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Abstract 15 

Molecular methods are increasingly used to identify species that lack conspicuous macro- or 16 

micromorphological characters. Taxonomic and ecological research teams barcode large 17 

numbers of collected voucher specimens annually. In this study we assessed the efficiency of 18 

long-read high throughput sequencing (HTS) as opposed to the traditionally used Sanger 19 

method for taxonomic identification of multiple vouchered fungal specimens, and providing 20 

reference information about intra-individual allele polymorphism. We developed a workflow 21 

based on a test-set of 423 fungal specimens (representing 205 species), PacBio HTS method, 22 

and ribosomal rRNA operon internal transcribed spacer (ITS) and 28S rRNA gene (LSU) 23 

markers. PacBio HTS had a higher success rate than Sanger sequencing at a comparable cost. 24 

Species identification based on PacBio reads was usually straightforward, because the 25 

dominant operational taxonomic unit (OTU) typically represented the targeted organism. 26 

Unlike the Sanger method, PacBio HTS enabled detecting widespread allele polymorphism 27 

within the ITS marker in the studied specimens. We conclude that multiplex DNA barcoding 28 

of the fungal ITS and LSU markers using a PacBio HTS is a useful tool for taxonomic 29 

identification of large amounts of collected voucher specimens at competitive price. 30 

Furthermore, PacBio HTS accurately recovers various alleles, which can provide crucial 31 

information for species delimitation and population-level studies.  32 
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Introduction 39 

A large proportion of living organisms can reliably be identified to species only based on 40 

molecular methods. Collected and vouchered specimens constitute a permanent record of 41 

biological diversity and form the basis of taxonomy as they provide material for description 42 

of new species and reference for taxonomic identification. The modern species identification 43 

relies increasingly on informative marker genes – termed as DNA barcodes (Hebert et al., 44 

2003) – and sometimes on the entire genomes of organisms (Coissac et al., 2016; Misas et al., 45 

2020). Because the DNA of non-living specimens degrades rapidly (Taylor & Swann, 1994), 46 

it is feasible to retrieve the molecular information in a reasonable time frame (usually within 47 

a few years following collection) to prevent loss of valuable genetic information. Large 48 

research teams of ecologists and taxonomists typically collect hundreds to tens of thousands 49 

of specimens annually, which necessitates efficient bulk analysis of large amounts of 50 

specimens in terms of cost, time, and labor (Hebert et al., 2018; Srivathsan et al., 2018). 51 

 52 

DNA barcoding for taxonomic identification is traditionally performed using the Sanger 53 

sequencing method. Typically, one or several marker gene fragments are amplified and 54 

sequenced, allowing to produce up to 1000 base pair high-quality reads in a single pass, 55 

depending on the purity of DNA. The Sanger sequencing technology relies on chain 56 

termination signal averaged across all amplicons, and produces a consensus read of 57 

sequences of several marker gene alleles from the target specimen (Sanger et al., 1977). A 58 

well-known limitation of this approach is that the consensus read blurs the evolutionary 59 

signal among alleles. Additional technical shortfalls include low quality in the beginning of 60 

the sequence, disruption of reads in the case of length polymorphism in alleles, generation of 61 

ambiguous signal in the case of nucleotide substitutions, and failure to produce a readable 62 
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sequence if both the target and co-occurring organisms (e.g. contaminants) are amplified or 63 

when the amplicon is of low quantity or purity (Hyde et al., 2013).  64 

 65 

To overcome the issues with Sanger sequencing, high-throughput sequencing (HTS) methods 66 

can alternatively be used for DNA barcoding (Coissac et al., 2016, Bohmann et al., 2020). 67 

These methods include HTS-based analysis of single or multiple marker genes, genome 68 

skimming (i.e., low-coverage genome sequencing to retrieve long contigs of marker genes), 69 

and whole-genome sequencing. Genome-based methods are useful for obtaining full-length 70 

marker genes for accurate identification and phylogenetic analyses, but they have a low 71 

capacity to phase alleles differing by a few substitutions or indels >500 bases apart (Coissac 72 

et al., 2016; Tedersoo et al., 2016). In addition, such methods are relatively costly, because 73 

each sample requires preparation of a specific library and assembly from hundreds of 74 

thousands to tens of millions of reads. Furthermore, no more than one or two marker genes 75 

are still broadly used for DNA barcoding, except multi-gene phylogenetic analyses. Short-76 

read HTS platforms such as Illumina, Ion Torrent and DNBseq provide high-quality reads for 77 

