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Abstract 20 

Evaluating the diversity of soil fungal communities is critical to understanding their role in 21 
plant adaptation and ecology. Improving the resolution of fungal identification using new 22 
sequencing techniques, such as Oxford Nanopore, which yield long read lengths, is therefore 23 

highly desirable. Yet, the implementation of this sequencing technology for fungi and other 24 
eukaryotes has just begun.  25 

In this study, we evaluated different primer combinations that cover the entire internal 26 
transcribed spacer (ITS) region and include fragments of the small (SSU) and large subunit 27 

(LSU) regions. We designed a pipeline to recover most of the fungal diversity, compared two 28 
classifiers and two databases, and added a peptide nucleic acid (PNA) to inhibit the co-29 
amplification of plant ITS.  30 

Our results showed that including the LSU did not improve the resolution of individual-strain 31 
classification, and that non-degenerate forward primers were more effective for ITS sequence 32 
extraction, recovering up to 91% of strains in a mock community with an accuracy of 0.97. 33 
Moreover, results with rhizosphere samples showed that adding PNA effectively removed host 34 

contamination across most primer combinations, thereby improving read retention during data 35 
processing. Additionally, host decontamination and ITS extraction steps enhanced the recovery 36 
of fungal groups, mainly in the Ascomycota phylum.  37 
Altogether, our study provides strategies for handling samples with high plant tissue 38 
concentrations, from primer selection to fungal species classification, and presents a modular 39 
pipeline to facilitate data processing tailored to the user's needs. 40 
 41 
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selection.  43 
 44 

Introduction 45 

Fungi are ubiquitous and highly diverse organisms that play crucial roles in various 46 
environments. In soil, they facilitate the decomposition of organic matter, regulate nutrient 47 
cycling, enhance nutrient uptake in the plant-soil interface, and interact with other soil 48 

microorganisms, thereby enhancing ecosystem complexity and stability (Went and Stark 1968; 49 
De Menezes et al. 2017). Moreover, fungi interact with plants as phytopathogens, saprophytes, 50 
or symbionts such as mycorrhizae or endophytes. These symbiotic interactions enhance soil 51 
and rhizosphere health, stimulate plant growth and productivity, and mitigate biotic and abiotic 52 
stresses (Itoo and Reshi 2013; Bender et al. 2014; Zeilinger et al. 2015; Akter et al. 2025). 53 

Consequently, robust tools for characterizing fungal communities at the root-soil interface are 54 
essential for understanding and preserving soil and rhizosphere ecosystems.  55 

For decades, Illumina has become the standard approach for metabarcoding analyses utilizing 56 
fragments of up to 600 bp (2 × 300 bp). The internal transcribed spacer (ITS) ribosomal DNA 57 
has become the accepted barcode for fungal identification (Blaalid et al. 2013). Located 58 

between the small subunit (SSU) and large subunit (LSU) rRNA genes, the ITS region consists 59 
of ITS1 and ITS2 separated by the 5.8S rRNA gene, and varies in length from 300 to 1200 bp 60 

(Heeger et al. 2019). The accumulated variation within the non-coding ITS, combined with 61 
conserved flanking sites, renders this marker a suitable choice for discriminating between 62 

fungal groups (Schoch et al. 2012). However, the short-read strategy of Illumina constrains the 63 
target to either ITS1 or ITS2 for fungal identification. 64 

Although ITS1 and ITS2 individually provide broad taxonomic coverage, the complex 65 

evolutionary histories of certain fungal groups necessitate the use of multiple loci for accurate 66 
classification (Lücking et al. 2020). In particular, the ITS region of some Ascomycetes, 67 

including important saprophytes and phytopathogens, lacks sufficient resolution for species-68 
level discrimination (Lücking et al. 2020; Tedersoo et al. 2022). Therefore, the inclusion of the 69 
SSU or LSU can favor the taxonomic classification (Nilsson et al. 2018). Third-generation 70 

sequencing platforms, such as Pacific Biosciences (PacBio) and Oxford Nanopore 71 
Technologies (ONT), address this limitation by enabling the sequencing of long amplicons 72 

spanning several kilobases (Goodwin et al. 2016). However, achieving high-quality results 73 
requires careful primer selection, optimization of long-amplicon PCR conditions, and 74 

appropriate data-processing workflows (Tedersoo et al. 2022).  75 

While long-read platforms have been widely adopted for bacterial metabarcoding using full-76 

length 16S rRNA genes (~1,500 bp) (Zhang et al. 2023; Buetas et al. 2024; Butler et al. 2025), 77 

their application to fungal communities remains a topic of debate. Recent studies using PacBio 78 

have successfully characterized fungal diversity using full ITS regions coupled with tailored 79 
bioinformatic pipelines (Heeger et al. 2018; Tedersoo and Anslan 2019; Tedersoo et al. 2021). 80 

Nevertheless, the still limited distribution of the PacBio platform and its moderate cost-81 
effectiveness might reduce its appeal among the scientific community (Cuber et al. 2023). 82 
Hence, ONT arises as an affordable and more flexible solution. However, differences in the 83 
preparation of libraries, raw data, and error profiles between PacBio and ONT necessitate the 84 
development of a Nanopore-specific workflow for fungal metabarcoding. 85 

Several studies have explored optimal target regions for Nanopore-based fungal amplicon 86 
sequencing. Ohta et al. (2023) evaluated fragments spanning from the SSU to the LSU using 87 
various reverse primers flanking ITS1, ITS2, and multiple LSU regions. Although they 88 
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observed no substantial improvement in taxonomic resolution beyond the D3 region of the LSU 89 

using the LR5 primer (Vilgalys & Hester, 1990), the lack of a database that systematically 90 
collects the complete operon limited the interpretation of read-length effects (Porras-Alfaro et 91 

al. 2014). To address this, Lu et al. (2023) compiled a database containing sequences from the 92 
SSU to the LSU (~5.5 kb), although many taxa remained unresolved due to the scarcity of full-93 
operon sequences. More recently, the Eukaryome database was developed as a community-94 
curated reference for the complete rRNA operon across eukaryotes (Tedersoo et al. 2024), 95 
although its applicability for Nanopore sequencing has not yet been explored.  96 

The analysis of environmental samples such as soil, rhizosphere, and roots presents additional 97 
challenges, particularly due to the presence of host plant DNA. This issue is especially 98 
pronounced in studies of intricate symbioses such as ectomycorrhizae. The use of fungal-99 

specific primers, including ITS1catta (Tedersoo & Anslan, 2019) and LR5-F (Tedersoo et al. 100 
2008), could reduce plant co-amplification (Nilsson et al. 2018). Furthermore, peptide nucleic 101 

acids (PNA), a synthetic oligomer that binds to target sequences and blocks their amplification, 102 
have proven effective in suppressing plant ITS amplification in short-read sequencing 103 
(Lundberg et al. 2013; Cregger et al. 2018; Whitaker 2025). However, their performance in 104 
long-amplicon sequencing has not yet been validated. Alternatively, host-derived reads can be 105 
filtered during bioinformatic processing.  106 

