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RESEARCH ARTICLE

Primer pairs, PCR conditions, and peptide nucleic acid clamps affect fungal 
diversity assessment from plant root tissues
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and Coralie Bertheaua
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CIRAD, INRAE, Institut Agro, Montpellier, France; eUniversité de Lorraine, CNRS, LIEC, Nancy, France

ABSTRACT
High-throughput sequencing has become a prominent tool to assess plant-associated microbial 
diversity. Still, some technical challenges remain in characterising these communities, notably due 
to plant and fungal DNA co-amplification. Fungal-specific primers, Peptide Nucleic Acid (PNA) 
clamps, or adjusting PCR conditions are approaches to limit plant DNA contamination. However, 
a systematic comparison of these factors and their interactions, which could limit plant DNA 
contamination in the study of plant mycobiota, is still lacking. Here, three primers targeting the 
ITS2 region were evaluated alone or in combination with PNA clamps both on nettle (Urtica dioica) 
root DNA and a mock community. PNA clamps did not improve the richness or diversity of the 
fungal communities but increased the number of fungal reads. Among the tested factors, the most 
significant was the primer pair. Specifically, the 5.8S-Fun/ITS4-Fun pair exhibited a higher OTU 
richness but fewer fungal reads. Our study demonstrates that the choice of primers is critical for 
limiting plant and fungal DNA co-amplification. PNA clamps increase the number of fungal reads 
when ITS2 is targeted but do not result in higher fungal diversity recovery at high sequencing 
depth. At lower read depths, PNA clamps might enhance microbial diversity quantification for 
primer pairs lacking fungal specificity.
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1. Introduction

Fungi are ubiquitous microorganisms that play 
a number of critical ecological roles in ecosystems 
(Peay et al. 2016; Dighton 2018). Notably, many fungal 
species across diverse lineages interact with and grow 
in close association with cultivated and wild plants 
(Nguyen et al. 2016; Zeilinger et al. 2016). Fungi are 
frequently found both around and within plant tissues, 
particularly in roots, as part of the root microbiome 
(Trivedi et al. 2020), and are involved in both plant 
nutrient acquisition and resistance to pathogens 
(Smith and Read 2010; Waqas et al. 2015; Diagne 
et al. 2020). Thus, there has been a growing interest 
in characterising the diversity and composition of 
plant-associated fungal communities over recent dec
ades (Trivedi et al. 2020; Bollmann-Giolai et al. 2022). 
High-throughput amplicon sequencing (HTS), also 
called metabarcoding, has emerged as a powerful 
tool for analysing complex microbial communities 

from environmental samples (Nilsson et al. 2019; 
Baldrian et al. 2021). Yet, HTS applied to fungal com
munities associated with plants is challenging, given 
that plant DNA can contaminate the sequencing 
results. For example, amplicons deriving from plant 
DNA have been found to be dominant in many meta
barcoding studies exploring the plant mycobiota 
(Almario et al. 2017; Fabiańska et al. 2019). As plant- 
fungal DNA co-amplification can significantly reduce 
the sequencing depth, this might lead to an under
estimation of the plant-associated fungal diversity 
(Mayer et al. 2021). New techniques such as host- 
associated microbiome PCR, aim to co-amplify micro
bial markers and host genes to determine microbial 
load and community composition by adjusting the 
host: microbe ratio (Lundberg et al. 2021).

The ribosomal internal transcribed spacer (ITS) 
region is considered the primary fungal DNA barcode 
(500–700 bases) (Schoch et al. 2012). The ITS region 
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comprises ITS1 and ITS2, two highly variable spacers 
linked by the 5.8S gene. The ITS1 and ITS2 subregions 
are more commonly targeted (250–400 bases) com
pared with the entire ITS region being too long for 
metabarcoding with Illumina Miseq sequencing, 
which remains the most widely used HTS sequencing 
platform (Schoch et al. 2012; Tedersoo et al. 2015). 
Nevertheless, the ITS2 region generates less taxo
nomic bias than the ITS1 due to lower length variation 
with universal primer sites and has been proposed as 
a better alternative to ITS1 in the characterisation of 
fungal communities (Yang et al. 2018; Nilsson et al.  
2019). Several primers have been designed to amplify 
ITS2 subregions exclusively belonging to the fungal 
kingdom (i.e. fungal-specific primers). However, most 
widely used fungal-specific primers also amplified 
DNA from other eukaryotes such as plants, for exam
ple, fITS7/ITS4, gITS7/ITS4, or 5.8Fun/ITS4-Fun 
(Ihrmark et al. 2012; Lindahl et al. 2013; Taylor et al.  
2016; Koyama et al. 2019; Ricks et al. 2019; Botnen 
et al. 2020; Li et al. 2020; Chen et al. 2022).

When working on environmental samples, it is 
recommended to combine primers with degenerate 
positions (Ihrmark et al. 2012) and a lower annealing 
temperature (Ta) than typically recommended 
(Bellemain et al. 2010) to improve the taxonomic 
coverage and facilitate amplification (Toju et al.  
2012; Brown et al. 2018). Since amplification efficiency 
and specificity depend on the Ta (Yu and Wu 2011), Ta 

can be adjusted to limit the plant-fungal DNA co- 
amplification. Moreover, some rare ITS variants may 
be amplified only at a high Ta (Schmidt et al. 2013). 
However, increasing Ta can significantly reduce the 
yield of products (Rychlik et al. 1990) and the diversity 
recovered (Schmidt et al. 2013). Since the optimal Ta is 
often only determined based on electrophoresis agar
ose gel analysis (Terashima et al. 2002; Green et al.  
2004; Banos et al. 2018), the specific taxa impacted by 
varying Ta are therefore not described.