DNA fragments <550 base pairs, which may be insufficient for reliable identification and 78 

phylogenetic analyses. In comparison, long-read and synthetic long-read sequencing methods 79 

offer great promise for analysis of DNA markers up to ca. 3500 base pairs (Hebert et al., 80 

2018; Callahan et al., 2021; Karst et al., 2021). Despite high raw error rate, these methods are 81 

highly accurate when calculating consensus (built-in option for PacBio and synthetic long-82 

reads). Long-read methods also enable to phase haplotypes, which is of great relevance in 83 

population-level research (Tedersoo et al., 2021). Although these methods are relatively 84 

costly, hundreds to thousands of samples can be multiplexed for a single run, bringing the 85 

overall costs comparable to Sanger sequencing and one to three orders of magnitude less 86 

compared with genome-based approaches (Hebert et al., 2018; Srivathsan et al., 2018). 87 
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 88 

The main purpose of this study was to assess the efficiency of long-read HTS for taxonomic 89 

identification of large sets of vouchered fungal specimens and providing reference 90 

information about intra-individual allele polymorphism. The latter is important to avoid 91 

describing artefactual “shadow taxa” (i.e., based on sequencing artefacts, rare alleles and 92 

pseudogenes;  Thines et al., 2018; Porter & Hajibabaei, 2021) and inflating HTS-based 93 

biodiversity estimates. Here we developed a workflow based on PacBio multiplex DNA 94 

barcoding method and a test set of hundreds of fungal amplicons using the ribosomal rRNA 95 

operon internal transcribed spacer (ITS) and 28S rRNA gene (LSU) markers. These are the 96 

two most commonly used DNA barcodes for taxonomic identification of fungi and many 97 

protist groups (Pawlowski et al., 2012; Schoch et al., 2012). We demonstrate that the benefits 98 

of this multiplex DNA barcoding method include better recovery of low-quality samples and 99 

higher read quality compared with Sanger sequencing, as well as retrieval of multiple alleles 100 

differing by a single or more base pairs at a comparable cost. 101 

 102 

 103 

Materials and methods 104 

 105 

Molecular analyses 106 

To test the relative performance of Sanger and PacBio sequencing on fruiting body samples, 107 

we compiled 423 vouchered specimens (polyporoid, resupinate, and agaricoid fruiting body 108 

types) belonging to 205 species from the fungarium of Natural History Museum of Tartu 109 

University (acronym TUF; Appendix 1). Most fruiting body samples were collected between 110 

2015 and 2020 (Table S1) for different ecological and taxonomic studies.  111 

 112 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 9, 2022. ; https://doi.org/10.1101/2022.02.08.479507doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.08.479507
http://creativecommons.org/licenses/by-nc-nd/4.0/


 6 

The DNA of specimens was extracted from roughly 0.1-1 mg dried material using 113 

ammonium sulphate lysis buffer (Anslan & Tedersoo, 2015) that provides sufficient DNA 114 

quality from fruiting body material (Tedersoo et al., 2016). For all samples, our DNA 115 

barcoding approach targeted the ITS region, and for one batch of samples we also analyzed 116 

the LSU. To cover the entire ITS region, we chose the primers ITS1catta (5’-117 

ACCWGCGGARGGATCATTA-3’) and ITS4ngsUni (5’-CCTSCSCTTANTDATATGC-3’) 118 

for PCR. The ITS1catta primer has a high affinity to Dikarya and it avoids amplification of 119 

the common intron in the 3’ end of the 18S region (Tedersoo & Anslan, 2019). Both primers 120 

were tagged with one of the 115, 12-base, sample-specific indices (Tedersoo & Anslan, 121 