Although ONT provides the EPI2ME platform for genomic analyses, its functionality is limited 107 
for fungal metabarcoding. For example, it lacks tools such as ITSx for ITS extraction 108 

(Bengtsson‐Palme et al. 2013) and vsearch for chimera detection and clustering (Rognes et al. 109 
2016), among others,  which have been incorporated into customized pipelines for long-read 110 
fungal data (Rognes et al. 2016; Heeger et al. 2018; Özkurt et al. 2022). For prokaryotes, 111 

algorithms such as Emu have shown promising results in classifying full-length 16S rRNA from 112 
Nanopore sequencing (Curry et al. 2022). Despite these advances, a unified and optimized 113 

pipeline for processing fungal Nanopore long-read data remains lacking. 114 

Considering the above, this study aims to establish an optimal combination of strategies for 115 
fungal community assessment using Nanopore sequencing, from primer selection to data 116 

processing. Fifteen primer combinations were evaluated, including those previously applied in 117 
PacBio-based studies (Tedersoo et al. 2018; Tedersoo and Anslan 2019), and extended targets 118 
spanning the ITS region into the LSU rRNA gene (Ohta et al. 2023) to compare taxonomic 119 
resolution across fragment lengths. A tailored bioinformatic pipeline was developed, 120 

incorporating quality filtering, chimera removal, host decontamination, and extraction of the 121 
complete ITS region. Taxonomic classification was assessed using two classifiers (EMU and 122 
SINTAX implemented in vsearch) and two reference databases (UNITE and Eukaryome). Due 123 
to the lack of a commercial mock fungal community, a custom mock community was assembled 124 
using soil-associated fungi and additional reference strains to evaluate methodological 125 

accuracy. The effectiveness of a PNA clamp in reducing plant ITS amplification was also tested. 126 

Finally, the proposed strategies were validated using mixed fine-root and rhizosphere samples 127 

from ectomycorrhiza-associated trees, and compared based on criteria such as read retention, 128 
taxonomic resolution, and richness of their major root-associated lineages (Ascomycota and 129 
Basidiomycota).  130 

 131 

 132 

 133 

 134 
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Materials and Methods 135 

DNA extraction, library preparation, and sequencing 136 

DNA extraction of individual fungal strains and mock community preparation 137 

A fungal mock community was prepared using 26 fungal strains to allow the comparison of the 138 
different methods. The strains were selected to represent a mixture of fungi from the most 139 

abundant phyla found in environmental samples, including those from deciduous forest soils. 140 
Fungal DNA was isolated from pure cultures of strains provided by the Group of Fungal 141 
Biotechnology in Wood Science (TUM School of Life Sciences, Technical University of 142 
Munich, Freising, Germany), and from fruiting bodies collected in the field (Table S1). The 143 
cultured strains were grown on potato dextrose agar (PDA), and the mycelia were scraped from 144 

the medium surface, resuspended in PBS supplemented with 1% DMSO, and stored at -20°C 145 
until DNA extraction. 2 g of the fruiting bodies were ground in liquid nitrogen using sterilized 146 

pestles and mortars. Then, the resuspended mycelia and the ground tissue were used as initial 147 

material for DNA extraction using the DNeasy PowerSoil Pro Kit (Qiagen, Germany) according 148 
to the manufacturer's instructions. The quality of the extracted DNA was evaluated in 1% 149 
Agarose gel electrophoresis, and the quantities were measured using the Quantifluor dsDNA 150 
system (Promega, Madison, WI, USA). Then, the DNA from each specimen was diluted to a 151 

concentration between 0.1 and 0.5 ng.   152 

 153 

DNA extraction of rhizosphere samples 154 

Eight soil drill cores (diameter: 1.5 cm, depth: 25 cm) were taken at 1 – 1.5 m from the stem of 155 

three European beech trees (Fagus sylvatica L.) in 2023 in Freising, Germany (11°39'17''E, 156 
48°24'25''N, 508 m a.s.l). After pooling the cores per tree, the samples were transported on ice 157 

to the lab and processed the same day. The fine roots with attached soil that could not be 158 
manually shaken off were sorted out using sterilized tweezers and ground in liquid nitrogen 159 

using sterilized pestles and mortars. Around 250 mg of ground material was submitted to DNA 160 
extraction using the DNeasy PowerSoil Pro Kit. The quality of the extracted material was 161 
evaluated in 1% Agarose gel electrophoresis, and the quantity was measured using the 162 
Quantifluor dsDNA system. Additionally, the DNA of two samples collected and processed in 163 

the same way in 2020 in Bischofswiesen, Germany (12°55'09.9"E, 47°39'59.2"N, 764 m a.s.l.) 164 
in a beech forest were used as a reference to compare with sequencing results obtained from 165 
the same samples using Illumina (Heym et al. 2023).  166 

 167 

ITS amplification 168 

The complete ITS or the ITS + LSU (Fig. 1 and Table 1) region was amplified using 12.5 µL 169 
of NEBNext® High-fidelity 2x PCR Master Mix (New England Biolabs, Frankfurt am Main, 170 

Germany), 0.25 or 0.4 µM (Table 2) of each primer tagged with the Nanopore adapters (Fw: 171 
TTTCTGTTGGTGCTGATATTGC, Rv: ACTTGCCTGTCGCTCTATCTTC), 2-6 ng/µL of 172 
DNA (see Table 2), and nuclease-free water for a reaction of 25 µL. The thermal profile was 173 
performed with an initial denaturation at 95 °C for 5 min, 28 cycles of denaturation at 95 °C for 174 
30 s, annealing at 55 °C for 30 s, and extension at 72 °C for 60 or 90 s (see Table 2) and a final 175 

extension at 72 °C for 10 min. To inhibit plant amplification, separate reactions using ITS-PNA 176 
(Peptide Nucleic Acid) blockers (5’-CGAGGGCACGTCTGCCTGG-3’ (Cregger et al. 2018)) 177 
(PNA Bio Inc., Thousand Oaks, CA, USA) were tested for some combinations, adding 0,25 178 

µM of PNA and including an additional clamping step at 75 °C for 10 s before the annealing in 179 
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the regular thermal profile. The PCR products were purified using AMPure XP beads (Beckman 180 

Coulter Genomics, Danvers, MA, USA), followed by verification in 1% Agarose gel and 181 
quantification using the Quantifluor dsDNA system. 182 

 183 

 184 

Figure 1. Scheme of the ITS operon with the primers evaluated in this study. The small subunit (SSU), ITS1, 185 
5.8S, ITS2, and long subunit (LSU), as well as the position of the forward primers (blue) and the reverse primers 186 
(red), are depicted.   187 

 188 

Table 1. List of primers used to prepare the different combinations evaluated in this study. 189 

Primer Original 

name 

Sequence Reference 

Forward ITS1catta ACCWGCGGARGGATCATTA (Tedersoo and Anslan 2019) 

Reverse ITS4ngsUni CCTSCSCTTANTDATATGC (Tedersoo and Lindahl 2016) 

Forward ITS9munngs TACACACCGCCCGTCG (Tedersoo and Lindahl 2016) 

Reverse ITS4Archaeor CCTCGCCTTATTGATATGC (Tedersoo and Anslan 2019) 

Forward ITS1Fngs GGTCATTTAGAGGAAGTAA (Tedersoo et al. 2015) 

Forward ITS1ngs TCCGTAGGTGAACCTGC (White et al. 1990; Tedersoo et al. 