Regardless of fungal primer pairs and PCR conditions, 
peptide nucleic acid (PNA) clamps have also been 
described as an efficient approach to discriminate fungal 
DNA from plant DNA (Giangacomo et al. 2021). These 
clamps are synthetic oligomers that bind to host- 
derived DNA and block its amplification during PCR 
(Lundberg et al. 2013; Fitzpatrick et al. 2018). PNA 
clamps were initially designed for and used in bacterial 
microbiome studies (Sakai and Ikenaga 2013; Fitzpatrick 
et al. 2018; Reigel et al. 2020; Kawasaki and Ryan 2021), 

and have subsequently been used for fungi (Cregger 
et al. 2018; Taerum et al. 2020). Most notably, Taerum 
et al. (2020) showed that PNA clamps reduced plant 
reads while increasing the number of fungal reads and 
associated diversity. Although some studies conducted 
on plant tissues have combined fungal-specific primers 
with ITS PNA clamps (i.e. ITS3/ITS4; 5.8S-Fun/ITS4-Fun; 
fITS7/ITS4; ITS1/ITS2) (Hamonts et al. 2018; Sun et al.  
2020; Do et al. 2021; Lee and Hawkes 2021), to our 
knowledge, no studies have addressed which fungal 
taxa are affected when the ITS2 region is amplified. 
Moreover, it has been shown that blocking oligos can 
change fungal relative abundances and co-inhibit cer
tain species with universal primers when sequencing 
arthropods (Piñol et al. 2015). Consequently, there is 
currently no consensus on the most appropriate PCR 
protocol for preferentially amplifying fungi over plants. 
Yet, in the study of fungal diversity within plant roots, 
the selection of primers, Ta, and PNA clamps is pivotal for 
achieving this aim, and there is a notable absence of 
a systematic comparison regarding the impact and 
interplay of these technical elements.

This study aims to evaluate the combined effects of 
primer pairs, associated Ta, and PNA clamps in deter
mining the fungal community diversity and composi
tion associated with plant roots. The plant used in this 
study is stinging nettle, Urtica dioica (L.). Although this 
plant grows in a wide range of habitats (Taylor 2009) 
and has raised scientific and commercial interests 
(Viotti et al. 2022), limited information is available on 
its associated microorganisms. Here, three primer 
pairs used in the literature were studied i) fITS7/ITS4, 
which is fungi-specific, ii) gITS7/ITS4, a universal pri
mer pair amplifying fungi, plants, and protists, and iii) 
5.8S-Fun/ITS4-Fun which is designed to be fungi- 
specific and to generate longer amplicons than the 
two other primer pairs (Taylor et al. 2016). The influ
ence of a higher Ta (i.e. equal to the melting tempera
ture of the primers) compared to the commonly used 
one was investigated for each primer pair, as well as 
the addition of PNA. Variations in relative abundance, 
OTU richness, and diversity indices of nettle root fun
gal communities were evaluated under various con
ditions of Ta, PNA clamp use, and primer pair choice. 
The fungal taxa impacted by changes in PCR condi
tions were also identified. Finally, primer pairs and 
PNA clamps were evaluated using a synthetic mock 
community SynMock (Palmer et al. 2018) either alone 
or with varying ratios of plant to fungal DNA. The 
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mock community was made from ITS-like fragments 
of different lengths and used as a control (Castaño 
et al. 2020) to assess both the influence of primers and 
PNA clamps, and to test the efficiency of plant DNA 
exclusion (Gohl et al. 2016; Pauvert et al. 2019).

2. Materials and methods

2.1. Sample collection and DNA extraction

In 2021, root samples from six adjacent stinging nettle 
(U. dioica) individuals were collected in Etobon 
(Bourgogne-Franche-Comté, France). Fine roots were 
first washed with tap water, followed by three baths of 
sterile distilled water, and an ultrasonic bath for 20 min 
to remove the soil attached to the roots. Samples were 
stored at −20 °C until analysis. Roots from an axenic 
in vitro stinging nettle from Rovaniemi (Luke, Finland) 
were also collected and processed identically. Total DNA 
was extracted from 50 mg of roots using the DNeasy 
PowerSoil kit (Qiagen, Venlo, The Netherlands) following 
the manufacturer’s instructions. Three extractions were 
performed on the same pool of roots and then com
bined for both environmental and in vitro roots. DNA 
from all samples was quantified with a Qubit® dsDNA HS 
Assay Kit (Invitrogen, Carlsbad, CA, USA). Additionally, 
a synthetic fungal mock community SynMock, (Palmer 
et al. 2018) comprising 12 ITS constructs was used as 
control, either alone or in combination with different 
ratios of in vitro stinging nettle to fungal mock DNA (i.e. 
50:50 and 80:20).

2.2. DNA amplification and amplicon sequence 
library preparation

The fungal 5.8S and ITS2 region from nettle root sam
ples, the SynMock community, and three negative con
trols were amplified with three Illumina-compatible 
primer pairs both with and without PNA clamps. The 
three primer pairs were fITS7/ITS4, gITS7/ITS4 (Ihrmark 

et al. 2012) (abbreviated thereafter fITS7 and gITS7, 
respectively) and 5.8S-Fun/ITS4-Fun (Taylor et al.  
2016) (abbreviated thereafter 5.8S-Fun) (Table 1). 
Although, the clamps used in this study were designed 
to target the plant 5.8S nuclear RNA gene of Populus 
species (Cregger et al. 2018), but were also found to 
align with the ITS sequence of the herbaceous plant 
Urtica dioica, as extracted from the NCBI database. 
A two-step PCR was performed to prepare sequencing 
libraries. PCR1 was designed to achieve amplification of 
the target regions and to add Illumina Nextera trans
posase sequence to the amplicons. Both forward and 
reverse primers were amended with frameshift 
sequences (FS), after the Illumina Nextera transposase 
sequence, to improve sequence diversity and overall 
read quality (Caporaso et al. 2011). PCR1 was per
formed in triplicates for each sample. The reaction 
mixture (20 µL final volume) consisted of 4 µL of 5× 
Phusion Green High-Fidelity reaction buffer, 0.4 µL of 
10 mmol dNTPs, 0.8 µL of each 10 μmol primers, 0.4 µL 
of Phusion High-Fidelity DNA Polymerase 
(ThermoFisher Scientific, Illkirch, France) and 10 ng of 
DNA template. The following cycling parameters were 
then used for amplification: An initial denaturation 
stage at 98 °C for 30 s; 35 cycles of denaturation at 
98 °C for 15 s, annealing at 57 °C and 68 °C (fITS7 and 
gITS7) or 63 °C (5.8S-Fun) for 30 s, extension at 72 °C for 
30 s, and a final extension at 72 °C for 10 min. For the 
PCR mix with PNA, 0.8 μL of 10 μmol PNA was added. 
PCR conditions were the same as before, except an 
additional step at 78 °C for 30 s was included before 
the primer annealing step. The quality of the PCR1 
products was verified through electrophoresis on 1% 
agarose gels. Purification of PCR1 amplicons was 
achieved using Agencourt AMPure XP beads 
(Beckman Coulter, Chaska, MN, USA) at a bead-to- 
DNA ratio of 1:1. In PCR2 (Illumina dual indexing PCR), 
each cleaned PCR1 product within the same sample 
received a unique combination of forward and reverse 
primers (respectively, N7 and S5 Illumina dual index 