2019). PCR was carried out in two replicates in the following thermocycling conditions: an 122 

initial 15 min at 95 °C, followed by 30 cycles of 95 °C for 30 s, 55 °C for 30 s, 72 °C for 1 123 

min, and a final cycle of 10 min at 72 °C. PCR products from replicate samples were pooled 124 

and their relative quantity was estimated by running 5 µl DNA on 1% agarose gel for 25 min. 125 

DNA samples with no visible bands were re-amplified with 35 cycles. To retrieve the LSU, 126 

we also amplified the DNA from a subset of 75 samples using the untagged primer LROR 127 

(5´-ACCCGCTGAACTTAAGC-3´) and tagged primer LR5 (5´-128 

TCCTGAGGGAAACTTCG-3´) and the above-described options. In total, our test set 129 

yielded 497 fungal amplicons. 130 

 131 

The PCR products were checked on a 1% agarose gel and the relative strength of the band 132 

was recorded at the scale of 0 (no band) to 5 (very strong band). It was also recorded whether 133 

there were a single or multiple bands on the gel. Altogether 20 µl of the PCR products were 134 

subjected to purification using Exo-SAP enzymatic treatment (Tedersoo et al., 2006) and 135 

shipped for Sanger sequencing in Macrogen, Inc., the Netherlands, using a single-pass with 136 

the untagged ITS4ngsUni primer (or LROR primer for LSU). Of the remaining PCR 137 
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products, between 1 and 10 µl of amplicon were taken based on the strength of the band on 138 

the gel (categories 0 and 1, 10 µl; category 5, 1 µl), and pooled into five sequencing libraries 139 

for the ITS region and one library for the LSU region. The amplicon pools were purified 140 

using FavorPrep™ Gel/PCR Purification Kit (Favorgen-Biotech Corp., Austria), following 141 

the manufacturer’s instructions, and subjected to SMRTbell library preparation and PacBio 142 

Sequel II sequencing on a single 8M SMRT cell in the University of Oslo, Norway. 143 

 144 

 145 

Sequence data workflow 146 

The raw data were obtained in ab1 format for Sanger sequences and fastq format for PacBio 147 

sequences. Sanger sequences were inspected for quality using Sequencher v. 5.4.6 software. 148 

Sanger sequences were manually checked and trimmed to comprise only the full ITS region 149 

or LSU, or a shorter fragment in case of quality issues. PacBio reads were demultiplexed with 150 

Lima v.2.4.0 (https://lima.how/; PacBio, 2021) and quality-filtered following Tedersoo et al., 151 

(2021). Sequences were trimmed to remove primers using cutadapt v.3.5 (Martin, 2011) and 152 

ITS region was extracted using ITSx v.1.1.3 (Bengtsson-Palme et al., 2013). ITS and LSU 153 

sequence data were processed separately using seqkit v.2.1.0 (Shen et al., 2016) and 154 

VSEARCH v.2.18.0 (Rognes et al., 2016). Reads were grouped into 100% sequence-155 

similarity OTUs. Putative index-switches (also known as tag-jumps) were removed from the 156 

OTU table based on the UNCROSS2 score (Edgar, 2018). 157 

 158 

The representative reads of each PacBio OTU and all Sanger sequences were identified 159 

against UNITE v.9.4b (Nilsson et al., 2018) and SILVA v.138.1 (Quast et al., 2013), 160 

respectively, using the BLASTn algorithm and 10 best database hits. Based on morphological 161 

identification of specimens, the PacBio OTUs and Sanger sequences were flagged as 162 
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potentially matching or potentially mismatching to the target taxa. The latter category 163 

suggested sequencing of naturally associated fungi, airborne or laboratory contaminants. We 164 

did not attempt to distinguish among these groups of unexpected taxa. For a comparison with 165 

Sanger sequencing, we only considered non-singleton OTUs with at least 1% relative 166 

abundance as putatively true alleles, while others were considered low-quality reads. For each 167 

sequenced specimen, we recorded the following properties: the overlap of PacBio OTUs with 168 