2015) 

Reverse ITS4ngs TCCTSCGCTTATTGATATGC (White et al. 1990) 

Reverse LR5 TCCTGAGGGAAACTTCG (Vilgalys and Hester 1990) 

 190 

Library preparation and sequencing 191 

The purified products were submitted to a second round of PCR to attach sequencing barcodes 192 
by using 1 µL of barcode from the PCR Barcoding Expansion 1-96 kit (EXP-PBC096) (Oxford 193 

Nanopore Technologies, Oxford, United Kingdom), 25 µL of LongAmp Taq 2x master mix 194 
(New England Biolabs), and 24 µL of the purified DNA (100 fmol). The products were purified 195 
using AMPure XP beads, quantified with the Quantifluor dsDNA system, and pooled in 196 

equimolar amounts to prepare a library of 1 µg. The library was submitted to an end-preparation 197 
step using the NEBNext Ultra II End Repair/dA-tailing Module (New England Biolabs), 198 
followed by an adapter ligation step using the NEBNext Quick T4 DNA Ligase (New England 199 
Biolabs) and the Ligation Sequencing Kit V14 (SQK-LSK114) (Nanopore). Finally, the 200 
sequencing runs were conducted in a MinION Mk1C using an R10.4.1 Flow Cell (FLO-201 

MIN114) (Nanopore).   202 

 203 
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Table 2. Details of primer combinations evaluated in this study and the PCR conditions for amplification. The 204 
DNA volume described is based on an initial concentration between 2 and 6 ng/µL for a reaction of 25 µL. The 205 
primer concentration is the final concentration of each primer in the reaction. Only the combinations in bold were 206 
used for PNA blocking and further sequencing assays.    207 

Combination Primer Fw Primer Rv Extension 

time (s) 

DNA 

volume 

(µL) 

Primer 

concentration 

[µM] 

1 ITS1catta ITS4ngsUni 60 5 0.4 

2 ITS1catta ITS4Archaeor 60 5 0.4 

3 ITS9munngs ITS4ngsUni 60 3 0.25 

4 ITS1catta ITS4Archaeor 

(50%) + 

ITS4ngsUni (50%) 

60 5 0.4 

5 ITS1catta ITS4Archaeor (5%) 

+ ITS4ngsUni 

(95%) 

60 5 0.4 

6 ITS1Fngs ITS4ngsUni 60 2 0.25 

7 ITS1ngs ITS4ngsUni 60 2 0.25 

8 ITS1catta ITS4ngs 60 2 0.25 

9 ITS9munngs ITS4ngs 60 2 0.25 

10 ITS1Fngs ITS4ngs 60 2 0.25 

11 ITS1ngs ITS4ngs 60 2 0.25 

12 ITS1catta LR5 90 2 0.25 

13 ITS9munngs LR5 90 2 0.25 

14 ITS1Fngs LR5 90 2 0.25 

15 ITS1ngs LR5 90 2 0.25 

 208 

Data processing 209 

Data recovery and cleaning 210 

The raw data were recovered as pod5 files and converted to fastq (basecalling) using the duplex 211 

option of Dorado (v0.5.2) in GPU mode, obtained from the Nanopore repository 212 

(https://community.nanoporetech.com/downloads). The quality of the data was then inspected 213 

using pycoQC (Leger and Leonardi 2019) and NanoPlot (De Coster et al. 2018). 214 
Demultiplexing was conducted with the basecoder function of Guppy (v6.5.7) in GPU mode, 215 
followed by an additional classification round with Cutadapt (Martin 2011) for still unclassified 216 
files. Reads were filtered and trimmed using Cutadapt (Martin 2011). Only reads with a q-score 217 
higher than 10 and a length between 600 – 1000 bp for the full ITS fragments, or between 1200 218 

– 2000 bp for the fragments that included a portion of the LSU, respectively, were kept. The 219 
sequences before and after the primers were trimmed. Finally, the quality of the reads was re-220 
inspected using NanoPlot (De Coster et al. 2018). This process is denoted as the Transformation 221 
phase (Fig. 2).  Pre-clustering, decontamination, and ITS extraction 222 
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To facilitate classification and reduce processing power, the filtered amplicons were subjected 223 

to a dereplication and pre-clustering step using vsearch (v2.28.1) (Rognes et al. 2016). The 224 
dereplication was performed using the default parameters, while the pre-clustering was carried 225 

out using a pairwise identity of 0.97, extracting the centroids of each cluster and sorting the 226 
sequences by their decreasing abundance (cluster_size option). Subsequently, chimeras were 227 
identified de novo and removed using the uchime_denovo option. The rhizosphere samples 228 
were additionally submitted to a host decontamination step by mapping the reads against the 229 
genome of Fagus sylvatica (GCA_907173295.1) using minimap2 (v2.26-r1175) (Li 2018). The 230 

whole ITS region of all samples and primer combinations was then extracted using ITSx 231 
(v1.1.3) (Bengtsson‐Palme et al. 2013). For Combination 12, only reads where the full ITS and 232 
LSU regions were found were used for further analysis. This step is denoted as the purification 233 
phase (Fig. 2). 234 

 235 

 236 

Figure 2. Pipeline designed to process ITS amplicons from Nanopore sequencing. The software and outputs 237 
of each step are depicted below.   238 

 239 

Taxonomic assignment of the individual strains 240 

To confirm the identity of the strains that comprised the mock community, each strain was 241 
individually sequenced using two primer combinations (Combination 1 and 12). The reads were 242 

then submitted to the previous cleaning, pre-clustering, and ITS extraction steps, excluding host 243 
decontamination. Then, reads were sorted to obtain the consensus sequences using 244 