Table 1. Amplicon size, fungal specificity, and the sequences of primers used.
Primers Specificity for fungi Sequences (5’–3’) References

fIT7 98% GTGARTCATCGAATCTTTG Ihrmark et al. (2012)
gITS7 99% GTGARTCATCGARTCTTTG Ihrmark et al. (2012)
ITS4 98% TCCTCCGCTTATTGATATGC White et al. (1990))

Amplicons size (bp): 292
5.8S-Fun 95% AACTTTYRRCAAYGGATCWCT Taylor et al. (2016)
ITS4-Fun 90% AGCCTCCGCTTATTGATATGCTTAART Taylor et al. (2016)
Amplicons size (bp): 440
PNA - CGAGGGCACGTCTGCCTGG Cregger et al. (2018)
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oligos). Samples were again cleaned afterwards, using 
AMPure XP magnetic beads, pooled in equimolar con
centrations, and sequenced using 2 × 300 bp MiSeq v3 
sequencing (Illumina Inc., San Diego, CA, USA).

2.3. Data processing and bioinformatic analysis

Three PCR controls were performed for each pri
mer pair. Read counts obtained in PCR controls 
were subtracted from those of the samples. The 
“amptk” pipeline described in Palmer et al. (2018) 
was used to process the raw demultiplexed.fastq 
files. Following the removal of primers, sequences 
were trimmed to 250 bp, denoised using 
UNOISE3 (Edgar 2016) and clustered into opera
tional taxonomic units (OTUs) at 97% similarity. 
Read counts in the OTU x sample matrix were 
adjusted to account for the tag-switch between 
samples with the amptk filter function “−t” that 
assesses the number of reads of mock community 
taxa present in environmental samples and 
removes all reads under this threshold from 
each sample. A hybrid algorithm that integrates 
results from USEARCH global alignment against 
the UNITE database v8 (Nilsson et al. 2018) and 
both UTAX and SINTAX Bayesian classifiers were 
used to assign taxonomy. The environmental 
dataset was rarefied to 49,007 sequences per 
sample, and the mock community dataset was 
rarefied to 138,195 sequences per sample.

2.4. Statistical analyses

All variables were checked for their homoscedas
ticity (Bartlett test) and normal distribution 
(Shapiro-Wilk test). Data that did not fit a normal 
distribution after transformation were analysed 
with non-parametrical tests. Differences in the 
number of fungal sequences from environmental 
samples and relative abundance of Viridiplantae 
kingdom among primer pairs and PCR conditions 
were assessed using a Kruskal-Wallis test followed 
by multiple comparisons from the “kruskal” func
tion of the agricolae package (de 
Mendiburu 2019). Tukey’s HSD multiple compari
son post-hoc analyses were used to assess the 
differences in the number of fungal sequences 

from the mock community. OTU richness and 
Shannon’s index were calculated with the vegan 
package (Oksanen et al. 2019) and compared 
between treatments using Kruskal-Wallis test fol
lowed by multiple comparisons. The effect of pri
mer pair, PNA clamps, and a higher Ta was 
measured using linear mixed-effects models from 
the nlme package (Pinheiro et al. 2019). Fungal 
OTUs composition differences within the three 
primer pairs with or without PNA or higher Ta 

were plotted with a non-metric multi- 
dimensional scaling (NMDS) using the “meta 
MDS” function in the vegan package, based on 
the Bray-Curtis dissimilarity matrix. To determine 
the effects of the different primer pairs, PNA 
clamps, and a higher Ta potential on OTUs com
position, we performed a permutational multivari
ate analysis of variance (PERMANOVA) based on 
Bray-Curtis dissimilarity using the “adonis” func
tion from the vegan package. Bray-Curtis dissim
ilarity was calculated with the “vegdist” function 
from the vegan package between primer pairs 
with or without PNA or with a higher Ta for envir
onmental samples and the mock community to 
measure the dissimilarity of fungal community 
composition. Statistical analyses and data visuali
sation were performed using R (R Core Team  
2020) and were considered significant at P < 0.05.

3. Results

3.1. Mock community amplification

We used a synthetic mock community to evaluate 
the potential bias of three primer pairs alone or 
combined with PNA clamps and to assess the 
impact of plant-fungal DNA co-amplification at 
different ratios. Sequencing of the mock commu
nity generated 11,322,947 fungal sequences 
before subsampling. The number of fungal 
sequences did not differ significantly between 
the three primer pairs and associated conditions 
(i.e. PNA clamps, different ratios of plant-fungal 
DNA) (Table 2). gITS7 primers added with plant 
DNA was the only treatment that generated plant 
reads (i.e. 464 and 2,052 Viridiplantae reads for 
50:50 plant-mock DNA and 80:20 plant-mock 
DNA, respectively). The three primer pairs allowed 
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the recovery of the 12 members of the mock 
community, and the OTU Bray-Curtis dissimilarity 
between the different treatments for each primer 
pair was low (<0.1) (Figure 1a). However, 5.8S-Fun 
exhibited differences in individual OTU relative 
abundances, ranging from less than 1% to 9.6% 

compared with the other primer pairs (Figure 1b). 
Moreover, 5.8S-Fun exhibited a higher number of 
additional OTUs (H17,36 = 39.7, P = 0.001), which 
exhibited a higher relative abundance (H17,36 =  
44.3, P < 0.001). Experimentally reducing the 
plant-fungal DNA ratio did not impact the relative 

Table 2. Mean number of fungal sequences (±SE) obtained using the SynMock community for the three primer pairs (Ta = 57 °C) and 
the various combined treatments tested.

