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1. INTRODUCTION 

The ongoing loss of the Earth’s biodiversity is one of the most pressing challenges 

of the century (Thomsen & Willerslev, 2015). However, tracking it by relying on 

conventional approaches such as morpho-taxonomy for species monitoring can 

be challenging, as they are often time-consuming, limited in scope, and prone to 

inconsistencies due to varying levels of taxonomic expertise. Moreover, cryptic 

species and juvenile life stages are often unidentifiable at lower taxonomic levels. 

The advent of molecular methods, especially DNA sequencing technologies, has 

revolutionized biodiversity assessments. The application of DNA sequencing in 

biodiversity studies began with the Maxam–Gilbert method (Maxam & Gilbert, 

1977) and, more prominently, Sanger sequencing (Sanger et al., 1977). Among 

these, Sanger sequencing became the most widely used because it was technically 

simpler, produced longer sequences, and was more amenable to automation, 

laying the groundwork for modern molecular ecology and taxonomic classi-

fication (Eren et al., 2022; Shokralla et al., 2014). Although being an essential 

tool for DNA barcoding of individual specimens, the Sanger sequencing method, 

however, is unsuitable for characterizing the species communities in a mixture of 

DNA from environmental samples, except using the tedious cloning step (Agustí 

et al., 2003; Medinger et al., 2010). 

Newer DNA sequencing technologies, known as high-throughput sequencing 

(HTS), can sequence thousands to millions of DNA fragments simultaneously, 

making them suitable for use in metabarcoding workflows (Compson et al., 2020; 

Taberlet et al., 2012). Metabarcoding is a molecular technique that combines 

DNA barcoding with HTS to identify multiple species from mixed environmental 

samples (e.g., soil, water, or bulk organism collections) using typically short, 

standardized genetic markers (Taberlet et al., 2012). In biodiversity assessments, 

it enables rapid, cost-effective, and non-invasive detection of a broad range of 

taxa, including elusive or morphologically cryptic species, thereby providing a 

comprehensive view of community composition (Aylagas et al., 2016; Yu et al., 

2012). The advent of practical guidelines for metabarcoding (e.g., Lear et al., 

2018; Tedersoo et al., 2022) has enhanced the scalability (i.e., the ability to 

efficiently process larger numbers of samples or datasets) and throughput of 

environmental DNA (eDNA) sample processing, thereby increasing the appeal of 

the metabarcoding method among ecologists. However, second-generation HTS 

methods, such as those generated by Illumina, Inc. (San Diego, CA, USA), can 

generate only relatively short reads (a maximum of 2x300 bp in paired-end mode; 

2x500 bp since October 2025). Short reads may limit species-level resolution, 

provide limited phylogenetic depth, and make it challenging to design suitable 

target-specific primer binding sites (Furneaux et al., 2021; Yang et al., 2020). 

Standard barcoding regions are generally longer than 500 bp (e.g., the ~650 bp 

COI gene for animals, ~1.5 kb 16S rRNA gene for bacteria, or 600–1000+ bp ITS 

region for fungi). In the first wave of metabarcoding studies, Roche’s 454 pyro-

sequencing platform was widely adopted. Although initially limited to read 
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lengths of 200–300 bp, the technology eventually evolved to support reads of up 

to 700–1,000 bp, long enough to capture substantial portions of these barcodes. 

However, 454 sequencing was eventually supplanted by Illumina technology due 

to its much higher throughput, lower sequencing costs, and superior base calling 

accuracy (Shokralla et al., 2014). In contrast, Illumina read lengths, although 

highly accurate, are typically too short to span standard barcode loci in a single 

fragment, requiring the sequencing of mini-barcodes, which can reduce accuracy 

and necessitate the use of alternative long-read platforms (Callahan et al., 2019; 

Liu et al., 2017; Tedersoo et al., 2019). For metabarcoding full-barcodes, there 

has been a growing interest in third-generation HTS methods (Callahan et al., 

2019; Jamy et al., 2020; Karst et al., 2021), such as those offered by Pacific 

Biosciences (PacBio; Rhoads & Au, 2015) and Oxford Nanopore Technology 

(ONT; Jain et al., 2016) technologies (Callahan et al., 2019; Jamy et al., 2020; 

Karst et al., 2021). 

The application of these long-read platforms has expanded the scope of meta-

barcoding toward longer genetic markers, specifically the rRNA operon. Regions 

of the rRNA operon are widely used markers for fungal and eukaryotic barcoding 

due to their universal presence, multi-copy nature, and balanced variability. This 

operon comprises coding regions for the SSU and LSU ribosomal RNAs, inter-

spersed with the more variable, non-coding ITS regions. While the ITS region is 

the standard barcode for fungi, other regions, such as the SSU and LSU, are also 

applied, particularly for resolving certain taxonomic groups or when the ITS 

provides insufficient variation (Heeger et al., 2018; Porras-Alfaro et al., 2014). 

Sequencing the full-length rRNA (SSU-ITS-LSU) operons using long-read 

technologies enhances taxonomic resolution by reducing biases inherent to single 

markers, such as ITS subregions alone (Heeger et al., 2018; J. Lu et al., 2023; 

Tedersoo, Albertsen, et al., 2021). Nonetheless, sequencing data is frequently sus-

ceptible to artifacts and erroneous sequence variants due to PCR and sequencing 

inaccuracies. For PacBio, errors per individually sequenced molecules are miti-

gated by forming circular consensus sequences (CCS) – now known as HiFi 

reads – wherein an amplified genomic locus is circularized and sequenced 

multiple times to generate highly accurate reads (Hebert et al., 2018). The CCS 

method effectively optimizes the trade-off between read length and accuracy. It 

converts raw subreads, which can exceed 100 kb, into HiFi reads, achieving a 

per-base accuracy comparable to short amplicons’ base call accuracy of 99.9% 

(Castaño et al., 2020). Despite the overall high accuracy, the ”raw” data still needs 

to be run through validation checks via bioinformatics. 

The rapid advancement of HTS platforms has been mirrored in the pro-

liferation of software designed to process metabarcoding data (Bolyen et al., 

2019). Since a large amount of sequencing data is generated per sample in the 

metabarcoding workflow, proper bioinformatic processing is necessary to effi-

ciently transform sequences into biodiversity data. A sequence analysis pipeline 

applies a series of steps using a collection of software and algorithms to transform 

raw reads into a features table annotated with taxonomic information for down-

stream analysis. The “features” refer to distinct sequence units that can be 
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generated using various approaches. For instance, methods that cluster sequences 

based on a similarity threshold result in features such as operational taxonomic 

units (OTUs), whereas denoising algorithms resolve amplicon sequence variants 

(ASVs). Foundational software suites such as mothur (Schloss et al., 2009), 

USEARCH (Edgar, 2010), and QIIME (Caporaso et al., 2010), include algo-

rithms that can be used to create full metabarcoding data analysis pipelines. Over 

time, these programs have been augmented with supplementary algorithms to 

minimize the presence of artifacts and implement various clustering and de-

noising methodologies. Although the variety of tools provides flexibility, it also 

presents a challenge, as the number of available bioinformatics pipelines can be 

overwhelming. Therefore, choosing from the many available pipelines can be 

confusing. This situation is even more complicated because numerous algorithms 

in these pipelines were originally designed for short-read sequencing techno-

logies, particularly Illumina, and may not directly translate to the analysis of long-

read data. Although metabarcoding may provide high-throughput biodiversity 

surveys without requiring taxonomic expertise, bioinformatics expertise is still 

needed to prevent incorrect conclusions from sequence data. 

During the bioinformatic processing of sequencing data, initial steps such as 

quality filtering are applicable to both short- and long-read technologies, as they 

operate on recorded error probabilities per base. However, dealing with other 

sequencing artifacts can vary among different data types (depending on the 

sequencing technologies used). Chimeric DNA fragments, which are artificial 

sequences resulting from the hybridization of two or more different DNA tem-

plates, are among the sequencing artifacts usually present in raw metabarcoding 

datasets. This phenomenon arises from incomplete template extension or tem-

plate switching, wherein partially extended sequences hybridize with other 

templates during PCR amplification (Kebschull & Zador, 2015). Since they are 

generated in excessive cycles of PCR, they are always less abundant than their 

parent molecules (Sze & Schloss, 2019) and thus may mostly represent only 

singleton or doubleton sequences in a sample (Tedersoo et al., 2022). However, 

not all singletons or doubletons are chimeras. In relatively low-depth long-read 

datasets (e.g., PacBio), genuine rare taxa may also appear at low frequencies, 

meaning that indiscriminately discarding these reads risks losing true biological 

signal. Compared to shorter reads, longer sequences are more at risk of chimera 

formation, as long amplicons are more likely to be disrupted. They possess more 

potential chimera breakpoints and may require additional PCR cycles, thereby 

increasing the risk of chimerism (Heeger et al., 2018; Tedersoo et al., 2018). If 

these artificial fragments are not removed during the bioinformatic processing of 

sequence data, the resulting reads can introduce inaccuracies by distorting the 

diversity estimates in the dataset (Bjørnsgaard Aas et al., 2017; Nilsson et al., 

2010). Many metabarcoding pipelines implemented algorithms such as the 

removeBimeraDenovo within DADA2 (Callahan et al., 2016a) and UCHIME 

(Edgar et al., 2011) for their chimera filtering. While they are effective on short 

reads, their de novo approaches can generate high false-positive rates (Bjørns-

gaard Aas et al., 2017; Tedersoo et al., 2022; Tedersoo, Mikryukov, et al., 2021), 
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yet they are still applied to long-read data (Fichot & Norman, 2013; Furneaux 

et al., 2021b; Mosher et al., 2013). With the growing adoption of long-read se-

quencing, it is necessary to evaluate how these algorithms perform beyond their 

original short-read benchmarks, ensuring that bioinformatic pipelines for long-

read metabarcoding yield accurate and reliable biodiversity estimates. 