Sanger sequences from the same specimen (binary), the number of all non-singleton >1%-169 

abundance PacBio OTUs and the number of potentially matching PacBio OTUs. 170 

 171 

To calculate pairwise distances within specimens and species, sequences for each sample 172 

were aligned using mafft v7.487 (Katoh et al., 2002). Using the dist.seqs command of mothur 173 

v1.46.1 (Schloss et al., 2009), we calculated the mean and maximum uncorrected pairwise 174 

distances of polymorphic alleles within each sample sequenced for the ITS region. We also 175 

recorded corresponding intraspecific distances for 11 species that were successfully 176 

sequenced in >5 samples. The samples sequenced for LSU were excluded, because these 177 

yielded less data and only a small proportion of samples sequenced for LSU had allele 178 

polymorphisms. In allelic comparisons, each pairwise distance represents the percent of 179 

mismatches (including indels), where gaps of any length were penalized once and end gaps 180 

were ignored.  181 

 182 

We also estimated the reasons of sequencing failure. Sanger sequencing was considered 183 

failed when the read (1) represented a contaminant; (2) had an unreadable chromatogram; (3) 184 

had >5 ambiguous bases; or (4) had >50 bases were missing from either end (due to low-185 

quality 5’ or 3’ end or sequence disruption by length polymorphism of alleles). The PacBio 186 
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sequencing was considered unsuccessful if the sample (1) yielded no sequence reads; (2) did 187 

not contain a correct fungus; or (3) the relative abundance of correct fungus was <10%. 188 

 189 

 190 

Statistical analyses  191 

We ran three sets of binomial regression models (logarithmic link function) using the glm 192 

function in the R base package. To test whether PacBio sequencing success is more probable 193 

for some particular cases of Sanger sequencing failure, we focused on samples that could not 194 

be successfully sequenced using Sanger method, and ran a model where PacBio success was 195 

a binary dependent variable and Sanger failure reason the sole categorical explanatory 196 

variable (four levels, see above). To test if the sequencing success across all samples 197 

depended on the relative strength of the PCR band or sample age (years since sampling), we 198 

ran models where either Sanger or PacBio success was a binary dependent variable and, 199 

respectively, the relative strength of PCR band or sample age was a sole continuous 200 

explanatory variable.  201 

 202 

 203 

Results 204 

For our samples, the total sequencing costs (incl. library preparation) were ca. 10% less for 205 

PacBio than Sanger method. For PacBio, 387 out of 497 samples (77.9%) were successfully 206 

sequenced compared with 275 samples when using Sanger (55.3%). Altogether 122 (25%) of 207 

all samples could be successfully sequenced with PacBio but not with Sanger, whereas the 208 

opposite happened to 15 (3.0%) of samples (Fig 1A). In general, there was a higher 209 

probability of successful PacBio outcome in cases where Sanger sequencing failed because of 210 

yielding only a partial readable sequence or a sequence containing some low-quality regions 211 
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(Table 1). The probability for both Sanger and PacBio success increased with the relative 212 

strength of the PCR band (Table 1, Fig 2A). The probability of PacBio sequencing success 213 

but not Sanger sequencing success significantly decreased with sample age (Table 1, Fig 2B). 214 

In 98% of the samples successfully sequenced with PacBio, the true target species was 215 

represented by the most abundant OTU.  216 

 217 

PacBio sequencing revealed ITS allele polymorphisms in 249 (75%) of samples that were 218 

successfully sequenced. These samples contained on average 5.1 (range 2 to16) polymorphic 219 

alleles with >1% relative abundance. Each allele generally differed from all others by only a 220 

few base pairs, yielding an average intraindividual distance of 0.44% (range, 0.15% to 221 