Amplicon_sorter (Vierstraete and Braeckman 2022) with a similarity of 98%, corrected using 245 
medaka (https://github.com/nanoporetech/medaka) and classified using blastn against the 246 
UNITE database (v10.0) (Abarenkov et al. 2024), for Combination 1, or the Eukaryome 247 
database (v1.9.4) (Tedersoo et al. 2024) for Combination 12, respectively. 248 

 249 

Clustering, alignment, and classification of the mixed samples 250 

After the ITS extraction, the mock community and rhizosphere samples were dereplicated again 251 
and clustered with an identity of 0.97 using vsearch (Rognes et al. 2016). Then, the centroids 252 
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obtained after the pre-clustering step were aligned against the final centroids to calculate the 253 

abundance of the OTUs. Finally, the centroids were taxonomically assigned using the SINTAX 254 
function of vsearch against the UNITE database (v10.0) (Abarenkov et al. 2024), or the 255 

Eukaryome database (v1.9.4) (Tedersoo et al. 2024) for the full ITS + LSU primer combination, 256 
respectively. Alternatively, the classification and abundance quantification were performed 257 
using Emu (v3.4.5) (Curry et al. 2022) after the ITS extraction to compare the performance of 258 
both methods. This step was denoted as the Classification phase (Fig. 2). The whole pipeline 259 
was implemented in Snakemake as a workflow and is accessible via Github 260 

(https://github.com/Claudia-Barrera/Long_ITS_metabarcoding). 261 

   262 

Data analysis 263 

Taxonomic classification of the individual strains and the mock community 264 

To assess the accuracy of the alignment during the classification of the individual strains when 265 
a short or a long ITS fragment was used against the UNITE or the Eukaryome databases, the 266 
taxonomic assignment was scored from 1 to 10 as a result of the product between the percentage 267 
of identity and the percentage of reads in the primary consensus sequence, 10 being a perfect 268 

score. Likewise, to evaluate the accuracy of classification of the mock community, the metrics 269 
true positive (TP), false positive (FP), false negative (FN), and true negatives were calculated 270 
and implemented in the Matthew’s correlation coefficient (MCC) as described in Hleap et al. 271 

(2021). Briefly, the TP were defined as the number of reads assigned to a taxon known to be 272 
present in the mock community. The FP were sequences assigned to a taxon that was not present 273 

in the community, while the FN were taxa known to be present in the community, but with no 274 
sequences assigned. Finally, to calculate the TN, 10% of the sequences after the chimera 275 
removal step were sampled with Seqkit (v2.7.0) (Shen et al. 2016) and shuffled using the esl-276 

shuffle function of HMMER3 (v3.4) (Eddy 2011) to create a set of randomized sequences that 277 

should not be assigned to any taxa. Thus, the TN corresponded to the total of randomized 278 
sequences minus the sequences assigned to any taxonomic rank. Then, the Matthews correlation 279 
coefficient (MCC) was calculated as follows (Chicco and Jurman 2023): 280 

𝑀𝐶𝐶 =
𝑇𝑃 ∙ 𝑇𝑁 − 𝐹𝑃 ∙ 𝐹𝑁

√(𝑇𝑃 + 𝐹𝑃) ∙ (𝑇𝑃 + 𝐹𝑁) ∙ (𝑇𝑁 + 𝐹𝑃) ∙ (𝑇𝑁 + 𝐹𝑁)
 281 

Imbalanced data has less influence on this coefficient and it has been shown to yield more 282 

reliable results, as it considers all four categories (TP, FP, FN, TN) proportionally. The MCC 283 
has values between -1 and +1, where +1 corresponds to a perfect classification, 0 means that 284 

the prediction is not better than chance, and -1 indicates that the classification is entirely the 285 
opposite of what is observed (Chicco and Jurman 2020).   286 

 287 

Validation of the different approaches using mixed samples 288 

To evaluate the performance and formation of artifacts using different primers with and without 289 
the inclusion of PNAs, the percentage of retained reads after each step in the purification phase 290 
(chimera removal, host decontamination, and ITS extraction) was calculated. Moreover, the 291 

taxonomic resolution of the different primer combinations, the inclusion of PNAs, and the 292 
procedures during the purification phase were assessed by determining the fraction of reads 293 
assigned to each taxonomic rank and the composition of the samples using the phyloseq 294 
package in R (McMurdie and Holmes 2013). Finally, the richness of the major soil-related 295 
lineages (Ascomycota and Basidiomycota) was compared across the different approaches by 296 
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normalizing the observed richness against the square root of the sequencing depth (Tedersoo 297 

and Anslan 2019). Then, the difference between primers was calculated as the fold change from 298 
the average value across all primers. Due to the data not having a normal distribution, as 299 

indicated by the Shapiro-Wilk and Bartlett tests, a Kruskal-Wallis test with an α of 0.05 was 300 
performed to compare the statistical differences among the groups. Only groups where 301 
significant differences were found were tested for multiple comparisons using a post hoc test 302 
with Fisher's least significant difference criterion. All analyses and plots were produced using 303 
R version 4.3.1.  304 

 305 

Results 306 

Identification of the individual strains 307 

To identify potential pitfalls during taxonomic classification and to evaluate the taxonomic 308 
resolution when using both short and long ITS fragments, all strains of the mock community 309 
were sequenced individually using primer combinations 1 and 12. The average length of the 310 

reads in Combination 1 was 545.1 bp, while in Combination 12 it was 1628.2 bp. Although a 311 
single consensus sequence was expected for each pure strain, an average of 1.25 consensus 312 
sequences was detected in Combination 1, and 1.82 in Combination 12, respectively (Table S2). 313 
Nevertheless, in most cases the primary consensus sequences contained more than 90% of the 314 
reads (Table S2); therefore, only the classification of these sequences was considered for 315 

identification, as given in Table 3.   316 

 317 

The implemented score system, which combined the percentage of identity during alignment 318 

and the percentage of reads in the main consensus sequence, allowed for the identification of 319 

the effects of fragment length and database. Both options performed consistently good, 320 

averaging 9.84 out of 10 for Combination 1 and 9.67 for Combination 12 (Table 3). 321 
Interestingly, when the ITS region from Combination 12 is extracted and used without the LSU, 322 
the results of the taxonomic classification using the UNITE database are identical to those of 323 

Combination 1, with no changes in the average score. 324 

 325 

To assess the suitability of the databases for the length of the amplified fragment, sequences 326 

from Combination 1 were classified against the UNITE database, whereas sequences from 327 
Combination 12 were classified using the Eukaryome database, which includes the complete 328 

rRNA operon. Using Combination 1 and UNITE, all strains were correctly assigned to the genus 329 
level (Table 3). In contrast, when using Combination 12 with Eukaryome, two strains 330 
(Pleurotus ostreatus and Rhodotorula mucilaginosa) were assigned to the incorrect genus, 331 

resulting in a high number of mismatches (Table S2). However, in both cases, the output 332 
belonged to the right family. Furthermore, the strain Rhizopus microspores could only be 333 
classified to the family rank, with 3 consensus sequences found.   334 