Taxonomic identification of the metabarcoding features is generally the final 

step in metabarcoding data analysis. This involves comparing the sequences of 

the features to the reference sequences (database); thus, the accuracy of this step 

ultimately hinges on the quality of the reference sequence database. Most of the 

rRNA reference databases widely used were built for short-amplicon workflows 

and consequently fall short when researchers use long-read sequencing for their 

eDNA studies. The challenge is compounded by the diversity of molecular 

markers used across eukaryotes. While studies of prokaryotes have largely stan-

dardized the use of the 16S rRNA gene, eukaryotic research employs additional 

markers, such as the LSU and ITS regions, often depending on the target group 

of organisms being studied. This has led to the development of specialized, 

taxonomically curated reference databases that typically focus on a single ribo-

somal marker and maintain a narrow taxonomic scope. For example, the UNITE 

database (Abarenkov et al., 2024) is a primary resource for the ITS region for 

eukaryotes, the PR2 database (Guillou et al., 2013) is focused on SSU data for 

protists, and the SILVA database (Yilmaz et al., 2014) provides SSU and LSU 

genes for prokaryotes and eukaryotes. Although these curated databases are great 

resources, reference databases for full-length SSU-ITS-LSU are lacking. Such 

full-length SSU–ITS–LSU references would provide consistent marker coverage 

across diverse eukaryotes, enable cross-validation between regions within the 

same operon, and minimize taxonomic biases that arise when relying on a single 

marker. 

With the rapid development of bioinformatics pipelines and the growing use 

of HTS, it is essential to provide researchers with reliable resources and clear 

instructions. Thus, one of the main goals of this thesis is to thoroughly review the 

bioinformatics software available for metabarcoding while navigating the main 

obstacles and choices for amplicon data analysis (I). This thesis also presents 

EUKARYOME, a new, curated reference database containing full-length rRNA 

marker sequences, which aims to improve the precision of taxonomic assignment 

and artifact validation across eukaryotes, thereby meeting the specific require-

ments of long-read metabarcoding (II). Ultimately, this work critically evaluates 

the performance of common chimera detection algorithms on long-read ampli-

cons to enhance the integrity of metabarcoding datasets. We also developed a 

validated workflow to effectively remove artifacts while minimizing the loss of 

true biological data (III). 
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This thesis has the following aims: 

1) Providing a comprehensive overview of the existing bioinformatic software 

for metabarcoding analysis and identification of the key challenges and 

decision points for researchers working with amplicon data. (Paper I) 

2) Developing and introducing a curated eukaryotic reference database with full-

length rRNA marker sequences to ease high-confidence taxonomic assign-

ment and artifact validation for long-read data. (Paper II) 

3) Evaluating the performance of common de novo chimera detection algorithms 

on long DNA marker sequences and developing a validated workflow that 

minimizes the loss of true biological data while removing artifacts. (Paper III) 
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2. MATERIALS AND METHODS 

2.1. Overview of metabarcoding pipelines 

Altogether, thirty-two pipelines were reviewed to provide an overview of 

available bioinformatics software for the metabarcoding data analysis study (I). 

The selection criteria were for actively maintained, well-documented software 

covering various approaches for processing both short- and long-read amplicon 

sequencing data. Important properties of the metabarcoding software were 

described, including identifying the software suites and precompiled pipelines, 

selecting software based on the applied sequencing platform, and the available 

operating systems and interface preferences. Pipelines that offer a flexible set of 

individual algorithms were classified as software suites. Others that offer a more 

automated and predefined chain of analysis steps were classified as precompiled 

pipelines. The compatibility of each pipeline with various data types was 

assessed, including single-end and paired-end reads from second-generation plat-

forms such as Illumina, as well as long-read data from third-generation platforms 

like PacBio. Furthermore, pipelines were evaluated based on their support for 

various operating systems, including Linux, macOS, and Windows. Furthermore, 

the types of user interfaces offered were documented, including CLI, GUI, and 

web-based interfaces, as these factors impact accessibility and ease of use for 

researchers with varying levels of computational expertise. Important properties 

of each pipeline were extracted, with a focus on the algorithms employed for 

essential metabarcoding processing steps. These steps include quality filtering, 

merging of paired-end reads, error correction (e.g., denoising to generate ASVs), 

clustering (e.g., to generate OTUs or swarm-clusters), chimera detection and 

removal, and taxonomic assignment (Figure 1).  
 

Figure 1. Example of a basic bioinformatics workflow for metabarcoding data. * Primer 

trimming between any of these steps can be applied. *1 Only for paired-end data (may be 

performed before or after quality filtering). *2 Error correction; formation of ASVs. *3 

Including chimera filtering, off-target gene removal (pseudogene removal, ITS extraction). 

*4 Formation of OTUs/swarm-clusters. Adapted from the paper I, figure 1. 



14 

We also noted whether pipelines were specialized for specific markers, such as 

16S rRNA, ITS, or COI. Tool selection is guided by marker specificity, as pipe-

lines are designed either for specific markers or for general-purpose metabar-

coding applications. 
 

 

2.2. EUKARYOME 

The construction of the EUKARYOME reference database (II) involved a multi-

stage process of data aggregation from diverse sources, followed by quality control 

and phylogenetic validation to ensure high accuracy and utility for the community. 

Initially, a foundational dataset was compiled by aggregating eukaryotic rRNA 

gene sequences, including the SSU, ITS, and LSU regions, from established and 

curated databases such as SILVA (version 138.1), PR2 (version 5.1.1), and 

UNITE (version 10.0). All full-length reads annotated to the species level and pub-

lished since 2018 were retrieved from INSDC to supplement these reads and 

capture the most recent taxonomic information. Furthermore, long-read ampli-

cons derived from PacBio and Oxford Nanopore sequence samples from various 

environments were incorporated (Jamy et al., 2022; M. Hosseyni Moghaddam 

et al., unpublished results), soil (Tedersoo et al., 2020; M. Sharma et al., unpub-

lished results), marine water (Latz et al., 2022), and animal rumen (Hanafy et al., 

2020), as well as data from metagenome and metatranscriptome projects (Galindo 

et al., 2019; Labarre et al., 2021; Strassert et al., 2019; Tikhonenkov et al., 2022; 

Torruella et al., 2015). All newly incorporated PacBio sequences were subjected 

to chimera filtering by UCHIME v4.2 (Edgar et al., 2011) and by using ITSx 

v.1.1.3 (Bengtsson-Palme et al., 2013) with default options and UNITE, SILVA, 

and PR2 as a reference. A quality filtering step based on indel distribution was 

implemented; sequences were aligned in batches using MAFFT v7 (Katoh & 

Standley, 2013) with standard options, and sequences that exhibited an excessive 

number of indels within highly conserved rRNA gene regions were flagged as 

low quality and removed. Due to this aggressive filtering, 15–25% of the initial 

PacBio reference sequences were eliminated, guaranteeing high fidelity in the 

final dataset. Oxford nanopore consensus reads from animal, protist, and fungal 

specimens were analyzed as described earlier, with an exclusion rate of 1%.  

For the taxonomic integrity of the EUKARYOME database, the latest taxo-

nomic information was sourced from the curated databases mentioned above. 