2.88%) across all samples with allele polymorphisms. The average maximum distance across 222 

all samples with allele polymorphisms was 0.64% (range, 0.15% to 2.88%) (Fig 3B). The 223 

relative abundance of the most abundant allele and the total number of sequences in the 224 

sample were weakly correlated (Spearman r = 0.13, Fig 3A).  225 

 226 

We also checked among-individual, intraspecific variation for 11 species that were 227 

successfully sequenced in >5 samples (Table 2). Those species had in average 2.5 228 

polymorphic alleles per sequenced sample (min 0.29, max 5.17). The average and maximum 229 

intraspecific distance remained below 2% in all cases. The polypore Sidera vulgaris 230 

displayed the highest average and maximum intraspecific differences.  231 

 232 
 233 
 234 
Discussion 235 

 236 

1. Sequencing success 237 

 238 
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We demonstrated that sequencing of nearly 500 fungal amplicons using long-read HTS 239 

sequencing (PacBio) had a higher success rate compared to the traditional Sanger sequencing 240 

at comparable cost. Identifying the target species from PacBio samples was usually 241 

straightforward, as these were represented by the dominant OTU. However, contaminants 242 

were common and sometimes prevailed, especially in relatively old specimens. This indicates 243 

that taxonomic knowledge remains important when interpreting sequencing results (see Vu et 244 

al., 2018). We observed a rapid decay in PacBio sequencing success rate in >5-year-old 245 

specimens. Earlier studies have noticed a similar trend in Sanger sequencing (Larsson & 246 

Jacobsson, 2004). In the case of Sanger, we used single-end sequencing (as most taxonomic 247 

studies), additional sequencing of the complementary strand would have increased the 248 

success rate in samples with partial sequences, and low quality regions (Hyde et al., 2013).  249 

  250 

There were two typical situations where the Sanger sequencing failed, but PacBio proved 251 

successful: length polymorphism of reads and field-contaminated samples. The length 252 

polymorphism in alleles caused disruption of Sanger reads but yielded no issues in PacBio. 253 

For example, in the boreal polypore species Sidera vulgaris, Sanger sequencing recovered a 254 

full-length read in 7% of the sequenced specimens, whereas PacBio was successful in 97% of 255 

specimens. The field-contamination was common in collections of the resupinate tropical 256 

Tomentella spp. and polypore Rhodonia placenta. In R. placenta, Sanger sequencing and 257 

PacBio sequencing were successful in 27% and 91% out of 11 specimens analyzed, 258 

respectively. It is worth noticing that we also adopted relatively stringent criteria for 259 

successful sequencing. If fruit body characteristics allowed restricting the species 260 

identification to a few options only, many of the “sequencing failures” were still informative 261 

for confirming the final identification. 262 

 263 
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 264 

2. Allele polymorphism in studied samples 265 

Our workflow pointed to a widespread allele polymorphism within the ITS marker in the 266 

studied fungal collections. We consider most of the common variants as “true” alleles, since 267 

PacBio circular consensus sequencing yields high sequencing accuracy (Karst et al., 2021; 268 

Tedersoo et al., 2021) and we only addressed OTUs represented by >1 read and at least 1% 269 

total abundance, hence avoiding random PCR and sequencing errors (see also Ganley & 270 

Kobayashi, 2007). Our interpretation contrasts to Lindner et al., (2013), who ascribed 271 

intraindividual variation in a majority of 100 sampled fungal species to PCR and sequencing 272 

errors that were an order of magnitude more common in the now-obsolete 454 273 

pyrosequencing technology (Lindner et al., 2013). However, the alleles typically differed by a 274 

single or few positions, and the maximum intragenomic and intraspecific differences 275 

remained <2% (except in three samples). Metabarcoding studies typically use a 97%, 98% or 276 

98.5% ITS sequence similarity threshold for species-level separation and identification of 277 

taxa. Therefore, the observed differences typically remain within this threshold, especially 278 

when compared to the closest read (single-linkage clustering) or centroid (greedy clustering) 279 

based methods. However, when combined with geographic distance (population divergence), 280 

inappropriate clustering methods and accumulating sequencing errors, intraspecific 281 

differences may indeed account for artefactual, elevated richness in ecological studies.  282 

 283 

Our results suggest that the exact sequence variant (ESV) based approaches (Callahan et al., 284 

2017) are not optimal for species-level metabarcoding analyses of fungal diversity (see also 285 

Estensmo et al., 2021; Tedersoo et al., 2022) and perhaps eukaryotes in general (Antich et al., 286 