 335 

At the species level, the identified taxa differed in some strains. Particularly, species identified 336 
as Bonderzevia montana, Fusarium oxysporum, Saccharomyces eubayanus, Aspergillus 337 
oryzae, and both species of Cladosporium did not match the original identification using any 338 
of the fragments (Table 3). Nevertheless, all of them obtained a high score, indicating a high 339 
percentage of identity concentrated in a unique consensus sequence. Exceptions were 340 
Saccharomyces eubayanus and Aspergillus oryzae in Combination 12 with 2 consensus 341 
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sequences (Tables 3 and S2). In comparison, species such as Craterellus sp., Laetiporus 342 

sulphureus, and Chlorociboria aeruginascens scored the lowest values using Combination 12 343 
and the Eukaryome database, and accumulated a high number of additional consensus 344 

sequences (Table 3 and S2). However, the strain Chlorociboria aeruginascens could not be 345 
identified at the species level with any fragments or databases (Table 3).  346 

 347 

Table 3. Taxonomic identification of the single strains using a short ITS fragment (Combination 1) and a long 348 
fragment (Combination 12) aligned with BLAST against the UNITE and the Eukaryome database, respectively. 349 
The classification score is depicted for each result and was calculated as the product of the percentage of identity 350 
and the percentage of reads in the main cluster on a scale from 1 to 10, where 10 is the maximum score. The 351 
highest scores are shown in green and the lowest in red.  352 

Original ID Comb. 1 + UNITE DB 
 

Comb. 12 + Eukaryote DB  

Agaricus bisporus Agaricus bisporus 10,0 Agaricus bisporus 10,0 

Alternaria alternata 22-2 Alternaria eichhorniae 9,9 Alternaria sp. 10,0 

Armillaria mellea Armillaria mellea 9,1 Armillaria mellea 9,9 

Aspergillus niger Aspergillus piperis 9,9 Aspergillus niger 9,7 

Aspergillus oryzae DSM 1862 Aspergillus flavus 9,9 Aspergillus sojae 9,9 

Bonderzevia montana Bondarzewia tibetica 9,9 Bondarzewia mesenterica 10,0 

Botrytis cinerea Botrytis caroliniana 10,0 Botrytis cinerea 9,9 

Chlorociboria aeruginascens Chlorociboria sp. 10,0 Chlorociboria sp. 8,5 

Cladosporium cladosporioides Cladosporium succulentum 9,8 Cladosporium xylophilum 10,0 

Cladosporium montecillanum  Cladosporium succulentum 9,8 Cladosporium xylophilum 10,0 

Craterellus sp. Craterellus tubaeformis 9,8 Craterellus cornucopioides 8,5 

Fomes fomentarius  Fomes fomentarius 10,0 Fomes fomentarius 9,9 

Fusarium oxysporum Fusarium mori 9,8 Fusarium bostrycoides 9,9 

Ganoderma applanatum Ganoderma applanatum 9,4 Ganoderma oregonense 9,9 

Hericium coralloides Hericium coralloides 9,8 Hericium coralloides 9,5 

Hypsizygus tessulatus Hypsizygus marmoreus 9,9 Hypsizygus marmoreus 10,0 

Laetiporus sulphureus (mycelium) Laetiporus ailaoshanensis 9,9 Laetiporus sulphureus 9,7 

Laetiporus sulphureus (fruiting body) Laetiporus sulphureus 9,7 Laetiporus sulphureus 7,7 

Lentinula edodes Lentinula novae-zelandiae 9,6 Lentinula edodes 9,9 

Penicillium roqueforti Penicillium roqueforti 10,0 Penicillium roqueforti 10,0 

Pleurotus ostreatus  Pleurotus ostreatus 9,9 Hohenbuehelia auriscalpium 8,8 

Rhizopus microsporus Rhizopus microsporus 9,8 Rhizopodaceae 9,7 

Rhodotorula mucilaginosa Rhodotorula mucilaginosa 9,9 Rhodosporidiobolus mucilaginosa 9,9 

Saccharomyces eubayanus CBS 12357 Saccharomyces bayanus 10,0 Saccharomyces uvarum 10,0 

Sordaria macrospora R19027 Sordaria fimicola 9,9 Sordaria macrospora 10,0 

Trametes versicolor BAM116 (CTB863) Trametes versicolor 9,9 Trametes versicolor 9,9 

 353 

Accuracy of the primers and methods 354 
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Of the 15 primer combinations initially tested (Table 2), six were finally maintained based on 355 

their ability to produce high-quality amplicons. The performance of these six primer 356 
combinations was further evaluated based on the number of reads obtained, their q-score, and 357 

the number of reads retained after chimera removal and ITS extraction steps (Table 4). Reads 358 
from Combinations 1, 7, 8, and 10 with primers flanking the ITS region had an average length 359 
between 693.4 and 772.9 bp. Combinations 3 and 12 that include part of the SSU or the LSU 360 
resulted in an average length of 901.7 and 1631.4 bp, respectively. Although no differences 361 
were found regarding the q-score, Combination 12 yielded an elevated number of reads, 362 

accompanied by a substantial accumulation of chimeras and aberrant reads, resulting in a very 363 
low ITS extraction rate (Table 4). On the contrary, primer combinations for shorter fragments 364 
were less susceptible to accumulating chimeras. However, the extraction rates of ITS varied 365 
strongly between combinations, with Combinations 1 and 8 retaining only 25.5% and 29.3% of 366 
reads after the ITS extraction, whereas Combinations 3, 7, and 10 showed a retention rate higher 367 

than 70%.  368 

 369 

Table 4. Properties of the different primer combinations used for assessing the mock community. Read lengths, 370 
numbers of initial reads, and q-scores were calculated after the second quality control during the Transformation 371 
phase (Fig. 2).  372 

    

Reads retained (%) 

Combination Read length (bp) No. Reads q-score Chimera removal ITS extraction 

1 693.4 17424 14.8 87.3% 25.5% 

3 901.7 26736 15.2 85.1% 80.0% 

7 772.9 16526 15.5 91.6% 70.3% 

8 721.3 12344 15.4 88.6% 29.3% 

10 750.2 14966 15.3 84.5% 83.3% 

12 1631.4 88504 15.6 72.8% 5.9% 

 373 

Although no primer combination was able to recover all 23 genera present in the mock 374 
community, Combinations 3, 7, and 10 recovered the highest number of genera with both 375 
classifiers (21 for vsearch, 16 for EMU) (Figs 3A, S1). The genera in the lowest concentration 376 

in the original mock community were difficult to recover with the different Combinations. For 377 
instance, genera such as Bondarzewia could not be identified in any combination or classifier 378 

except in low abundance in Combination 12 against the Eukaryome database. The Emu 379 
classifier failed to recognize reads of the genera Botrytis (assigned as Botryotina), Fomes, 380 
Ganoderma, Hericium, Pleurotus, or Sordaria with any of the primer combinations (Fig. S1), 381 

which were also present in low concentration in the original community. On the contrary, the 382 
vsearch classifier was more sensitive to low-abundance genera, despite groups such as Fomes, 383 
Hericium, and Pleurotus being absent in half of the primer combinations.    384 