These initial assignments were later improved and revised with BOLD v4 (Ratna-

singham & Hebert, 2013) for metazoans, the Outline of Fungi (Wijayawardene et 

al., 2020), and AlgeaBase (Guiry et al., 2014) for protists. Furthermore, phylo-

genetic trees, used as a curation strategy, were manually inspected. For the SSU 

and LSU marker regions, maximum likelihood phylogenies were constructed 

using IQ-TREE v2.2.2.6 (Minh et al., 2020), which allowed us to visually validate 

the placement of taxa, identify and discard remaining chimeras, and correct mis-

identifications frequently inherited from public databases. The database strictly 

adheres to the main Linnaean ranks (from species to kingdom) to maximize 
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consistency and cross-study usability. Furthermore, it carefully separates zoo-

logical and botanical nomenclature, a critical step to unambiguously resolve the 

numerous hemihomonyms that confound taxonomic assignments in other major 

repositories. Dereplication was the final step for the workflow. To form the final, 

thorough EUKARYOME database, all curated reads were clustered at 100% 

similarity, and manual curation was performed to remove redundant sequences, 

retaining a single high-quality representative sequence for each species. For making 

a database easily convertible for any taxonomy assignment tool, a pipeline was 

developed in Python and Snakemake (Köster et al., 2021) workflow manager. 

 

 

2.3. Chimera filtering algorithms evaluation 

The performance of de novo chimera detection algorithms uchime_denovo, 

chimeras_denovo (both, as implemented in VSEARCH v2.29.4), and remove-

BimeraDenovo (DADA2 v.1.32) on long-read amplicons was evaluated (III) 

using a dual-pronged approach combining a simulated dataset and an empirical 

full-length rRNA ITS dataset from diverse environmental sources. To test the 

precision and recall of the algorithms, a simulated PacBio dataset was first cons-

tructed using SimLoRD v1.0.4 based on 186 full-length ITS reference sequences 

obtained from the EUKARYOME v.1.9.2 database (II). This generated 424,010 

reads with characteristic PacBio error profiles, which were then quality filtered 

by DADA2 v.1.32 and processed with ITSx to yield a clean dataset of 44,470 

full-length ITS sequences. A custom Python script (https://github.com/alihkz94/ 

long-chimeric-reads-project/blob/main/Simulated_data/chimera_generator.py) 

was subsequently used to generate 2,484 in silico chimeras into this dataset, 

creating a final test set with a known 6.2% chimera rate. We tested the precision 

and recall of uchime_denovo and chimeras_denovo by tuning with different para-

meter settings (Table 1) in each run with our simulated dataset. The effectiveness 

of each algorithm was quantified using the F1 score, a harmonic mean of pre-

cision and recall, calculated as: 

 

𝐹1 = 2 ×
precision × recall

precision + recall
 

 

where precision measures the proportion of true chimeras among all identified 

chimeras, and recall measures the proportion of true chimeras that were correctly 

identified. We conducted 49 runs using the uchime_denovo and 22 runs using the 

chimeras_denovo. 

 
  

https://github.com/alihkz94/%20long-chimeric-reads-project/blob/main/Simulated_data/chimera_generator.py
https://github.com/alihkz94/%20long-chimeric-reads-project/blob/main/Simulated_data/chimera_generator.py
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Table1. List of modified parameters in uchime_denovo and chimeras_denovo to examine 

their precision and recall in the simulated dataset. 
u

ch
im

e_
d

en
o

vo
 

Parameter 
Default 

Value 
Tested ranges Description 

--dn 1.4 
1.4–2.0 (step 

0.2) 

Pseudo-count cutoff for 

nucleotide difference before 

assigning as chimeric. A higher 

value increases specificity, 

reducing false positives. 

--mindiffs 3 2–4 (step 1) 

Minimum differences required per 

query segment to consider a 

chimera. Higher values reduce the 

likelihood of detecting chimeras. 

--minh 0.28 

0.10–0.28 (step 

0.02), 0.10–0.05 

(step 0.01) 

Threshold for considering a 

sequence as chimera. Smaller 

values improve sensitivity. 

--abskew 2 2–16 (step 1) 

Minimum abundance ratio 

between the parent sequence and 

chimera. Reflects abundance skew 

in the dataset. 

--xn 2 2, 3 

Controls how strongly the 

algorithm weighs instances where 

a sequence is not classified as a 

chimera. 

--mindiv 0.8 0.4, 0.6 

The divergence threshold below 

which sequences are not 

considered chimeric. Lower 

values increase sensitivity. 

ch
im

er
a

s_
d

en
o
vo

 

--chimeras_diff_pct 0 0.5–0.9 

Percentage mismatch allowed in 

chimeric regions. Larger values 

increase sensitivity to sequence 

mismatches. 

--chimeras_ 

length_min 
10 10–60 (step 10) 

Minimum length of chimeric 

regions. Longer regions reduce 

false positives. 

--chimeras_parts 1 2, 3 

The number of parts a sequence is 

divided into and adjusted to test 

segmentation effects on detection. 

--abskew 1 2–6 (step 1) Minimum abundance ratio 

 

  



17 

For the empirical dataset, a dataset from Jamy et al. (2022, BioProject PRJEB45931 

in ENA) was utilized, comprising 10,609,939 PacBio Sequel II reads of full-

length ITS amplicons from 18 environmental samples, including marine, fresh-

water, and soil habitats. The raw data underwent a pre-processing workflow before 

chimera filtering analysis, which included primer trimming with cutadapt v4.4 

(Martin, 2011), quality filtering using DADA2 v.1.32 (truncLen = 0, maxEE = 2, 

minQ = 3), ITS region extraction via ITSx (--nhmmer TRUE, -E 1e-2, --com-

plement TRUE, --only_full TRUE), dereplication with VSEARCH, and filtering 

of putative tag-jumps using UNCROSS2 (Edgar, 2018) within PipeCraft2 

(Anslan et al., 2017) (options: f = 0.03, p = 1) (Figure 2). This yielded 2,070,676 

dereplicated ITS sequences that were used for comparative analysis of the 

chimera filtering algorithms. Chimera filtering outputs (chimeric & non-

chimeric) were subjected to BLASTn (Altschul et al., 1997) search (word size = 7; 

reward = 1; penalty = −1; gap opening cost = 1; gap extension cost = 2), using 

EUKARYOME v.1.9.2 as a reference database. A putative chimera was classified 

as a false-positive chimera if it showed high identity (≥99%) and high query 

coverage (≥99%) to a reference sequence. Conversely, the reads in the non-

chimeric output were identified as false-negative chimeras if their best BLASTn 

hit consisted of multiple alignments with the first HSP covering less than 85% of 

the query. 

. . 

 

To evaluate the impact of different chimera filtering strategies on the related 

dataset, OTUs were clustered at a 98% similarity threshold using VSEARCH. 

Community composition was compared across multiple datasets: raw (without 

chimera filtering), default filtering, and adjusted settings with correction for false 

positives and false negatives (“adjusted + FP – FN”). The raw OTU count tables 

were first transformed using a presence/absence (PA) via the decostand function 

in the R package vegan v.2.6-8 (Oksanen et al., 2024). Bray-Curtis dissimilarity 

matrices were then computed using the vegdist function. To visualize community 

differences, NMDS ordinations were created using these matrices. Pairwise 

Procrustes tests were applied to the NMDS ordinations to quantify the ordination-

space concordance between various filtering strategies. A linear mixed-effects 

model was fitted using the lme4 package in R to further examine the effects of 

parameter tuning on OTU richness. This model evaluated the effects of the 

. . Figure 2. Bioinformatic analysis workflow related to the empirical dataset. Adapted from 

paper III, figure 1. 
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sample’s isolation source (forest soil, lake water, marine water, and peat soil) as 

fixed factors and the chimera filtering method (chimeras_denovo, removeBimera-

Denovo, uchime_denovo) on Procrustes residuals (the response variable, repre-

senting the discrepancy between community ordinations). The sample was in-

cluded as a random effect since there were biological replicates. A likelihood-

ratio test against a reduced model was used to confirm the significance of the 

interaction term between method and source. Finally, the effect of different 

chimera removal algorithms on alpha diversity was evaluated. Kruskal-Wallis 

rank-sum test was performed on Shannon diversity index. We fitted a linear 

model with the chimera removal method, isolation source, and their interaction 

as fixed effects to account for potential confounding variables. The obtained 

residuals were then used as an adjusted measure of alpha diversity. Their struc-

tural traits were analyzed to determine why some chimeric sequences were 

missing from the filtration (i.e., false negatives). We used the Infernal software 

(v.1.1.5) (Nawrocki & Eddy, 2013) along with the inferrnal R package (v.0.99.8) 

(Furneaux, 2025). We determined the position and the number of the 5.8S rRNA 

gene in related sequences. Furthermore, a genuine ITS region contains only one 

5.8S gene, so finding multiple copies within a sequence suggests a chimeric arti-

fact formed from joined ITS regions. Thus, the length distribution of these false 

negatives was analyzed, as unusually long sequences may indicate concatenation 

events. All statistical analyses were performed in R v.4.4.2 (R Core Team, 2024), 

and visualizations were produced with ggplot2 v.3.5.1 (Wickham, 2016).  
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3. RESULTS AND DISCUSSION 

The rapid development of HTS has transformed biodiversity assessments and 

advanced the field beyond the constraints of traditional methods. The generation 

of massive datasets by these machines has led to the proliferation of bioinformatic 

software, which can be challenging to navigate. Though many of these tools were 

developed for short-read data, the field is increasingly adopting long-read se-

quencing (e.g., by using full barcodes) to achieve greater taxonomic resolution. 