Primer pairs Ta  = 57 °C +PNA 50:50 plant-mock 50:50 +PNA 80:20 plant-mock 80:20 +PNA

fITS7/ITS4 246,913 ± 11,955a 218,033 ± 17,439ab 236,290 ± 6,130ab 229,954 ± 14,493ab 204,413 ± 7,241ab 228,534 ± 42,884ab

gITS7/ITS4 205,999 ± 19,578ab 231,118 ± 6,776ab 242,530 ± 3,204ab 189,718 ± 3,601ab 217,261 ± 9,906ab 223,649 ± 14,853ab

5.8S-Fun/ITS4-Fun 169,416 ± 10,723ab 176,245 ± 13,371ab 204,221 ± 2,730ab 164,275 ± 16,281ab 200,470 ± 7,536ab 185,277 ± 10,225b

Different letters indicate significant differences between primer pairs and the tested conditions using a Kruskal-Wallis analysis followed by a post-hoc test using 
Fisher’s least significant difference, P < 0.05.

Figure 1. Variation in the SynMock community composition depending on the primer pair used (fITS7/ITS4 in red; gITS7/ITS4 in green 
and 5.8S-Fun/ITS4-fun in blue), the addition of PNA clamps (+PNA) and the ratio of plant-mock DNA (50:50 or 80:20). (a) OTU Bray- 
Curtis dissimilarity between classic amplification (Ta = 57 °C) and the various conditions tested. (b) Relative abundance of the 12 OTUs 
composing the SynMock.
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abundance of OTUs. On the contrary, adding PNA 
resulted in slight but significant changes in OTU 
relative abundance with the fITS7 and gITS7 pri
mers (<2.5%; Figure 1b).

3.2. Plant-fungal DNA co-amplification in root 
samples

We amplified the same environmental samples with 
different PCR conditions (primer pairs, PNA clamps, 
a higher Ta) to assess the impact on the level of plant- 
fungal DNA co-amplification. Illumina sequencing of 
environmental samples generated 4,167,783 fungal 
sequences and 346,249 Viridiplantae sequences after 

removing primers, short (<200 bp), low-quality 
sequences, and chimeras. The mean number of fungal 
sequences significantly differed between the three 
primer pairs and the associated treatments before 
subsampling (H8,18 = 20.2; P < 0.01). fITS7 generated 
a significant higher average number of fungal 
sequences than 5.8S-Fun (165,377 ± 7,786 and 
99,339 ± 9,131 sequences respectively; Table S1) but 
did not differ significantly from gITS7 (114,656 ±  
12,595 sequences). PNA clamps significantly 
increased the average number of fungal sequences 
for gITS7 (210,501 ± 14,611) and 5.8S-Fun (156,901 ±  
3,197), while the higher Ta did not result in significant 
differences (Table S1).

Figure 2. Abundance, richness and diversity of fungi in Urtica dioica roots for the three primer pairs tested fITS7/ITS4, gITS7/ITS4, and 
5.8S-Fun/ITS4-fun (Ta = 57 °C), the addition of PNA clamps (+PNA) and the increase of Ta (Ta = 68 °C or 63 °C). (a–c) Relative abundance 
of reads of Viridiplantae, fungi, and other phyla (i.e. Amoebozoa, Choanoflagellozoa, Heterolobosa, Ichthyosporia, Metazoa, Protista, 
Rhizaria, rhodoplantae, Stramenopila, and NA); (d–f) Richness and (g–i) Shannon’s index. Boxes with the same letters did not differ 
significantly from each other using a Tukey-adjusted comparison and Kruskal-Wallis analysis followed by a post-hoc test using Fisher’s 
least significant difference, respectively, P < 0.05.
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Primer pairs and Ta significantly impacted the 
relative abundance of Viridiplantae reads (H8,18  

= 48.8; P < 0.001). gITS7 exhibited a four times 
higher relative abundance of Viridiplantae reads 
than fITS7 (Figure 2a,b), and it accounted for 
19.2% of the relative abundance with 5.8S-Fun at 
both Ta = 57 °C and 63 °C (Figure 2c). Finally, PNA 
clamps completely inhibited plant DNA co- 
amplification with 5.8S-Fun, while fITS7 and gITS7 
still recovered 0.1% and 0.5% of Viridiplantae 
sequences, respectively (Figure 2a–c). A higher Ta 

with fITS7 significantly divided it by seven 
(Figure 2a). We observed a similar trend but with 
a lower decrease for gITS7 with higher Ta 

(Figure 2b).

3.3. Fungal richness and diversity depending on 
PCR conditions and read depth

We compared the impact of different PCR conditions 
using environmental samples on the fungal richness 
and diversity to further assess the accuracy of primers. 
After subsampling, Ta and, at a lesser extent, the 
primer pairs had a significant impact on OTU richness 
(Figure 2d–f, F8,18 = 75.7; P < 0.001 and F8,18 = 21.0; P  
< 0.05, respectively), and Hill’s index (Figure S1, F8,18  

= 51.0; P < 0.001 and F8,18 = 21.8; P < 0.001 respec
tively) compared to PNA clamps (P > 0.05). An 

elevated Ta significantly lowered the OTU richness 
with 5.8S-Fun and mostly with gITS7 for which the 
richness dropped by 40% (F8,18 = 22.2; P < 0.001). At 
Ta = 57 °C, 5.8S-Fun resulted in significantly more 
OTUs than fITS7 and gITS7 (Figure 2f). On the contrary, 
the primer pair had a greater impact on the Shannon 
index than Ta (F8,18 = 36.8; P < 0.001 and F8,18 = 12.7; P  
< 0.01, respectively). 5.8S-Fun resulted in 
a significantly higher Shannon index than the two 
other primer pairs (Figure 2g–i), and a higher Ta sig
nificantly increased it with fITS7 and gITS7 (H8,18 =  
21.2; P < 0.01), while Hill’s index resulted in the exact 
opposite trend (Figure S1, H8,18 = 21.2; P < 0.001).