 385 

Around 99% of the reads could be assigned up to the species level with all the primer 386 

combinations and classifiers, except for those classified against the Eukaryome database, where 387 
only 51% could be identified (Fig. 3B). Matthew’s correlation coefficient (MCC) was 388 
calculated to evaluate the accuracy of the assignment. Both classifiers demonstrated high 389 

classification accuracy at the family rank, with an MCC above 0.97; however, only vsearch 390 
maintained this performance at the genus level (Fig. 3B). By comparison, the accuracy at the 391 
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species rank was between 0.3 and 0.45 for vsearch and 0.19 and 0.30 for EMU, which agrees 392 

with the results obtained during the classification of the individual strains. Although the 393 
classification at the species level was not perfect, the positive values indicate that it was not a 394 

product of chance.  395 

 396 

Figure 3. Community composition and accuracy, as determined by the different primer combinations and 397 
classifiers used to assess the mock community. A. Taxonomic composition at the genus level of the mock 398 
community using vsearch for classification. The theoretical composition is based on the amount of DNA added 399 
during mock community preparation. The numbers over the stacked bars denote the unique genera found in each 400 
combination and known to be present in the theoretical community. The results from Combination 12 were 401 
classified against the UNITE and Eukaryome databases (Euk. DB). B. Results of the Matthews correlation 402 
coefficient (MCC) were used as a parameter to evaluate the classification accuracy at the family, genus, and species 403 
levels.  404 

 405 

Resolution power and variability using rhizosphere samples 406 

Applying and testing the pipeline with rhizosphere samples showed similar percentages of reads 407 
recovered after chimera removal with all primer combinations (Fig. 4, Table S3). However, the 408 

differences were more notable after the host decontamination step, where the retention without 409 
PNAs was between 20% for Combination 3 and 54.3% for Combination 10. Including PNA, 410 

retention was substantially improved to almost 95% for Combinations 1, 7, and 8, while in 411 
Combination 12, it seemed to promote plant ITS amplification. The ITS extraction yield was 412 
above 57% in Combinations 3, 7, and 10 with or without PNAs, while it was low for 413 

Combinations 1 and 8, similar to what was observed for the processing of the mock community. 414 

This demonstrated that including PNA successfully inhibited the amplification of the plant ITS, 415 
improving the retention of total reads for most combinations. Moreover, Combinations 7 and 416 
10 exhibited the highest retention of total reads, in the case of Combination 10, even when no 417 

PNA was included.   418 

 419 

The fraction of reads assigned to each taxonomic rank was determined to evaluate the resolution 420 
power of the taxonomic classification with the different methods. Almost 100% of the retained 421 
reads in all combinations could be assigned using vsearch, whereas with Emu, up to 25% of the 422 
reads in Combination 12 remained unclassified (Fig. 5A). Although not all the reads could be 423 
assigned using Emu, around 50% of classified reads could be assigned to the species level under 424 
any of the modifications (adding PNAs during PCR or purifying the reads). Additionally, a drop 425 
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in the number of reads assigned to the species level was observed when PNA was included, 426 

data were purified, or both, independently of the classifier. This reduction is the result of the 427 
depletion of plant ITS sequences in the samples (Figs 5B, S2), considering that most of the 428 

plant reads were classified to the species level.  429 

 430 

Figure 4. Percentage of reads retained using different experimental and purification steps. The proportion 431 
of retained reads, with and without PNA, was compared across various purification steps during amplification. 432 
The previous step served as a reference to calculate the number of reads removed, except in the Total values, where 433 
the final number of reads was compared with the number before purification. Detailed values are presented in 434 
Table S3. 435 

 436 

The fungal composition without PNA or sequence purification was masked by the dominating 437 

presence of plant ITS, particularly of the class Eudicotyledonae family Fagaceae, in almost all 438 
combinations except for 10 and 12 (Figs 5B, S2). This strongly points to interference caused 439 
by the host and the need for a strategy to inhibit the contamination. Our results showed that the 440 

plant contamination ranged between 10% for Combination 10, to 90% for Combination 1. The 441 
contamination was successfully removed using the sequence purification step, with the 442 

disadvantage of eliminating between 65% to 80% of the reads (Fig. 4). These values were 443 
improved by adding PNA, except for Combination 12, where the relative abundance of 444 

Eudicotyledonae increased by c. 50% when PNA was included, but reads purification was 445 
omitted. The use of PNA without the purification step increased the abundance of fungal reads 446 
by 12-fold for Combination 1, 4.1-fold for Combination 3, 2.9-fold for Combination 7, 4.7-fold 447 

for Combination 8, and 0.1-fold for Combination 10. In contrast, the abundance for 448 
Combination 12 decreased by 0.5-fold (Fig. 5B). The inclusion of a sequence purification step 449 
revealed more members of the Ascomycota phylum across all primer combinations, particularly 450 
when vsearch was used as a classifier. Remarkably, the class Archaeorhizomycetes was 451 

recovered when data were purified in Combinations 3, 8, and 10, and in Combination 1 when 452 
PNA was also included. Contrastingly, the class Pezizomycetes, despite not being identified by 453 
Illumina, was recovered in Combinations 3, 7, and 8 after sequence purification, and in 454 
Combinations 1, 8, and 12 after PNA inclusion and sequence purification. Moreover, classes 455 
such as Lecanoromycetes, Orbiliomycetes, and Sordariomycetes increased in abundance in 456 
almost all combinations with the purification step, independently of adding PNA, except in 457 
Combination 12. 458 
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 459 

Figure 5. Taxonomic assignment under different experimental and bioinformatic strategies. A. Proportion 460 
of reads assigned to each taxonomic rank under various primer combinations, classifiers (Emu and vsearch), PNA 461 
inclusion, and reads purification (host decontamination and ITS extraction). B. Community composition at the 462 
class level of one of the rhizosphere samples using vsearch as a classifier. The legend depicts Kingdoms in gray 463 
boxes, phyla with bold subtitles, and the internal classes. Results obtained using Illumina (MiSeq v3) with the 464 
amplification of the ITS2 fragment are also included for comparison. The evaluation using other samples showed 465 
similar patterns. 466 