Therefore, long-read technologies offer improved taxonomic and phylogenetic 

resolution in metabarcoding by enabling full-length barcode sequencing without 

the biases introduced by fragmentation, although they are more expensive per 

sequenced base pair and have platform-specific error profiles. Short-read plat-

forms are still useful for high-throughput and cost-sensitive studies that prioritize 

per-base accuracy. This shift, however, introduces new analytical hurdles, in-

cluding an increased risk of chimeric artifacts and a scarcity of curated, full-

length reference databases required for accurate taxonomic assignments. There-

fore, a series of studies (I, II, III) was conducted to address these challenges. This 

work first provides a comprehensive overview of the available bioinformatics 

software (I), then introduces EUKARYOME, a reference database designed to 

meet the specific requirements of long-read technologies (II), and finally eva-

luates common chimera detection algorithms to develop a validated workflow 

that improves the integrity of metabarcoding datasets (III). 

 

 

3.1. Metabarcoding bioinformatics pipelines 

The overview of metabarcoding pipelines (I) included 32 distinct software prog-

rams (Table 2), broadly divided into two categories based on their flexibility: 

software suites (Bolyen et al., 2019; Boyer et al., 2016; Callahan et al., 2016; 

Rognes et al., 2016) and precompiled pipelines (Abdala Asbun et al., 2020; 

Albanese et al., 2015; Curd et al., 2019; Palmer et al., 2018). APSCALE (Buchner 

et al., 2022), gDAT (Vasar et al., 2021), CoMa (Hupfauf et al., 2020), PipeCraft2, 

SEED2 (Větrovský et al., 2018) pipelines provide predefined analytical steps 

(Figure 1) with tunable parameter settings, thus facilitating analyses for resear-

chers with limited bioinformatics expertise. Among software suites, VSEARCH 

was particularly prominent due to its comprehensive functionality, which often 

led to its incorporation into predefined pipelines, making it particularly appealing 

when dealing with large datasets. Both mothur and QIIME 2 (Bolyen et al., 2019) 

have incorporated various functionalities by leveraging algorithms from tools like 

VSEARCH and DADA2, achieving a balance between versatility and user-

friendliness. 

A standard metabarcoding workflow (Figure 1) includes several main steps. It 

begins with a demultiplexing step (integrated into 19 pipelines) by using tools 

like cutadapt or sdm (Hildebrand et al., 2014) and primer trimming (with 
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cutadapt, Trimmomatic (Bolger et al., 2014), or AdapterRemoval (Lindgreen, 

2012)). This is followed by quality filtering and the merging of paired-end reads 

(only in Illumina and DNBSeq), which can range from sliding-window methods 

to advanced error modeling, such as that used in DADA2. The workflow then 

proceeds with artifact filtering, where chimeras are removed using de novo or 

reference-based methods; some pipelines, such as FROGS (Bernard et al., 2021) 

and NextITS (Mikryukov et al., 2025) even include modules to recover sequences 

that may have been incorrectly detected as chimeras (false-positive chimeras). 

The final stages are feature generation and taxonomy assignment. Feature gene-

ration creates units such as ASVs (DADA2 or UNOISE (Edgar, 2016)), OTUs 

(e.g., VSEARCH, CD-HIT (Li & Godzik, 2006), OTUCLUST (Albanese et al., 

2015), CROP (Hao et al., 2011), etc.) or swarm-clusters (Mahé et al., 2021). 

Eventually, the taxonomy assignment classifies these features using alignment-

based (Altschul et al., 1997) or composition-based classifiers (Wang et al., 2007). 

The data structure, sequencing platform, and analyzed marker are among the 

most relevant factors influencing the selection of applied bioinformatics, thus a 

metabarcoding pipeline. Most pipelines were originally designed for Illumina 

paired-end sequencing, where merging forward and reverse reads improves error 

correction and chimera detection, as in mothur, QIIME 2, and DADA2. Re-

garding marker-specific pipelines, the analysis of 16S amplicons is broadly sup-

ported across multiple pipelines. In contrast, since the ITS region is highly vari-

able in length among eukaryotic groups, it complicates the bioinformatics analysis 

steps that rely on aligning (such as, e.g., mothur OTU clustering) or require uni-

form sequence length (such as, e.g., deblur). Pipelines such as PIPITS (Gweon 

et al., 2015) and DAnIEL (Loos et al., 2021) are specifically designed for ITS1/2 

amplicon analyses; however, they are only process paired-end Illumina data. Pro-

cessing COI amplicons presents different challenges, as nuclear mitochondrial 

pseudogenes (NUMTs) must be filtered out; solutions for this are implemented in 

MetaWorks (Porter & Hajibabaei, 2022), PipeCaft2, and VTAM (González et al., 

2023). More recently, the HAPP pipeline (Sundh et al., 2024) introduced a new 

algorithm, NEEAT, which combines echo detection, evolutionary signal analysis, 

and read abundance thresholds to distinguish real sequences from NUMTs. Apart 

from the full pipelines, the multisample features matrix may be processed with 

metaMATE (Andújar et al., 2021) to remove putative NUMTs and other erro-

neous sequences (based on, e.g., length and relative read abundance). For the 

analysis of PacBio long-read data, which offers full-length barcodes such as the 

16S rRNA or ITS regions, several pipelines have been adapted to the unique 

characteristics of HiFi reads. For instance, the NextITS pipeline, designed for 

full-length fungal ITS, implemented the correction of homopolymer errors and 

UNCROSS2 to reduce cross-sample contamination caused by tag-jumping events. 

DADA2 is integrated into several pipelines recommended for long-read amplicon 

analysis, including QIIME2, dadasnake, nf-core/ampliseq, and PipeCraft2. 

Notably, PipeCraft2 incorporates the NextITS pipeline alongside DADA2, which 

combines both general-purpose and ITS-specific denoising in a unified frame-

work optimized for long-read sequences.The DADA2 pipeline (Callahan et al., 
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2019) has been adapted to incorporate an error model specifically designed for 

PacBio reads, enabling accurate denoising by modeling platform-specific error 

profiles. Although DADA2 has a specific denoising algorithm that performs well 

on synthetic long reads (Callahan et al., 2021), its application may still require 

higher sequencing depth or relaxed denoising parameters for high diversity samples 

(Furneaux et al., 2021), especially in complex communities (e.g., soil). Importantly, 

other denoising tools such as UNOISE or Deblur (Amir et al., 2017) are not 

optimized for third-generation sequencing machines. 

The formation of features in many pipelines includes both ASVs and OTUs. 

The choice between ASVs and OTUs is context-dependent, with potential for 

combined use in studies, highlighting key trade-offs in resolution, reproducibility, 

and error handling. ASVs provide fine-scale, biologically informative resolution 

that is lost in OTU clustering (Callahan et al., 2016). Denoisers inherently discard 

low-abundant variants as artifacts (Anslan et al., 2021; Reitmeier et al., 2021), 

thereby reducing spurious features (e.g., De Santiago et al., 2022); however, this 

approach risks the loss of rare taxa in low-depth datasets. Sensitivity to rare ASVs 

can be adjusted in pipelines like DADA2, FROGS, VSEARCH, and USEARCH. 

ASVs ensure stable, reproducible units across studies, unlike dataset-specific 

OTUs (Callahan et al., 2017). However, ASVs may misrepresent species in taxa 

with high intraspecific polymorphism, such as metazoan COI (Brandt et al., 2021) 

or fungal ITS multicopy/size variation (Estensmo et al., 2021; Tedersoo et al., 

2022), unless specialized handling is applied (e.g., in FROGS). Additionally, post-

ASV clustering addresses this (Antich et al., 2021; Brandt et al., 2021; Porter & 

Hajibabaei, 2020), as implemented in MetaWorks, PipeCraft2, and dadasnake 

(Weißbecker et al., 2020). Additionally, QIIME 2, nf-core/ampliseq (Ewels et al., 

2020; Straub et al., 2020), and LotuS2 enable feature collapse by annotated taxon 

levels, producing taxa features. Overall, community patterns remain similar 

across feature types (e.g., Glassman & Martiny, 2018; Kang et al., 2021; Porter 

& Hajibabaei, 2020), though rare taxa recovery varies (Nearing et al., 2018). 