The percentage of diminution in the number of 
OTUs of the different treatments compared to 5.8S- 
Fun at Ta = 57 °C, which gave the highest OTU rich
ness, was calculated to assess the quantification of 
fungal richness at different read depths. All the treat
ments exhibited a similar percentage of diminution 
compared to 5.8S-Fun between 8,000 and 32,000 read 
depths, with gITS7 at Ta = 68 °C that showed the high
est decrease (Figure 3). Below a read depth of 2,000, 
fITS7 and gITS7 at Ta = 68 °C exhibited the lowest 
percentage of diminution, followed by fITS7 at Ta =  
57 °C and gITS7 added with PNA clamps. PNA clamps 
significantly mitigated the decrease in OTUs by low
ering the sequencing depth between 2,000 and 
32,000 read depth with gITS7 (Figure 3).

Figure 3. Percentage reduction in the number of OTUs for each primer pairs (fITS7/ITS4, gITS7/ITS4, and 5.8S-Fun/ITS4-fun) compared 
to the number of OTUs obtained with 5.8S-Fun, subsampled at various sequencing depths.
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3.4. Fungal taxonomic diversity and abundance

We studied the fungal diversity and abundance from the 
same environmental samples to identify the classes and 
genera impacted by different PCR conditions. PCR con
ditions notably affected fungal community structure 
(Figure 4a). PERMANOVA analysis showed that the pri
mer pair was the most impacting factor (R2 = 0.75; P =  
0.001), followed by Ta (R2 = 0.14; P = 0.001), while PNA 
clamps had no significant effect (R2 = 3.25e−3; P > 0.05). 
fITS7 and gITS7 were not significantly different in the 

relative abundances of the main fungal classes 
(Figure 4b). 5.8S-Fun, on the other hand, showed 
a significantly higher abundance of Dothideomycetes 
(+10%, F8,18 = 13.5; P < 0.001) and Sordariomycetes 
(+13%, H8,18 = 23.9; P < 0.01), a lower abundance of 
Olpidiomycetes (-18% H8,18 = 23.4; P < 0.01) (Figure 4b) 
and more OTUs assigned to Dothideomycetes (+20 
OTUs, F8,18 = 32.9; P < 0.001), Eurotiomycetes (+5 OTUs, 
H8,18 = 19.3; P = 0.01) and Pezizomycetes (+4 OTUs, H8,18  

= 20.8; P < 0.01) compared to the two other primers 

Figure 4. Fungal community composition in Urtica dioica roots depending on the primer pair used fITS7/ITS4, gITS7/ITS4, and 5.8S-Fun 
/ITS4-fun (Ta = 57 °C), the addition of PNA clamps (+PNA) and a higher Ta (Ta = 68 °C or 63 °C). (a) Non-metric multidimensional scaling 
(NMDS) analysis of the fungal communities, based on OTUs composition; (b) Relative abundance and F-value from linear mixed-effect 
models measuring the effect of primers, Ta, PNA, the number of OTUs and the number of reads on the relative abundances of fungal 
classes and (c) Genera.
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(Figure S2). The elevated Ta did not significantly impact 
the relative abundances of the main classes with 5.8S- 
Fun. On the contrary, a Ta = 68 °C with fITS7 and gITS7 
significantly increased the relative abundances of 
Eurotiomycetes, Pezizomycetes, Sordariomycetes, and 
Tremellomycetes (H8,18 = 18.4; P < 0.05). The number of 
reads impacted these relative abundances more than 
the number of OTUs (Figure 4b). A higher Ta resulted in 
fewer OTUs assigned to the main classes but with 
a higher number of reads (Figure S2). PNA clamps only 
significantly increased by 2.5 times the relative abun
dance of Mortierellomycetes with gITS7 (F8,18 = 2.8; P <  
0.05) but did not impact the number of reads. Also, four 
OTUs assigned to the Sordariomycetes were not recov
ered with fITS7 when PNA was added (Figures 4b, S2).

At the genus level, 5.8S-Fun had significant differ
ences in relative abundances compared to fITS7 and 
gITS7, and allowed the recovery of the genus 
Plenodomus that accounted for 10.5% ± 0.4 of the rela
tive abundance (Figure 4c, S2). Unclassified genera 
exhibited a higher relative abundance (+20% F8,18 =  
38.1, P < 0.001), with 1.5 times more unassigned OTUs 
(F8,18 = 21.5, P < 0.001) and associated reads (F8,18 = 38.1, 
p < 0.001) (Figure 4c, S2). 5.8S-Fun also resulted in sig
nificant lower relative abundances of Didymella (H8,18 =  
18.0, P < 0.05), Titaea (H8,18 = 18.6, P < 0.05), 
Pyrenochaeta (H8,18 = 23.4, P < 0.01) and Olpidium 
(H8,18 = 23.4; P < 0.01) (Figure 4c). A higher Ta mostly 
impacted the genus Olpidium, with a strong decrease 
in relative abundance (H8,18 = 24.0; P < 0.01) and a two- 
and eight-fold decrease in Olpidium-assigned OTUs with 
fITS7 and gITS7, respectively (H8,18 = 24.0; P < 0.01) 
(Figure 4, S2). On the contrary, a higher Ta significantly 
increased the relative abundances of unclassified gen
era and Exophiala with fITS7 and gITS7 (Figure 4c).