 467 
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The sample composition results obtained with Illumina were more similar to the Emu results 468 

compared to those obtained with vsearch, particularly when PNA and purification were 469 
included (Fig. S2). However, using Emu as a classifier also resulted in more unclassified reads, 470 

which can be resolved by utilizing vsearch instead. Moreover, vsearch not only reduced the 471 
number of unclassified sequences but also highlighted the differences between some primer 472 
combinations, enabling the identification of taxa from various protist groups, such as Alveolata, 473 
particularly in Combination 7, and Metazoa (Fig. 5B) in almost all primer combinations. 474 

 475 

 476 

Figure 6. Differences in the richness of the Phyla Ascomycota and Basidiomycota using different 477 
experimental and bioinformatic approaches. The x-axis shows the primer combinations, and the y-axis shows 478 
the fold change in richness relative to the average across all primers. The error bars correspond to the standard 479 
deviation. A Kruskal-Wallis test with an α level of 0.05 was conducted to assess differences between groups. Only 480 
the groups with statistically significant differences were tested for multiple comparisons using a post hoc test with 481 
Fisher's least significant difference criterion. The letters above the bars indicate the significant differences in the 482 
multiple-comparison test.  483 

 484 
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The richness of taxa assigned to the Ascomycota and Basidiomycota phyla was more variable 485 

using vsearch compared with Emu. Adding PNA and classifying with Emu homogenized the 486 
richness between different primer combinations, except for Combination 12, where the richness 487 

values increased 2- to 3-fold after purification. When using vsearch instead of Emu, the pattern 488 
of richness of the Basidiomycota and Ascomycota phyla remained similar, regardless of 489 
whether PNA was added. However, vsearch results underwent some changes when the data 490 
were subjected to purification. For example, the richness of Basidiomycota in Combinations 3 491 
and 7 experienced a drop or an increase in fold change, respectively, when the data were 492 

purified. Additionally, the statistical difference found between primer combinations in 493 
Ascomycota when vsearch is used, but not PNA or data purification, disappeared with the 494 
inclusion of these modifications. Nevertheless, the richness of the Basidiomycota remained 495 
significantly different between the primer combinations when PNA was added independently 496 
of whether the data were purified or not (Fig. 6).  497 

 498 

Discussion 499 

Identification of individual strains 500 

Identifying the individual cultured strains using the same forward primer, ITS1catta, and two 501 
different reverse primers (ITS4ngsUni and LR5) allowed for the discovery of potential issues 502 

during classification when either short or long fragments were used. As a first observation, an 503 
increment of 31.4% in the number of consensus sequences was found for the long fragment 504 
compared with the short fragment. This difference suggests that the length of the fragment may 505 

influence the accumulation of errors during amplification and that these errors cannot be 506 
corrected during data processing, resulting in clusters of additional consensus sequences. 507 

Indeed, the rate of mismatch accumulation during the alignment was 25.3% higher in the long 508 

fragment than in the short one (Table S2). These results align with those presented by Ohta et 509 

al. (2023), which showed that the number of mismatches increased with the length of the 510 
fragment, although this did not affect their final classification result. Consequently, despite a 511 

slight increase in the number of consensus sequences when the long fragment was used, our 512 
results showed that the primary sequence accumulated more than 95% of the reads, and the 513 
classification using this sequence had a percentage of identity of around 99% during the 514 

alignment in most cases (Table S2).  515 

 516 

Although both fragments and databases accurately identified most of the strains at the genus 517 
level, except for two cases using the long fragment with the Eukaryome database, the results 518 
were less consistent at the species level. There, 12 strains out of 26 had an exact match using 519 
either the short or the long fragment, while species within the genera Fusarium, Saccharomyces, 520 

Cladosporium, or Aspergillus could not be matched using both fragments and databases. This 521 
likely relates to the complex evolutionary process of some fungal groups, which is generally 522 

challenging to elucidate with the ITS region alone (Lücking et al. 2020). In this regard, many 523 
authors agree that the correct identification up to species level is favored by evaluating 524 
additional markers, such as calmodulin, β-tubulin, RPB2, or the translation elongation factor 1 525 
(tef1) (Watanabe et al. 2011; Samson et al. 2014; Lee et al. 2023). Moreover, cases as Fusarium 526 
oxysporum, Cladosporium cladosporioides, or Cladosporium herbarum are considered species 527 

complexes with more than one species assigned, whose identification can only be solved with 528 
a multilocus DNA sequence approach (Schubert et al. 2007; Bensch et al. 2010; Pastrana et al. 529 
2017). Therefore, imprecise classifications of these species were expected, although their 530 

correct assignment within the species complex was always achieved.  531 
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 532 

The results of the classification scores and the taxonomic identification indicated that a 533 
fragment comprised of the full ITS and part of the LSU (Combination 12) does not outperform 534 
the results obtained using only the full ITS (Combination 1) when individual strains are 535 
identified. Herein, Heeger et al. (2018) found that classification using the ITS was more 536 
frequently assigned to the species level than the SSU or the LSU alone. Likewise, Ohta et al. 537 

(2023) stated that no changes in taxonomic resolution were found by including the latter two-538 
thirds of the LSU fragment, presumably because there is insufficient variability in this region 539 
(Schoch et al. 2012). Nevertheless, the potential of identification using the ITS in combination 540 
with the SSU and the LSU could be hidden by the limited number of sequences in the database 541 
dedicated to collecting the full operon.  542 

 543 

Accuracy of the primers and the classification system 544 

Using a mock community, we evidenced potential biases across different primer combinations 545 
and steps during the classification process. The proportions of chimeras ranged from 8.4% to 546 
15.5% in all primer combinations, except for Combination 12, which had a proportion of 27.2%. 547 

These values agree with those reported by Heeger et al. (2018) for an amplification process 548 
with more than 25 cycles. According to the authors, the formation of chimeras could be reduced 549 
if the PCR cycles were kept between 13 and 18. However, this strategy was not explored in our 550 

study. Interestingly, the ITS extraction yield seemed to be correlated with the forward primer 551 
since combinations 1, 8, and 12, which used ITS1catta as a forward primer, showed the lowest 552 
proportion of reads after using ITSx and identified the lowest number of genera in the mock 553 

community with any of the classifiers. This primer was designed to bypass the SSU 3’ intron, 554 
enabling the recovery of a large fungal diversity without plant interference (Tedersoo and 555 

Anslan 2019). Nevertheless, Winand et al. (2025) reported that ITSx did not recognize the first 556 
bases of the SSU included in the 5’-end of the ITS1catta primer. Similar results were 557 

documented by Tedersoo et al. (2018) when primers flanking the ITS2 region were compared 558 
against the ITS1 or the full ITS. In that case, the authors hypothesized that the HMM algorithm 559 

of ITSx poorly recognizes the 3’-extreme of the 5.8S compared with the 5’-extreme and 560 
suggested modifying the E-value threshold in the ITSx parameters from 1e-5 to 1e-2. However, 561 
no improvements were found in our study after these adjustments.  562 