Post-clustering tools such as LULU (Frøslev et al., 2017) could be useful for 

reducing inflated richness estimates by identifying and merging erroneous 

“daughter” sequences that co-occur with a more abundant “parent” sequence. 

Post-clustering tools, such as LULU, are implemented in PipeCraft2, AMPTk 

(Palmer et al., 2018), eDNAflow (Mousavi-Derazmahalleh et al., 2021), LotuS2, 

and ReClustOR (Terrat et al., 2020), in BIOCOM-PIPE (Djemiel et al., 2020). 

Furthermore, VTAM (González et al., 2023) features a control-based workflow 

for distinguishing rare true taxa from artifacts in low-depth, long-read datasets. 

Overall, while community patterns are often highly similar regardless of feature 

type, the choice between ASVs and OTUs should reflect study-specific priorities 

regarding taxonomic resolution, sequencing depth, and marker gene charac-

teristics. Regardless of the selected approach, implementing post-clustering cura-

tion and appropriate filtering strategies remains essential for balancing the detec-

tion of rare taxa against the removal of artifactual sequences. 
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Table 2. A list of reviewed metabarcoding data analysis pipelines, including their features, 
demultiplexing steps, primer removal integrity, and the designed marker types. 

Pipelines Feature Demux 
Primer/ 
adapter 
removal 

Marker 

AMPtk ASV, OTU yes yes 16S, 28S, COI, ITS 

Anacapa ASV 
multilocus 
demux based 
on primers 

yes Multi-marker 

APSCALE ASV, OTU no yes Multi-marker 

Barque ASV, OTU no yes Multi-marker 

BIOCOM-PIPE ASV, OTU yes yes 16S, 18S, 23S 

Cascabel ASV, OTU, 
swarm-cluster yes yes Multi-marker 

CoMA ASV, OTU, 
swarm-cluster no yes Multi-marker 

DADA2 ASV no yes Multi-marker 

Dadaist2 ASV no yes Multi-marker 

dadasnake ASV, OTU no yes Multi-marker (with 
ITSx) 

DAnIEL ASV yes yes ITS 

eDNAflow ASV yes yes Multi-marker 

FROGS ASV, swarm-
cluster yes yes Multi-marker (with 

ITSx) 

gDAT OTU no yes 18S, ITS 

JAMP OTU yes yes Multi-marker (without 
taxonomic assignment) 

LotuS2 ASV, OTU, 
swarm-cluster yes yes 

Multi-marker (16S, 18S, 
23S, 28S, ITS with 
ITSx) 

MetaWorks ASV, OTU no yes 

Multi-marker; SSU (12S, 
16S, 18S), ITS (with 
ITSx), LSU (28S), COI 
(with pseudogene 
removal), rbcL (with 
pseudogene removal) 

MICCA ASV, OTU, 
swarm-cluster yes yes 16S, 18S, 28S, ITS 
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3.2. EUKARYOME 

EUKARYOME (available at http://www.eukaryome.org) is a curated database 

for rRNA markers of all eukaryotes (II), developed and maintained by the 

Mycology and Microbiology Center (MMC) at the University of Tartu. In its last 

major release (v2.0), EUKARYOME contains nearly 1.3 million entries, and it 

features dedicated datasets for the SSU (353,679 sequences), ITS (1,597,427 

sequences), and LSU (377,679 sequences) markers. The key innovation is that it 

includes 193,705 full SSU-ITS-LSU operon sequences. This aspect is crucial for 

reference-based chimera filtering and taxonomic assignment of long amplicons. To 

maximize its utility and facilitate widespread adoption, the resource provides pre-

formatted datasets for direct use with prevalent bioinformatics pipelines/ tools, 

such as QIIME 2, mothur, SINTAX, DADA2, and UCHIME. For latter formatting, 

I developed the SnakeEUK pipeline (https://github.com/alihkz94/SnakeEUK). 

Read variations among subset databases related to each marker (e.g., SSU, LSU, 

Pipelines Feature Demux 
Primer/ 
adapter 
removal 

Marker 

mothur ASV, OTU yes no Multi-marker 

NextITS ASV, OTU, 
swarm-cluster yes yes ITS (with ITSx) 

nf-core/ 
ampliseq ASV no yes Multi-marker (with 

ITSx) 

OBITools3 ASV  yes yes Multi-marker 

PEMA  OTU, swarm-
cluster no yes Multi-marker 

PipeCraft2 ASV, OTU yes yes 
Multi-marker (with ITSx 
and pseudogene 
removal) 

PIPITS OTU no yes ITS (with ITSx) 

QIIME 2 ASV, OTU yes yes Multi-marker (with 
ITSxpress) 

SCATA OTU yes yes Multi-marker (with 
ITSx) 

SEED2 OTU yes yes 16S, ITS (with ITSx) 

Tourmaline ASV, OTU yes yes Multi-marker 

USEARCH ASV, OTU no no Multi-marker 

VSEARCH ASV, OTU no no Multi-marker 

VTAM ASV, OTU yes yes Multi-marker (with 
pseudogene removal) 

http://www.eukaryome.org/
https://github.com/alihkz94/SnakeEUK
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ITS) reflect taxonomic and metabarcoding efforts across different groups. For 

instance, ITS dominates the dataset since it reflects its common use in fungal 

barcoding, while SSU and LSU numbers depict targeted efforts in metazoans, 

protists, and arbuscular mycorrhizal fungi. During the specific curation process 

integrated for EUKARYOME, approximately 4,256 (0.4%) of tested reads from 

the INSDc database were detected as chimeric or low quality. Consequently, 

EUKARYOME offers a broader taxonomic scope by incorporating recent data 

from metagenomics, metatranscriptomics, and long-read metabarcoding studies, 

encompassing over 172,000 species across 36 eukaryotic kingdoms, thereby 

significantly enhancing its coverage compared to other commonly used data-

bases. As an example, the Glomeromycota phylum subset was analyzed. For the 

SSU marker, which roughly half of all Glomeromycota metabarcoding studies 

use, EUKARYOME increases the identifiable genera from 18 to 37 for SSU, 20–

21 to 38 for ITS, and 21–35 to 42 for LSU, complementing existing databases 

such as MaarjAM (Öpik et al., 2010) and GlobalAMFungi (Větrovský et al., 

2023). Furthermore, the curation process identified areas for potential improve-

ment in publicly available datasets, pinpointing sequences within INSDc and 

MaarjAM that could benefit from further quality filtering, including 21.6% in the 

SSU, 17.2% in the ITS, and 16.9% in the LSU datasets. 

Figure 3. The SnakeEUK pipeline workflow. Pipeline processes the FASTA file to 

perform format-specific conversions (mothur, QIIME2, DADA2, SINTAX, general) and 

organizes outputs with versioning. 
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3.3. Evaluation of chimera filtering algorithms  

on long-read amplicons 

To further refine the bioinformatic workflow of long-read amplicons, three com-

monly used de novo chimera detection algorithms, uchime_denovo, chimeras_ 

denovo, and removeBimeraDenovo were evaluated on simulated and empirical 

long-read ITS datasets to determine their precision, recall, and their effects on 

final OTU composition and community structure (III). On a simulated + empirical 

dataset, we developed a validating and recovering workflow to minimize data 

loss through discarding false positive chimeras. 

In the simulated dataset, the default settings of uchime_denovo yielded a com-

paratively high precision (F1 = 0.87), detecting a significant portion of the simu-

lated chimeric reads. Adjusting the algorithm’s settings yielded only a modest 

increase in precision (F1 = 0.89). In contrast, the chimeras_denovo default settings 

identified true chimeras but flagged a large number of sequences as false posi-

tives, indicating overly aggressive filtering that misclassified real sequence varia-

tion as chimeric. Optimizing the chimera filtering settings significantly improved 

its performance. However, despite these adjustments, false-positive (FP) detec-

tions remained significantly higher than in uchime_denovo. The removeBimera-

Denovo, only its default settings were applied; the performance was similar to 

chimeras_denovo’s default settings, detecting numerous false positives alongside 

true chimeras. Undetected chimeras (false negatives) across uchime_denovo and 

chimeras_denovo were predominantly abnormally long (>1000 bp) or short 

(<100 bp), indicating challenges in capturing extreme length artifacts during de 

novo detection. 