3.5. Primer pair specificity

We identified the OTUs recovered only in specific PCR 
conditions and their relative abundance to assess the 
taxonomic coverage of primers depending on the Ta 

and the use of PNA clamps. Sixteen percent of OTUs 
were shared to all PCR conditions tested (with the three 
primer pairs, with or without PNA clamps, with higher Ta  

= 68–63 °C, Figure 5a), and accounted for 95% of the 
relative abundance with the fITS7 and gITS7 primers but 
only for 43% with 5.8S-Fun (Figure 6a). 5.8S-Fun gave 
the highest number of specific OTUs, accounting for 

55% of the relative abundance (Figures 5c,6a). On the 
contrary, fITS7 and gITS7 exhibited less specific OTUs 
that were poorly abundant (<4%). OTUs specific to 5.8S- 
Fun mainly belonged to the phylum Ascomycota while 
those specific to the two other primer pairs were mainly 
associated with the phylum Basidiomycota (Figure 5b,c). 
A higher Ta resulted in a few specific OTUs that 
accounted for less than 4% of the relative abundance 
(Figures 5b,c,6a). PNA clamps gave few, low abundant, 
and specific OTUs that covered a wide range of fungal 
classes from phyla Basidiomycota and Ascomycota 
(Figures 5c,6a).

OTU Bray-Curtis dissimilarity confirmed that the 
main differences were between fITS7–5.8S-Fun, 
gITS7–5.8S-Fun, fITS7, and gITS7 at Ta = 57 °C and 
Ta = 68 °C (Figure 6b). Although the dissimilarity 
was low between Ta = 57 °C and PNA clamps, few 
OTUs were recovered only when they were added 
or not (Figure 7). These OTUs mainly represented 
by the phylum Ascomycota accounted for less 
than 1% of the relative abundance. Most OTUs 
could not be classified to either the genus (40%– 
75%) or the species (50%–83%) level.

4. Discussion

4.1. Primer pairs and plant-fungal DNA ratio affect 
plant DNA co-amplification

Since co-amplification of plant and fungal DNA can 
occur in studies focusing on the fungal microbiome 
associated with plant tissues, several methods have 
been proposed to alleviate this limitation (Harrison 
et al. 2021), notably by using fungal-specific primer 
pairs. In the present study focusing on plant roots, the 
fITS7 primer pair resulted in fewer plant reads than 5.8S- 
Fun, which has been described to exclude Viridiplantae 
sequences (Taylor et al. 2016). The non-specific fungal 
primer gITS7 yielded the highest number of plant reads 
(i.e. more than 20% of the relative abundance) in agree
ment with previously published results (Ihrmark et al.  
2012). These results confirmed that different primer 
pairs led to varying levels of plant-fungal DNA co- 
amplification. This can be attributed to varying degrees 
of mismatch between the primer and the plant 
sequence, resulting in plant/fungal DNA co- 
amplification that varies depending on the plant species 
studied. Additionally, in our study, artificial modification 
of the plant-fungal DNA ratio to 50:50 and 80:20 before 
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DNA amplification of the mock community resulted in 
no plant reads with the fungal-specific primers fITS7 and 
5.8S-Fun with only a few plant reads detected using the 
more sensitive primer gITS7. Thus, the plant-fungal DNA 
ratio appears to substantially affect fungal sequence 
recovery from plant tissues under our experimental con
ditions. This result is in agreement with Lundberg et al. 
(2021) which reported a recovery of 100% of bacterial 

sequences from 24% of bacterial DNA. Variations in the 
plant-fungal DNA ratio within plant tissues might 
explain why Bodenhausen et al. (2019) observed up to 
75% of plant sequences in Petunia roots, despite using 
a fungal-specific primer pair. Consequently, we suggest 
that plant roots with sparse fungal endophyte colonisa
tion might be more susceptible to plant DNA contam
ination limitation.

Figure 5. Representative classes and phyla of (a) non-specific or (b–c) specific OTUs of fungal community in Urtica dioica roots according 
to primer pairs (fITS7/ITS4, gITS7/ITS4, and 5.8S-Fun/ITS4-fun) and conditions used, as well as the number of OTUs corresponding. 
“Common” corresponds to the OTUs that were found in all PCR conditions with the three primer pairs. “Non-specific” corresponds to the 
OTUs that were found in at least one condition (Ta = 57 °C; +PNA or Ta = 68–63 °C) of PCR with the three primer pairs.
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4.2. Primer pairs affect fungal diversity and 
composition estimations independently of plant 
DNA co-amplification

In this study, among the three primer pairs tested 
on a plant mainly colonised by endophytic fungi 
and saprotrophs (Yung et al. 2021), the majority of 
sequences were fungal. After the removal of plant 

reads, the fITS7 primer pair yielded the highest 
number of fungal reads and 5.8S-Fun the lowest. 
Therefore, 5.8S-Fun does not appear to be the 
most suitable primer pair when the samples are 
plant tissues with a high plant:fungal DNA ratio 
(e.g. endophytes or pathogens with low colonisa
tion levels), as it may result in low fungal 

Figure 6. (a) Relative abundance of specific and non-specific OTUs for each primer pair used (fITS7/ITS4: red; gITS7/ITS4: green; 5.8S- 
Fun/ITS4-fun: blue), with the addition of PNA clamps (+PNA) and a higher annealing temperature (Ta = 68 °C or 63 °C); (b) OTU Bray- 
Curtis dissimilarity between the different primer pairs (Ta = 57 °C), with or without PNA clamps (+PNA), or with an annealing 
temperature of 68 °C or 63 °C.

