod fragments present in faecal or stomach contents, and are limited to order or
family level identifications, not allowing the identification of possible pest species. When
species level identifications are possible, these are usually restricted to hard-bodied insects,
like Coleoptera. Recently, with the advancement of molecular methods, it became possible to
identify at the species level both hard and soft-bodied insects, present in bat guano. In
particular, the emergence of HTS techniques allows the barcoding of multiple insect species
in complex samples — metabarcoding. These novel methods are revolutionizing dietary
studies and can give us precious insights into the role of bats as pest regulators. This project
consists of a PhD thesis and aims to answer the following questions: 1) What’s the diet of a
Mediterranean bat community? ii) How do bats group in terms of diet composition? iii) Is
there a relationship between bat diet and bat/insect traits? IV) Which bats prey on pest insects
and how often? This study will help enlightening the role of bats as pest regulators in
Mediterranean agricultural fields. This will not only promote bat populations, but also help
farmers finding better solutions to pest control than using high loads of pesticides. This
project is of high relevance to develop InBIO-Industry-Government triple-helix initiatives
(WPS), as it uses faecal eDNA samples to assess natural species as a form of pest control,
addressing the provision of ecosystem services (identified as a promising eDNA research
theme, WP2). The associated InBIO PhD student, has been receiving training in
metagenomic techniques, helping to boost InBIO’s capacity (WP4).

SOILPHOS
Assessing diversity of phosphorus-cycling bacteria in response to fertiliser treatments

Phosphorus is essential to crop and pasture growth and is added to soil in large volumes
around the world. However, phosphorus is a scarce, finite resource with peak phosphorus
expected as early as 2030 and high-quality rock phosphate estimated to be exhausted within
80 years. It has long been established that bacteria are involved in making phosphorus

available to plants, but only recently have DNA-based technologies developed enough to
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study 1) bacterial soil community and 2) the prevalence of ‘phosphorus-freeing’ genes in the
soil. The aim of this project is to investigate the prevalence and diversity of phosphorus-
freeing genes in soil experimentally subjected to various phosphorus levels. The objective is
to inform practitioners and researchers as to whether the global community should be trying
to foster certain bacterial communities that will allow us to continue food production at its
current rate whilst lowering the amount of phosphorus currently applied to agricultural land.
This project is of high relevance to develop InBIO-Industry-Government triple-helix
initiatives (WP5) as well as tackling the pressing societal challenge of sustainable
development (EnvMetaGen Objective) and addressing the provision of ecosystem services
(identified as a promising eDNA research theme, WP2). It should be noted that eDNA
sampling and PCRs for this project were part of a separate project and as such are not

explicitly detailed, but the data processing is included in Deliverable 4.5 (this document).

TUA

Promotion of ecosystem services in the Vale do Tua Regional Natural Park: Control of

agricultural and forest pests by bats

The Vale do Tua Regional Natural Park (PNRVT) is an excellent example of the natural and
patrimonial values that exist in the northern region of Portugal. Here the landscape is
dominated by a mosaic of natural and semi-natural vegetation and agricultural areas with
predominance of vineyards, olive groves and cork oak forests. Thus, as in other regions of the
interior of Portugal, the region's economy is very dependent on agricultural productivity. In
this context, one of the most relevant Ecosystem Services (ESs) potentially provided by
biodiversity in the region may be the control of agricultural and forestry pests. Due to the
high diversity of birds and bats in the region, it is expected that these groups may have great
relevance in the provision of these ESs. Several studies have shown that large numbers of
these flying vertebrates associated with high prey consumption (mostly insects) make birds
and bats one of the most significant natural controllers of agricultural and forest pests
populations, thus providing a high economic value, reduced use of pesticides and increased
productivity. Therefore, this project aims to create conditions for the intensification of the
provision of pest control services (identified as a promising eDNA research theme, WP2) by
promoting the populations of the respective predators, focusing essentially on bats. In order
to increase the number of bat colonies in the areas of interest, shelter boxes were placed in the

most important agricultural and forestry systems in the PNRVT area, specifically vineyards,
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olive groves and cork oak forests. The evaluation of the effectiveness of this measure will be
done by analysing the diet of bats in the shelters, checking which bat species are using the
shelters and if they consume (and when) the existing agricultural and forest pests in the
region. This project is a prime example of an InBIO-Industry-Government triple-helix
initiative (WP5), as it involves stakeholders from administration (the Agency for Regional
Development of the Tua Valley, in charge of the management of the park), academia (InBIO)
and industry (landowners within the geographical limits of the park). Its results will allow the
development of management plans optimizing the ESs provided by bats in the region, giving
an example where the promotion and preservation of biodiversity will translate into economic
gains for the stakeholders involved, thus waiting for the PNRVT's management model to be
disseminated at the regional and national levels, fostering sustainable development

(EnvMetaGen Objective).