In the empirical dataset, the performance of chimera detection varied sub-

stantially across methods and parameter settings, highlighting the complexity of 

optimizing these algorithms for real-world applications. Only 151 reads were 

commonly flagged as chimeric by all three methods under default conditions, 

revealing that algorithms not only differ in their recall (sensitivity) level, but also 

fundamentally disagree on which sequences are chimeras in the first place. How-

ever, parameter optimization proved challenging as adjustments that improved 

performance on simulated data did not translate directly to the same efficiency on 

empirical data. As Edgar et al. (2011) demonstrated, the UCHIME’s filtering 

efficiency can decline in highly complex environmental samples. False-positive 

rates revealed significant method-dependent biases. For instance, uchime_denovo 

detected far fewer false positives with default settings, whereas chimeras_denovo 

and removeBimeraDenovo detected much higher rates. Adjusted settings improved 

chimeras_denovo performance by reducing false positives, but increased 

uchime_denovo false positives, illustrating the trade-off between precision and 

recall. uchime_denovo consistently misidentified certain fungal taxa as chimeras 

across all habitats. In contrast, the chimeras_denovo method exhibited habitat-

specific biases toward non-fungal taxa. The removeBimeraDenovo showed similar 

biases to uchime_denovo for fungal taxa in soil, as well as for Annelida in marine 
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samples. False-negative (FN) rates remained consistently low across methods and 

under both parameter settings, but the limited overlap of identified chimeric 

sequences among algorithms underscored the method-specific nature of chimera 

detection. Similar results were reported in a recent benchmarking study 

(Overgaard et al., 2024) showing that filtering PacBio HiFi reads with adjusted 

uchime_denovo parameters can achieve high accuracy, though our findings 

emphasize that such optimization is highly context-dependent and dataset-

specific. Moreover, sequence overlap revealed that all algorithms missed 1,240 

chimeric sequences in the empirical dataset under default settings, and 1,238 

under adjusted settings. These consistently missed sequences exhibited a bimodal 

length distribution with peaks at approximately 500 bp and 5000 bp. Longer 

sequences (median ~4500 bp) contained multiple 5.8S rRNA gene regions 

because these chimeras formed during PacBio library preparation, rather than 

during PCR amplification. Observations suggest that long chimeric constructs 

that emerge during SMRTbell adaptor ligation can evade standard detection 

algorithms (Fichot & Norman, 2013; Griffith et al., 2018). Comparing default and 

adjusted + FP – FN settings within algorithm pairs revealed a high correlation, 

with uchime_denovo displaying the strongest concordance. Linear mixed-effects 

modeling confirmed the significant effects of both chimera removal methods and 

isolation source (forest soil, lake water, marine water, and peat soil), with a highly 

significant interaction between method and source. Furthermore, uchime_denovo 

demonstrated consistent performance across environments, while chimeras_ 

denovo showed the largest changes in the final community (OTUs) structure, 

especially in forest soil and lake water samples. Similar to our findings, method-

specific taxonomic biases were observed in the false-positive analysis. 

Overall, the high false-positive rate in the tested algorithms had a minor 

impact on community-level analysis. We found no significant differences in the 

Shannon diversity index and community composition between datasets where 

false positives and false negatives were corrected and where the latter were not 

corrected. However, secondary validation integration can be useful for improving 

long-read data analysis by rescuing false-positive reads and refining taxonomic 

resolution at the species level (Christel et al., 2023; Hu et al., 2022; N. Lu et al., 

2023). Furthermore, the pairwise Procrustes comparisons revealed that applying 

the adjusted + FP – FN correction minimized method-specific biases, resulting in 

stronger correlations between them. Therefore, I implemented a validation module 

in PipeCraft2 that applies a reference-based rescue step. This integration elimi-

nates the need for manual corrections outside of the workflow. Our results suggest 

that chimera filtering complexity increases with environmental sample diversity. 

This makes secondary validation particularly important for high-complexity sub-

strates, such as forest soils, compared to marine waters. With growing recognition 

that error-free chimera filtering is unachievable (Edgar, 2016), integrating diverse 

secondary validation strategies into metabarcoding pipelines represents a balan-

ced approach to managing the inherent trade-offs between precision and recall in 

chimera detection. 
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3.4. Future perspectives 

The review of bioinformatics pipelines conducted in this thesis (I) demonstrates 

the current lack of a universal standard for metabarcoding data analysis. With the 

increasing adoption of third-generation sequencing, it is evident that the selection 

of an optimal workflow is contingent upon the specific characteristics of the data-

set, the target taxonomic groups, and the sequencing chemistry used. Based on 

the evaluation of software accessibility (I), the development of reference data-

bases (II), and the characterization of long-read artifacts (III), the field appears to 

be transitioning toward more modular and adaptable analytical approaches. Such 

frameworks emphasize flexibility in tool integration, reproducibility through 

workflow managers, and optimization for long-read platforms, enabling re-

searchers to tailor analyses while minimizing bottlenecks in processing complex 

datasets. After reviewing a wide range of existing pipelines, no single “ideal” 

workflow has emerged that consistently outperforms others in all scenarios. 

Instead, the most effective approaches currently combine strong components such 

as high-accuracy denoising (e.g., DADA2 adapted for long reads), reliable chi-

mera filtering with secondary validation, and comprehensive taxonomic assign-

ment using curated multi-marker databases like EUKARYOME within modular, 

reproducible frameworks managed by tools such as Snakemake or Nextflow. 

Nevertheless, these combinations reflect a set of emerging best practices that have 

gained broad acceptance through comparative evaluations and community 

guidelines, including rigorous artifact filtering, hybrid ASV/OTU strategies for 

variable markers, incorporation of mock communities or controls for validation, 

and emphasis on reproducibility. We are still distant from a “unified standardized 

pipeline”, as ongoing challenges include platform-specific error profiles 

(sequencing chemistry and platforms are in continuous development), incomplete 

reference coverage for rare taxa, and the need for marker-agnostic standard-

ization. Nevertheless, ongoing developments in user-friendly, open-source pipe-

lines suggest that a more unified and integrated framework could emerge within 

the next 5–10 years, particularly as long-read accuracies continue to improve and 

community efforts converge on best practices for validation, benchmarking, and 

interoperability. Achieving this would require coordinated standardization initia-

tives, expanded high-quality reference resources, and broader adoption of work-

flow managers to facilitate sharing and iteration. 
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4. CONCLUSIONS 

The following main conclusions can be inferred from my thesis: 

• A comprehensive overview of 32 bioinformatics pipelines revealed significant 

diversity in workflow structures where the choice of a tool depends on the 

sequencing platform, underlying data structure, and marker. This overview 

provides a practical guide for selecting appropriate metabarcoding analysis 

tools (I). 

• The EUKARYOME database was introduced as the first curated reference 

database for all eukaryotes containing full-length rRNA operon sequences, 

improving taxonomic identification accuracy and chimera validation for long-

read data (II). 

• Evaluation of the commonly used de novo chimera detection algorithms on 

metabarcoding data reveals high false-positive rates when applied to long 

reads. Whereas the overall community patterns are not severely affected, the 

higher precision requires parameter tuning and a secondary validation work-

flow to effectively remove artifacts while minimizing the loss of true biological 

data. Parameter tuning and secondary validation workflows were shown to 

minimize the loss of genuine biological sequences while removing artifacts. 

However, the impact on broad-scale community structure remained limited, 

indicating that method-specific biases are more pronounced in taxonomic 

composition than in overall diversity patterns (III). 
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SUMMARY IN ENGLISH 

Molecular techniques, particularly DNA metabarcoding using high-throughput 

sequencing (HTS), have emerged as powerful tools, enabling the simultaneous 

identification of multiple taxa from environmental DNA (eDNA). The ongoing 

loss of Earth’s biodiversity represents one of the most pressing challenges of the 

century, and traditional methods such as morpho-taxonomy for species com-

munities monitoring are often time-consuming, limited in scope, and prone to 

inconsistencies due to varying taxonomic expertise. Moreover, ambiguous spe-

cies and juvenile life stages are frequently unidentifiable to lower taxonomic 

levels. The advent of molecular methods, especially DNA sequencing techno-

logies, has revolutionized biodiversity assessments. This began with techniques 

like the Maxam–Gilbert method (in the 1970s) and, more prominently, Sanger 

sequencing, which became widely used due to its technical simplicity, ability to 

produce longer sequences, and amenability to automation. Although Sanger 

sequencing is essential for DNA barcoding of individual specimens, it is un-

suitable for characterizing species communities in mixed DNA from environ-

mental samples without tedious cloning steps. 

Newer HTS technologies can sequence thousands to millions of DNA frag-

ments simultaneously, making them suitable for metabarcoding workflows. 

Metabarcoding combines DNA barcoding with HTS to identify multiple species 

from mixed environmental samples, such as soil, water, or bulk organism col-

lections, using standardized genetic markers. It enables rapid, cost-effective, and 

non-invasive detection of a broad range of taxa, including elusive or morphologi-

cally cryptic species, providing a comprehensive view of community com-

position. Practical guidelines for metabarcoding have enhanced the scalability 

and throughput of eDNA sample processing, increasing its appeal among eco-

logists. However, second-generation HTS platforms such as Illumina are limited 

by short read lengths, with a maximum of 2 × 300 bp in paired-end mode (and 

2 × 500 bp since October 2025), compromising taxonomic resolution and primer 

design. Short reads may limit species-level resolution, provide limited phylo-

genetic depth, and make designing suitable target-specific primer binding sites 

challenging. Standard barcoding regions are generally longer than 500 bp, such 

as the ~650 bp COI gene for animals, ~1.5 kb 16S rRNA gene for bacteria, or 

600–1000+ bp ITS region for fungi. 