Figure 7. Number of OTUs found in at least two replicates, either without or with the addition of PNA clamps (+PNA), mean relative 
abundance in percentage ±SE for each primer pair (fITS7/ITS4, gITS7/ITS4, and 5.8S-Fun/ITS4-fun) and the percentage of represented 
fungal classes.
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sequencing depth. Additionally, we observed 
a higher number of additional OTUs, although 
they represented a low proportion in terms of 
relative abundance, that were not expected to be 
recovered from the mock community with 5.8S- 
Fun. This may suggest a higher index bleed with 
this primer pair or, more likely, potential chimeras, 
following the results of Li et al. (2020) that high
lighted a higher non-specific amplification (i.e. chi
mera and mismatch) with 5.8S-Fun. However, 5.8S- 
Fun exhibited significantly higher OTU richness and 
Shannon’s index in environmental samples com
pared to fITS7 and gITS7. This finding is inconsis
tent with results based on soil samples (Li et al.  
2020) and those from Ihrmark et al. (2012) that 
found more diverse amplicon communities with 
gITS7. Among the three primer pairs, members of 
Ascomycota were the most prevalent, following 
the trend of other studies (Li et al. 2020; Yung 
et al. 2021). The 5.8S-Fun primer pair yielded sig
nificantly more OTUs assigned to Ascomycota and 
Chytridiomycota (e.g. Plenodomus) than fITS7 and 
gITS7. This is consistent with the fact that fITS7 
excludes some Ascomycota (Ihrmark et al. 2012). 
Furthermore, differentiating taxa within the phy
lum Chytridiomycota is challenging with variable 
markers such as the ITS region due to high genetic 
divergence and limited reference sequences avail
able (Ishii et al. 2015; Tedersoo et al. 2015). 
Moreover, in a previous study, 5.8S-Fun yielded 
the lowest Basidiomycota abundance (Li et al.  
2020). As the taxonomic specificity and coverage 
vary depending on the primer used (Baldrian et al.  
2021), the impact of primer choice on the recov
ered diversity and richness of plant root-associated 
communities will depend on the fungal taxa har
boured by the plant (e.g., dominance of 
Basidiomycota phylum over Ascomycota). Despite 
varying levels of plant DNA co-amplification, fITS7 
and gITS7 resulted in comparable taxa coverage 
with only a few differences in the number of 
OTUs of some fungal classes that exhibited the 
same relative abundances. Overall, our results con
firm that the primer pairs have a much more sub
stantial impact on fungal diversity and composition 

assessment than plant-DNA contamination in our 
experimental conditions (i.e. high read depths).

4.3. Increased Ta reduces plant co-DNA 
amplification but alters the assessment of fungal 
diversity

Modifying Ta can contribute to limiting plant DNA 
co-amplification. In this study, increasing Ta signifi
cantly decreased plant-fungal DNA co-amplification 
with the fITS7 and gITS7 primers, but not with 5.8S- 
Fun. Although Ta can limit plant-fungal DNA co- 
amplification with some primers, it decreased the 
number of OTUs recovered, but not the sequencing 
depth. Schmidt et al. (2013) also described 
a decrease in the number of OTUs with a higher Ta 

when targeting the ITS1 region. Despite a lower 
OTU richness, raising the Ta allowed the recovery 
of specific OTUs. Shannon’s index, which was signif
icantly higher with the fITS7 and gITS7 primer pairs, 
confirmed this observation. These specific OTUs, 
mainly assigned to Basidiomycota were found with 
the fITS7 and 5.8S-Fun primers. In addition, the 
relative abundance of Ascomycota increased despite 
a lower number of OTUs, suggesting that higher Ta 

decreases the recovery of Ascomycota-related fungi. 
That is contradictory with Larena et al. (1999), who 
used a high Ta (i.e. 62–64 °C) for the selective asco
mycetous primer ITS4A. Additionally, increasing Ta 

highly impacted the relative abundance of the 
genus Olpidium with fITS7 and gITS7. Nevertheless, 
higher Ta with 5.8S-Fun had no impact on the diver
sity of rare OTUs nor the relative abundances of 
fungal classes or genera, suggesting that this primer 
pair is less sensitive to changes in Ta. Our results 
indicate that while increasing Ta might help limit 
plant DNA contamination, it simultaneously reduces 
fungal diversity and alters fungal community 
composition.

4.4. PNA clamps efficiently exclude plant sequences 
without modifications in fungal diversity and 
composition

PNA clamps have been described in previous stu
dies and were first used to inhibit the host DNA 
amplification in studies that aimed to characterise 
bacterial communities associated with plant 
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tissues. They were later used for fungal studies 
(Lundberg et al. 2013). It was shown that PNA 
clamps are not universal and need to be designed 
based on the plant species (Fitzpatrick et al.  
2018). Although the clamps used in this study 
were designed for Populus species, they efficiently 
excluded U. dioica sequences. In Populus roots, 
a primer mixture tagging the fungal ITS2 region, 
combined with 5.8S PNA, reduced plant reads 
from 98.4% to 1.2% (Cregger et al. 2018). In our 
study, the same concentration of ITS PNA clamp 
fully inhibited plant reads with 5.8S-Fun while few 
reads (<1%) were still recovered with the two 
other primer pairs. The efficiency of PNA clamps 
has been described as concentration-dependent 
(Belda et al. 2017), but our result suggests that 
the concentration of PNA should be adjusted 
depending on the primer pair used. Clamping in 
plant roots did lead to a greater sequencing 
recovery of other eukaryotes besides fungi, 
which still accounted for less than 1% in relative 
abundance, even with the non-fungal specific 
gITS7 primers. These results suggest that blocking 
plant DNA amplification did not result in an over- 
amplification of non-plant and non-fungal 
sequences.

PNA clamps increased the proportion of fungal 
reads, contrary to Borodušķe et al. (2023), but did not 
result in an over-amplification of fungal classes and 
genera. Also, PNA clamps did not impact OTU richness, 
Shannon index, or Hill index, and did not increase the 
recovery of rare microbial taxa, as described in Moccia 
et al. (2020). Instead, our results align with those of 
Fitzpatrick et al. (2018) on plant bacterial communities 
but differ from those of Steven et al. (2018) based on 
bee bacterial communities (Muñoz-Colmenero et al.  
2020). PNA clamps slightly impacted the fungal com
position during the amplification of the mock commu
nity. Clamping impacted several OTU relative 
abundances, with variations ranging from 2.5% to 
less than 1%, using fITS7 and gITS7 primers. This phe
nomenon was not observed in environmental samples 
except for Mortierellomycetes and gITS7 primers. 
PNA had little impact on the fungal composition com
pared with the unclamped samples. These results, in 
agreement with those of Reigel et al. (2020) on coral- 
associated bacteria, indicate a proportional DNA ampli
fication of microbial communities with the increase in 
fungal sequences. Collectively, our results suggest that 

PNA clamps are useful for excluding plant sequences 
without introducing bias into the determination of 
fungal community composition.