WOLFDIET
Describing the diet of African golden wolf (Canis anthus) and assessing human conflict

The African golden wolf (Canis anthus), previously considered as Golden jackal (Canis
aureus), is now recognized as a new canid species occurring in North and East Africa. There
is a lack of knowledge regarding most of the ecological traits of this medium-sized canid,
particularly regarding feeding ecology. African wolves are reported as generalist feeders,
consuming plants, insects and vertebrates, including livestock and poultry which raise
important conflicts with humans. However, the few available studies are based on
identification of macro-components found in scats rarely genetically validated, which may
bias the results and underestimate some prey items. Based on 150 scats of African wolves
collected in NW Senegal (comprising Djoudj National Park and a neighboring agricultural
area) already available and genetically identified in a scope of another InBIO project, this
study aims to adequately characterize the diet of African wolves using metabarcoding. The
project will involve targeting metabarcoding markers across multiple prey groups and a
methodological assay involving two different extractions performed for each scat. By using a
high resolution approach, this project is expected to assess the diet of African wolves and
their potential impact on threatened fauna (e.g. breeding and migrating birds) and domestic
animals, providing essential information for an efficient management. This project is of
relevance to the agricultural industry sector as well as for conservation of a threatened

species, contributing to key areas identified for triple-helix initiatives (WP5). It tackles the
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pressing societal challenge of sustainable development (EnvMetaGen Objective) and includes
assessment of habitat loss on trophic interactions in human-modified landscapes and
management of wild and domestic herbivores (identified as promising eDNA research

themes, WP2).

XENOPUS
Detecting the presence of invasive frogs (Xenopus laevis) in Portugal

The African clawed frog (Xenopus laevis) is a species that has been introduced to many parts
of the world. Invasions are due to both accidental escape and voluntary release of laboratory
animals in many cases. The predatory impacts of X. laevis on native populations of
amphibians and fish have been well documented. The species has been implicated in the
global transmission of disease including chytridiomycosis, a disease cited as one of the
principal causes for the global decline in amphibians. Under a protocol established between
Portugal’s governmental conservation agency (ICNF), the Environmental Biology Centre of
the Faculty of Sciences of the University of Lisbon and the Gulbenkian Institute of Science, a
plan was developed that aims to control X. laevis. In order to assess whether the control
protocol is effective, an eDNA experiment was planned which aims to detect X. laevis at sites
where the species is present, sites where it has never been observed and sites where
populations have been the subject of the control protocol. The aim is to simultaneously
provide a reliable species detection tool and assess the efficacy of current control protocols.
This project involves all three groups of the InBIO-Industry-Government triple-helix model
(WPS). It focusses on invasive species detection and control (identified as an emerging
eDNA research line, EnvMetaGen Objectives) as well as tackling the pressing societal
challenge of the loss of biodiversity (EnvMetaGen Objective) and addressing the provision of

ecosystem services (identified as a promising eDNA research theme, WP2).
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APPENDIX B: EnvMetaGen CURRENT PROTOCOLS FOR NEXT-GEN
DATA PROCESSING

B1. EnvMetaGen protocol for processing eDNA metabarcoding data

1. Demultiplex
1.1. Obtain fastq files per sample and by index or barcode using Illumina’s BaseSpace
program.
1.2. Assign each sequence record to the corresponding sample/marker combination (extra
demultiplex if needed) and add labelling information on a project basis using obitools
‘ngsfilter’.

2. Merge read pairs
2.1. Merge read pairs using obitools ‘illuminapairedend’ with minimum alignment score
of 50 (in some cases 40, plots of the distribution of the alignment scores based on
their frequency are helpful for checking the threshold).
2.2. Remove unaligned sequence records using ‘obigrep’, ‘mode!=" joined™’.

3. Dereplication

3.1. Dereplicate reads into unique sequences using ‘obiuniq’.
3.2. Remove reads with a count of 1 (singletons) using ‘obigrep’.

4. Additional processing and cleaning
4.1. Keep reads within the expected fragment length range using ‘obigrep’.
4.2. Remove reads with 1 base difference from a more abundant sequence using
‘obiclean’ (optional).
4.3. Remove spurious reads, for instance reads with count < 50 or reads with a count <1%
of the total reads in a sample, using ‘obigrep’.
4.4. Generate a table with read counts per sample using ‘obitab’.

At this stage, fasta files of the filtered unique sequences are produced in addition to their
quantification table.
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B2. EnvMetaGen protocol for processing InBIO Barcoding Initiative (IBI)
DNA data

1. Demultiplex
1.1. Obtain fastq files per sample and by index or barcode using Illumina’s BaseSpace
program.
1.2. Assign each sequence record to the corresponding sample/marker combination (extra
demultiplex if needed) and combine all sequence records in one fastq file including
taxonomic info for each collection specimen using obitools ‘ngsfilter’.

2. Merge read pairs
2.1. Merge read pairs using obitools ‘illuminapairedend’” with minimum alignment score
of 50.
2.2. Remove unaligned sequence records using ‘obigrep’, ‘mode!=" joined™”.

3. Dereplication
3.1. Dereplicate reads into unique sequences per sample using ‘obiuniq -c¢ sample’.

4. Additional processing and cleaning

4.1. Obtain count statistics for each sample using ‘obistat’.

4.2. Keep unique sequences with count > 5 and length > 50bp using ‘obigrep -p
‘count>=6’ -1 50°.

4.3. Add field with sample and count information using ‘obiannotate’.

4.4. Remove reads with 1 base difference and abundance lower than 10% of a more
abundant sequence using ‘obiclean -H -r 0.1” (likely PCR/sequencing errors).

4.5. Remove unused attributes (e.g. experiment, seq length, obiclean count, etc.) using
‘obiannotate’.

4.6. Sort sequences by decreasing counts using ‘obisort’.

4.7. Change sequence ID to specimen code using ‘obiannotate’.

4.8. Split sequences by insect order using ‘obisplit, -t order’ (optional).

At this stage, fasta files of the filtered unique sequences containing the specimen codes are
produced.
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