In the first wave of metabarcoding studies (~2007–2011), Roche’s 454 pyro-

sequencing platform was widely adopted, evolving to support reads of up to 700–

1,000 bp, long enough to capture substantial portions of these barcodes. However, 

it was supplanted by Illumina (in 2011, with the release of MiSeq platform) due 

to higher throughput, lower costs, and superior accuracy. Illumina’s short reads 

often require mini-barcodes, which can reduce accuracy and necessitate alter-

native long-read platforms. There has been growing interest in third-generation 

HTS methods, such as those from Pacific Biosciences (PacBio) and Oxford 

Nanopore Technology, which offer longer reads that span full-length DNA 
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markers (e.g., the rRNA operon including SSU, ITS, and LSU), improving 

phylogenetic depth and accuracy. Regions of the rRNA operon are widely used 

markers for fungal and eukaryotic barcoding due to their universal presence, 

multi-copy nature, and balanced variability. The operon comprises coding regions 

for the SSU and LSU ribosomal RNAs, interspersed with the more variable ITS 

regions. While ITS is the standard barcode for fungi, SSU and LSU are applied 

for certain taxonomic groups or when ITS provides insufficient variation. 

Sequencing the full-length rRNA (SSU-ITS-LSU) operons using long-read 

technologies enhances taxonomic resolution by reducing biases inherent to single 

markers. 

For PacBio, errors are mitigated by forming circular consensus sequences 

(CCS), now known as HiFi reads, where an amplified locus is circularized and 

sequenced multiple times to achieve high accuracy comparable to short ampli-

cons (99.9% per-base accuracy). Despite these advances, long-read data are prone 

to artifacts, such as chimeras and sequencing errors, which require specialized 

bioinformatics pipelines for quality control, feature generation (e.g., OTUs or 

ASVs), and taxonomic annotation. The rapid advancement of HTS platforms has 

led to a proliferation of software for metabarcoding data processing. A large 

amount of sequencing data per sample necessitates efficient transformation of 

raw reads into biodiversity data through sequence analysis pipelines, which apply 

steps to generate features tables annotated with taxonomic information. Features 

can be operational taxonomic units (OTUs) from clustering or amplicon sequence 

variants (ASVs) from denoising. Foundational software, such as mothur, 

USEARCH, and QIIME, has been augmented with algorithms to minimize 

artifacts and implement clustering and denoising. Meanwhile, workflow tools 

like PipeCraft2 wrap these and other bioinformatics software to streamline 

analysis pipelines. 

However, this shift towards long reads comes with several challenges: the 

sheer number of available analysis pipelines is overwhelming, many of which are 

not optimized specifically to handle long-read specific errors; there is a lack of 

curated, full-length reference databases for accurate taxonomic assignment; and 

long amplicons are more susceptible to artifacts like chimeras, yet the per-

formance of existing detection tools on this data type is poorly understood. 

Accordingly, this thesis reviews 32 bioinformatics pipelines, classifying them 

by workflow structure (pre-complied & software suite), user interface (CLI & 

GUI), and feature generation methods (clustering for OTUs/swarm-clusters and 

denoising for ASVs) (I). Here, the EUKARYOME database is introduced as the 

first curated, multi-marker reference database for all eukaryotes containing full-

length rRNA operon sequences, improving taxonomic identification accuracy and 

chimera validation for long-read data (II). Furthermore, I developed the Snake-

EUK pipeline to facilitate the usage of the database by other downstream tools. 

I designed and performed simulations and empirical data analyses to benchmark 

de novo chimera detection algorithms (uchime_denovo, chimeras_denovo, 

removeBimeraDenovo) on PacBio HiFi long-read datasets, evaluating 
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performance metrics such as F1 scores and false-positive rates, as well as the 

impact of parameter tuning and secondary validation strategies (III). 

The main results and conclusions of the thesis are as follows: 1) A com-

prehensive overview of 32 bioinformatics pipelines revealed significant diversity 

in workflow structures, feature generation approaches (OTUs vs. ASVs), and 

marker specializations, where the selection of an appropriate one depends on the 

structure of the dataset subject to analysis. Software suites like QIIME 2 and 

VSEARCH offer greater flexibility compared to precompiled pipelines but also 

require more advanced bioinformatic skills to apply. Software packages, such as 

PipeCraft2, that wrap multiple bioinformatic tools but also pre-compiled 

pipelines, offer a user-friendly solution that bridges the gap between flexibility 

and accessibility, enabling researchers without extensive bioinformatic expertise 

to conduct sophisticated analyses. The overview provides a practical guide for 

selecting appropriate metabarcoding analysis tools depending on the user’s data 

structure and aims of the analyses. 2) The EUKARYOME database, the first 

curated reference database of long rRNA markers for all eukaryotes, covers over 

172,000 species and enables more accurate taxonomic identification and chimera 

detection compared to existing databases. 3) Evaluation of de novo chimera 

detection algorithms on long-read data reveals high false-positive rates and 

inconsistent performance, with uchime_denovo being the most precise. Accurate 

diversity estimates require parameter tuning and a secondary validation workflow 

to effectively remove artifacts while minimizing the loss of true biological data. 

Parameter tuning and secondary validation workflows effectively reduce artifacts 

while conserving genuine biological sequences. However, their influence on 

large-scale community structure was minimal, suggesting that biases inherent to 

the methods are more significant in taxonomic composition than in overall diver-

sity patterns. These findings and resources collectively advance long-read 

metabarcoding as a robust tool for biodiversity assessment.   
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SUMMARY IN ESTONIAN 

Pikkade DNA markerjärjestuste masstriipkoodimine:  

tööriistad ja referentsandmebaasid 

 

Pärilikkusaine (DNA) järjestustehnoloogiate areng on revolutsiooniliselt hõlbus-

tanud organismide tuvastamise võimalusi ning seeläbi ka elurikkuse hindamist. 

DNA abil organismide määramine põhineb liikidele iseloomulike DNA järjes-

tuste sekveneerimisel ja seejärel andmebaasidesse salvestatud liikide järjes-

tustega võrdlemisel. Traditsioonilised meetodid, näiteks liikide määramine mor-

foloogia alusel, on koosluste monitooringus sageli väga aeganõudvad, seda eriti 

mikroskoopiliste organismirühmade puhul. Seetõttu on DNA masstriipkoodista-

mise (metabarcoding) meetod on kujunenud populaarseks organismide ja nende 

koosluste võrdlemisi kiireks tuvastamiseks.  

DNA sekveneerimine sai alguse 1970-ndatel aastatel selliste tehnikatega nagu 

Maxam–Gilbert’i ja Sangeri meetod. Viimane sai laialdaselt kasutatavaks ja on 

kasutuses ka tänapäeval oma tehnilise lihtsuse ja automatiseerituse tõttu. Kuigi 

Sangeri meetodi abil DNA järjestamine on oluline üksikute isendite DNA triip-

koodistamiseks ja määramiseks, ei sobi see koosluste kirjeldamiseks keskkonna 

DNA-st ilma aeganõudva kloonimisetappideta. Uuemad DNA sekveneerimise 

tehnoloogiad suudavad järjestada miljoneid DNA fragmente samaaegselt, muutes 

need sobivaks masstriipkoodistamise jaoks. Masstriipkoodistamine ühendab 

DNA triipkoodistamise ja mass-sekveneerimise, et tuvastada samaaegselt mitmeid 

liike keskkonnaproovidest, nagu muld, vesi või organismide DNA kogumikud, 

kasutades standardiseeritud geneetilisi markereid. See võimaldab suhteliselt 

kiiret ja kulutõhusat liikide koosluste määramist, sealhulgas ka morfoloogiliselt 

raskesti eristatavate ja krüptiliste liikide (morfoloogiliselt sarnased kui bio-

loogiliselt erinevad liigid) tuvastamist. Lisaks sekveneerimise tehnoloogiate 

arengule on viimastel aastatel ilmunud masstriipkoodistamise kasutamise juhen-

did, mis kirjeldavad protseduure ja parimaid tavasid andmete kogumiseks, ana-

lüüsimiseks ja tõlgendamiseks. Need juhendid on suurendanud meetodi ligi-

pääsetavust, muutes masstriipkoodistamise ökoloogide seas laialdasemalt kasu-

tatavaks ja hõlbustades selle rakendamist erinevates uurimisvaldkondades. 