2021; Porter & Hajibabaei, 2021), by potentially retrieving artefactual taxa. In conclusion, 287 

multiplex DNA barcoding of the fungal ITS marker using a PacBio third-generation HTS 288 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 9, 2022. ; https://doi.org/10.1101/2022.02.08.479507doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.08.479507
http://creativecommons.org/licenses/by-nc-nd/4.0/


 13 

protocol is a useful tool for taxonomic assessment of large sets of vouchered fungal 289 

specimens. Besides costs comparable to Sanger sequencing, PacBio HTS provides more 290 

complete and accurate recovery of various alleles, which can potentially be accounted for in 291 

bordering the molecular species or species hypotheses (Kõljalg et al., 2013) and used in 292 

population-level studies (Byrne et al., 2017). 293 

 294 
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Tables and figures 491 
 492 
 493 

 494 
 495 
Fig 1. The sequencing success of 497 fungal amplicons with Sanger and PacBio methods (A), 496 
and the reasons for failed sequencing (B). 497 
 498 

 499 
 500 

 501 

 502 
Fig 2. Sequencing success with PacBio and Sanger sequencing at different strengths of the 503 
PCR band (A) and sample ages (B). No. of samples in parentheses. There was a single 504 
sample with no PCR band. 505 
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 506 
 507 

  508 

 509 
Fig 3.  The major characteristics of successful PacBio samples. A: The relationships between 510 
total no. of sequences and relative abundance of the top (most abundant) allele. B: Count and 511 
density (probability density) of average and maximum distances between alleles in samples 512 
successfully sequenced for the ITS region. Distance is zero for samples with no allele 513 
polymorphism.  514 
  515 
 516 
 517 
Table 1. Effects in the binomial regression models. “Sanger failure” is a categorical factor 518 
with four levels, where “partial sequence” is a reference group. p-values: * < 0.05; ** < 0.01; 519 
*** < 0.001. 520 
 521 
PacBio success vs. Sanger failure reasons     

 Estimate Std error z P  
(Intercept) 2.54 0.60 4.23 <0.001 *** 
Sanger failure: unreadable -2.68 0.63 -4.28 <0.001 *** 
Sanger failure: contaminant -4.33 0.81 -5.37 <0.001 *** 
Sanger failure: low q. regions -0.69 0.86 -0.80 0.422        
Sanger success vs. PCR band strength      
(Intercept) -1.19 0.33 -3.61 <0.001 *** 
PCR band strength 0.35 0.08 4.45 <0.001 ***       

Sanger success vs. sample age     
(Intercept) 0.43 0.15 2.88 0.004 ** 
Sample age -0.07 0.04 -1.82 0.069 .       

PacBio success vs. PCR band strength      
(Intercept) -0.79 0.34 -2.34 0.019 * 
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PCR band strength 0.52 0.09 6.02 <0.001 ***       
PacBio success vs. sample age     
(Intercept) 2.14 0.20 10.56 <0.001 *** 
Sample age -0.29 0.05 -6.21 <0.001 *** 

 522 
 523 
Table 2. Number of polymorphic alleles, and intraspecific distances in 11 studied species. 524 
 525 

 
No. of 

samples 

No. of 
polymorphic 

alleles 

Min 
distance 

(%) 

Max 
distance 

(%) 

Average 
distance 

(%) 
Antrodia piceata 8 6 0.171 0.512 0.262 
Antrodia serialis 6 19 0.181 1.093 0.565 
Physisporinus vitreus L4 7 9 0.183 0.730 0.386 
Postia tephroleuca 6 12 0.185 0.750 0.431 
Rhodonia placenta 10 24 0.172 1.382 0.717 
Sidera vulgaris 33 140 0.181 1.828 0.911 
Skeletocutis nemoralis 10 35 0.167 1.003 0.510 
Skeletocutis semipileata 14 61 0.166 1.815 0.720 
Skeletocutis stellae 6 31 0.174 1.394 0.681 
Tomentella sp. 15 6 2 0.173 0.173 0.173 
Tomentella sp. 23 7 2 0.175 0.175 0.175 

 526 

 527 
 528 
 529 
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