 563 

Given the results obtained with individual strains, the classification with a combined mock 564 
community was expected to have comparable discrepancies at the species level. While the 565 
Matthews correlation coefficient (MCC) at the family and genus level showed accuracy results 566 
above 0.97, particularly using vsearch as a classifier, the results at the species level, although 567 

positive, were considerably lower. These misclassified species (in high concentration in the 568 
prepared mock community) either belong to the above discussed species complexes (Fusarium, 569 
Cladosporium, or Aspergillus), were assigned to outdated nomenclature, as with Botrytis, which 570 

was mistaken as Botryotina by Emu, or have an otherwise close phylogenetic relationship that 571 
is difficult to entangle, as Hypsizygus tessulatus (Angelini et al. 2023), identified with any 572 
primer combination or classifiers as H. marmoreus. Nevertheless, these results showed the 573 
potential of Combinations 3, 7, and 10 to recover more community members, and the vsearch 574 
classifier as a more sensitive and accurate method compared to Emu.  575 

 576 

A tailored workflow and pipeline for rhizosphere samples 577 
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After establishing our primer setup and data processing with the mock community, we tested 578 

them on environmental root-rhizosphere samples. One of the first complications identified was 579 
the persistent co-amplification of plant ITS with most primer combinations. Despite the forward 580 

primer ITS1catta being described to exclude the amplification of vascular plants under stringent 581 
conditions (Tedersoo and Anslan 2019), no optimal conditions were found to guarantee the 582 
amplification of only fungal ITS. Therefore, additional steps were adopted during amplification 583 
and data processing, primarily involving the addition of PNA blockers to inhibit the 584 
amplification of plant ITS, along with a host decontamination step that involved mapping the 585 

reads against the reference genome of Fagus sylvatica.  586 

 587 

Few studies have been published using ITS-PNA for short-read amplification (Cregger et al. 588 
2018; Whitaker 2025), but to our knowledge, this is the first report of its implementation using 589 

long-read amplification and third-generation sequencing. ITS-PNA successfully excluded plant 590 
co-amplification for Combinations 1, 3, 7, and 8, improving the percentage of reads retained 591 
after host decontamination. In contrast, Combination 10 exhibited a consistent amplification of 592 
the fungal ITS, with minor interferences from the plant, either with or without the inclusion of 593 
PNA, making this combination a promising solution in cases where PNA cannot be afforded. 594 

Contrasting results were found using the long fragment amplified by Combination 12. In that 595 

case, the host co-amplification was enhanced by including PNA, hinting at a disruption between 596 
the blocker and the non-plant fragment. Although the host reads were successfully removed 597 

after the purification steps, this combination showed the lowest yield of ITS sequence 598 
extraction, suggesting that it could be affected by both the length of the fragment and the 599 
recognition of the 5’-end in the forward primer ITS1catta. 600 

 601 

In addition to the suitability of the primer selection and data processing approaches, we also 602 
evaluated the level of taxonomic resolution achieved with the different approaches and their 603 

ability to describe the community composition. Here, Emu and SINTAX (the primary classifier 604 
of vsearch) showed some disparities in taxonomic resolution and community composition. For 605 
Emu, the fraction of reads assigned to species was higher than for vsearch using the same 606 

database, although a few reads could not be assigned to any taxonomic rank. Additionally, a 607 
higher richness was observed with vsearch compared with Emu, both in the mock community 608 

and in the rhizosphere samples. These differences are likely explained by the two-step algorithm 609 
developed by Emu, where the reads are initially aligned to the reference database and then 610 
corrected based on the errors expected for Nanopore sequencing (Curry et al. 2022). Despite 611 

this algorithm having proven successful for 16S classification, our results for fungal 612 
classification of both a mock community and environmental samples indicate that Emu could 613 

underestimate the number of recovered taxa, likely because some are identified as errors and 614 

removed during the second step. Therefore, the classification based on k-mer similarity used by 615 

vsearch (Rognes et al. 2016) may serve as a better solution for recovering different taxa. 616 
Moreover, the cutoff option enabled by vsearch can improve the accuracy of classification, as 617 
described by Hu et al. (2022), which partially explains the higher values of MCC obtained with 618 
vsearch compared to Emu.  619 

 620 

Finally, considering the high abundance of Ascomycota and Basidiomycota phyla in 621 

environmental samples, we compared the richness of both groups under different primer 622 
combinations and data cleaning approaches. Our results suggest an improvement in the 623 
recovery of Ascomycota after sequence purification, most likely because of the ITS extraction. 624 
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This recovery was also favored by primers located upstream of the 3’ end of the SSU, as is the 625 

case for primer combinations 3 and 10. Although the implementation of degenerate primers, 626 
such as ITS1catta or ITS4ngsUni, has been suggested to differentiate between most fungal 627 

groups (Tedersoo et al. 2018; Tedersoo and Anslan 2019), we found a detriment in the richness 628 
and abundance of the Ascomycota phylum using this combination of primers (Combination 1). 629 
However, combining one degenerate and one universal primer (as in Combinations 3 or 7), or 630 
two universal primers (as in Combination 10), could be beneficial in improving the recovery of 631 
most fungal groups.  632 

  633 

Conclusion 634 

We evaluated the potential of different primer combinations and data processing approaches to 635 

implement Nanopore sequencing for profiling fungal communities in soil and the rhizosphere. 636 

Increasing the fragment length from whole ITS to whole ITS + LSU did not improve the 637 

taxonomic resolution to which individual strains were identified, despite using a database with 638 
the complete rRNA. Using a mock community, we showed that the combination of non-639 
degenerate forward primers with universal or degenerative reverse primers retained more than 640 
70% of the reads after ITS extraction. Moreover, our pipeline identified 91% of the strains in 641 

the mock community with an MCC higher than 0.97 at the genus level, using vsearch as a 642 
classifier. Our approaches to amplify complex samples by adding PNA completely inhibited 643 

co-amplification of plant ITS in most of the primer combinations evaluated. The comparison 644 
between adding PNA and/or implementing sequence purification steps (chimera removal, host 645 
decontamination, and ITS extraction) revealed differences among the primer combinations and 646 

the benefits of using the different amplification and data processing strategies. Thus, to retain 647 
the largest number of reads and recover most of the fungal communities, we suggest working 648 

with a combination of primers such as Combination 3, 7, or 10, adding PNA when samples are 649 

susceptible to co-amplify plant-ITS, implementing host decontamination (if needed) and ITS 650 

extraction steps to recover most of the fungal diversity, and using vsearch to improve the 651 
resolution of identification. Furthermore, our modular pipeline is available and can be 652 

implemented by adding or removing steps according to the user's needs.  653 
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