Standardseid triipkoodistamise DNA järjestused on üldjuhul pikemad kui 500 

aluspaari, näiteks ligikaudu 650 aluspaari tsütokroom c oksüdaasi allüksus I 

(COI) geeni puhul (loomade määramiseks), umbes 1500 aluspaari 16S riboso-

maalse RNA (rRNA) geeni (bakterite määramiseks) ja 600–1000+ aluspaari 

ribosomaalse DNA sisemise transkribeeritava speisseri (ehk ITS; seente määra-

miseks) puhul. Teise põlvkonna mass-sekveneerimise platvormid, nagu Illumina, 

suudavad aga sekveneerida ainult suhteliselt lühikesi fragmente – paarislugemise 

režiimis maksimaalselt 2 × 300 aluspaari (ja alates oktoobrist 2025 kuni 2 × 500 

aluspaari). Lühikesed DNA järjestused ei pruugi pakkuda liigitasandi eristust 

ning limiteeritud sekveneerimispikkuse tõttu on uute DNA praimerite disaini 

keerulisem. 
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Esimeste masstriipkoodistamise meetodit kasutavate uuringute laine ajal 

(~2007–2011) kasutati laialdaselt Roche 454 pürosekveneerimise platvormi, mis 

edasiste arengute käigus võimaldades sekveneerida 700–1000 aluspaari pikku-

seid DNA fragmente. Need järjestused on piisavalt pikad, et hõlmata märkimis-

väärset osa täispikast standardsest triipkoodist. Aastal 2011 asendas Illumina 

MiSeq platvorm suuresti pürosekveneerimise, kuna see võimaldas suuremat 

sekventside saagist, paremat sekveneerimistäpsust ning madalamaid kulusid. 

Siiski võimaldas Illumina platvorm sekveneerida maksimaalselt ainult 2 × 300 

aluspaari (ehk ~550 aluspaari kui mõlemad paarislugemise režiimi sekventsid 

usaldusväärselt kokku siduda). Seetõttu kasutatakse masstriipkoodistamise 

töödes sageli niinimetatud mini-triipkoode, mis on täispika triipkoodi lühendatud 

versioonid. 

Viimasel aastakümnel on kolmanda põlvkonna mass-sekveneerimise meetodite 

täpsus oluliselt paranenud ning platvormid nagu Pacific Biosciences (PacBio) ja 

Oxford Nanopore Technology võimaldavad muuhulgas sekveneerida ka täis-

pikkasid DNA markergeene (triipkoode). Need platvormid võimaldavad järjes-

tada näiteks täispikki ribosomaalse DNA ITS regioone koos külgnevate geeni-

dega, mida kasutatakse laialdaselt seente ja teiste eukarüootide määramisel. 

PacBio sekveneerimise käigus loetakse ühte molekuli mitmeid kordi, et moodus-

tada väga täpne konsensusjärjestus, mis on võrreldav lühikeste (Illumina) järjes-

tustega (aluspaari täpsus 99,9%). Seetõttu on nüüd võimalik taas pöörduda 

täispikkade triipkoodide sekveneerimise poole, et ära kasutada pikemate järjes-

tuste paremat täpsust liikide määramisel ning lähedalt suguluses olevate liikide 

eristamisel. 

Siiski toob üleminek pikkadele järjestustele kaasa mitmeid väljakutseid: 

paljud olemasolevad sekveneerimise andmete töötlemise tarkvarad ei ole opti-

meeritud pikkadele järjestustele ning viimastele puuduvad ka kureeritud suure-

mahulised referentsandmebaasid. Pikemad amplikonid (polümeraasi ahelreakt-

siooni käigus sünteesitud nukleotiidijärjestused) võivad olla ka vastuvõtlikumad 

järjestuste tekkimisele, kus kaks või enam erinevat DNA fragmenti ühinevad 

üheks järjestuseks (kimäärsed järjestused). Kimäärid on probleemsed, sest need 

kujutavad endast kunstlikke hübriide, mis ei esine looduses, ning võivad seega 

vähendavad andmete usaldusväärsust. Samas ei ole olemasolevate kimääride 

tuvastamise tööriistade efektiivsust pikemate järjestuste puhul põhjalikult uuri-

tud. Suur hulk sekveneerimise andmeid nõuab efektiivset toorandmete teisenda-

mist elurikkuse andmeteks läbi bioinformaatiliste töövoogude. Mass-sekveneeri-

mise platvormide kiire areng on toonud kaasa ka masstriipkoodistamise andmete 

töötlemiseks mõeldud tarkvara kiire arengu. Esimesed mass-sekveneerimise 

andmete analüüsimise tarkvara-paketid nagu mothur, USEARCH ja QIIME on 

järjepidevalt täiendatud algoritmidega, millede rakendamine aitavad välja filt-

reerida sekveneerimise käigus tekkinud artefakte, samas kui tarkvarad nagu 

PipeCraft2 ühendavad neid ja teisi bioinformaatika tööriistu, et lihtsustada ana-

lüüside töövooge. 

Mitmekümnetes masstriipkoodistamise jaoks arendatud bioinformaatika tark-

varades orienteerumiseks, teeb käesolev doktoritöö enim kasutatavatest tarkvarast 
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põhjaliku ülevaate (I). Järgnevalt tutvustab doktoritöö esimest kureeritud, mitme 

markeri referentsandmebaasi, EUKARYOME, mis sisaldab täispikkasid rRNA 

operoni järjestusi, parandades taksonoomilise määramise täpsust ja kimääride 

valideerimist pikkade järjestuste andmestikes (II). Lisaks on antud doktoritöö 

käigus välja töötatud SnakeEUK töövoog, mis hõlbustab EUKARYOME 

andmebaasi kasutamist järjestuste määramiseks mitmete tööriistade kaudu. 

Viimaks käsitleb antud doktoritöö põhjalikku analüüsi olemasolevate kimääride 

tuvastamise algoritmide efektiivsusest kimääride filtreerimises pikkade järjes-

tuste andmestikes. Selle tarbeks on läbi viidud simulatsioone ning empiirilisi 

andmeanalüüse, et hinnata kimääride tuvastamise algoritmide, nagu uchime_ 

denovo, chimeras_denovo ja removeBimeraDenovo, spetsiifilisust ja täpsust 

PacBio platvormil sekveneeritud täispikkadel ITS järjestustel (III). 

Töö peamised tulemused ja järeldused on järgmised: 1) bioinformaatika 

tarkvarade põhjalik ülevaade näitas suurt mitmekesisust andmete töötlemise 

strateegia osas, kus sobiliku tarkvara valik sõltub suuresti analüüsitavast andme-

struktuurist. Tarkvarapaketid nagu QIIME 2 ja VSEARCH pakuvad suuremat 

analüüsimeetodite paindlikust võrreldes eelkomplekteeritud bioinformaatiliste 

töövoogudega, kuid nende kasutamine nõuab kasutajalt ka rohkem bioinformaali-

lisemaid oskusi. Tarkvarapaketid, mis ühendavad mitmeid bioinformaatika töö-

riistu ja eelkomplekteeritud töövooge (nagu PipeCraft2), pakuvad kasutaja-

sõbralikku lahendust, ühendades paindlikkuse ja kättesaadavuse ning võimal-

dades ka ulatuslike bioinformaatiliste teadmisteta kasutajal läbi viia keerukaid 

analüüse. Sõltuvalt analüüsitava andmestiku struktuurist ja vajadustest on üle-

vaates välja toodud sobilikud tööriistad, pakkudes seeläbi juhendit sobivate ana-

lüüsivahendite valimiseks. 2) EUKARYOME andmebaas, kui esimene kureeritud 

pikkade rRNA markerite referentsandmebaas kõikidele eukarüootidele, hõlmab 

üle 172 000 liigi ning võimaldab täpsemat taksonoomilisi määramist ja kimääride 

tuvastamist võrreldes olemasolevate andmebaasidega. 3) Kimääride tuvastamine 

pikkadest järjestustest näitas, et paljud bioloogilised järjestused klassifitseeriti 

kimääridena ehk valepositiivsetena. Erinevate kimääride tuvastamise algoritmide 

efektiivsuses esines suur erinevus, kuid nende peenhäälestamine ja sekundaarne 

kimääride valideerimine vähendas seda. Sekundaarne kimääride valideerimine 

minimeeris bioloogiliste andmete kadu, kuid ei muutnud uuringu üldisi bio-

loogilisi mustreid võrreldes andmetega, kus sekundaarset valideerimist ei raken-

datud (kimääride filtreerimine tavapäraste seadistustega). Antud doktoritöö tule-

mused ja ressursid edendavad pikkade järjestuste masstriipkoodistamise töö-

voogu kui elurikkuse hindamise usaldusväärset tööriista. 
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