4.5. PNA clamps improve sequencing depth and 
fungal richness determination for non-fungal 
specific primers at a low read depth

Although we demonstrated that PNA clamps signifi
cantly excluded plant contamination in our experi
ments, they did not enhance the observed fungal 
diversity. This might largely be explained by the fact 
that fungal reads accounted for at least 75% of total 
reads, even with gITS7, which is not fungal-specific. 
Consequently, when the plant sequence contamina
tion is relatively low, and the sequencing depth is 
high, as it was the case in our experimental condi
tions, using PNA clamps seems unnecessary for esti
mating plant-associated fungal diversity and 
composition. Still, at artificially reduced sequencing 
depths, and particularly below 2,000 sequences per 
sample, we observed a substantial decrease in fungal 
richness for the non-fungal specific primers gITS7, 
which was alleviated by the use of PNA clamps, align
ing it with the fungal-specific fITS7. When using non- 
specific primers, for instance, to ensure high taxo
nomic coverage (Op De Beeck et al. 2014), consider
ing that rarefying OTU datasets at relatively low read 
depth as a normalisation approach is commonly 
employed (McKnight et al. 2019; Tedersoo et al.  
2022), using PNA clamps appears as a suitable 
method to reduce plant DNA contamination and 
minimise the loss of fungal richness.

5. Conclusions

In this study, we tested the efficiency of primer pairs, 
Ta, and PNA clamps to limit plant DNA contamination 
while assessing fungal diversity and composition in 
plant tissues. We highlight that using fungal-specific 
primer pairs to exclude plant sequences yielded 
mixed results, specifically that fungal-specific primer 
(5.8S-Fun) pairs led to similar levels of plant DNA 
contamination as the non-fungal specific primer 
(gITS7). Furthermore, increasing Ta reduced plant 
DNA contamination and improved the recovery of 
rare fungal taxa but had a substantial negative impact 
on the overall fungal richness. Finally, we 
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demonstrated that PNA clamps efficiently suppressed 
plant amplification without introducing bias in fungal 
diversity and composition. The positive effects of PNA 
clamps on the fungal richness quantification were 
particularly significant at low read depth, and appear 
to be suitably combined with universal primers.

Acknowledgments

The work was funded by the European Union’s Horizon 2020 
research and innovation programme under Grant Agreement 
ERA-NET Cofund SusCrop (N°771134), being part of the Joint 
Programming Initiative on Agriculture, Food Security and 
Climate Change (FACCE-JPI). CV has received a Ph-D grant 
from the Ministère de l’Enseignement supérieur, de la 
Recherche et de l’Innovation (MESRI). DB has received funding 
from the French PIA project “Lorraine Université d’Excellence” 
Deepsurf, reference ANR-15-IDEX-04-LUE. We thank Marie- 
Laure Toussaint for the sampling of the nettles and Stephane 
Pfendler for performing the fungal DNA extractions.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the Ph-D grant from the Ministère 
de l’Enseignement supérieur, de la Recherche et de 
l’Innovation (MESRI); European Union’s Horizon 2020 research 
and innovation program under Grant Agreement ERA-NET 
Cofund SusCrop (N°771134); French PIA project “Lorraine 
Université d’Excellence” Deepsurf, reference ANR-15-IDEX-04- 
LUE.

Data availability statement

Raw sequence data for this project have been submitted to 
NCBI’s SRA archive under accession no. SUB12918264.

References

Almario J, Jeena G, Wunder J, Langen G, Zuccaro A, 
Coupland G, Bucher M. 2017. Root-associated fungal micro
biota of nonmycorrhizal Arabis alpina and its contribution to 
plant phosphorus nutrition. Proc Natl Acad Sci USA. 114(44): 
E9403–E9412. doi:10.1073/pnas.1710455114  .

Baldrian P, Větrovský T, Lepinay C, Kohout P. 2021. High- 
throughput sequencing view on the magnitude of global 
fungal diversity. Fungal Divers. 114(1):539–547. doi:10.1007/ 
s13225-021-00472-y  .

Banos S, Lentendu G, Kopf A, Wubet T, Glöckner FO, Reich M. 
2018. A comprehensive fungi-specific 18S rRNA gene 
sequence primer toolkit suited for diverse research issues 
and sequencing platforms. BMC Microbiol. 18(1):190. doi:10. 
1186/s12866-018-1331-4  .

Belda E, Coulibaly B, Fofana A, Beavogui AH, Traore SF, 
Gohl DM, Vernick KD, Riehle MM. 2017. Preferential suppres
sion of Anopheles gambiae host sequences allows detection 
of the mosquito eukaryotic microbiome. Sci Rep. 7(1):3241. 
doi:10.1038/s41598-017-03487-1  .

Bellemain E, Carlsen T, Brochmann C, Coissac E, Taberlet P, 
Kauserud H. 2010. ITS as an environmental DNA barcode 
for fungi: An in silico approach reveals potential PCR biases. 
BMC Microbiol. 10(1):189. doi:10.1186/1471-2180-10-189  .

Bodenhausen N, Somerville V, Desiró A, Walser JC, Borghi L, van 
der Heijden MGA, Schlaeppi K. 2019. Petunia- and 
Arabidopsis-specific root microbiota responses to phos
phate supplementation. Phytobiomes J. 3(2):112–124. 
doi:10.1094/PBIOMES-12-18-0057-R  .

Bollmann-Giolai A, Malone JG, Arora S. 2022. Diversity, detec
tion and exploitation: Linking soil fungi and plant disease. 
Curr Opin Microbiol. 70:102199. doi: 10.1016/j.mib.2022. 
102199  .

Borodušķe A, Ķibilds J, Fridmanis D, Gudrā D, Ustinova M, 
Seņkovs M, Nikolajeva V. 2023. Does peptide-nucleic acid 
(PNA) clamping of host plant DNA benefit ITS1 
amplicon-based characterization of the fungal endophyte 
community? Fungal Ecol. 61:101181. doi: 10.1016/j.funeco. 
2022.101181  .

Botnen SS, Thoen E, Eidesen PB, Krabberød AK, Kauserud H. 
2020. Community composition of arctic root-associated 
fungi mirrors host plant phylogeny. FEMS Microbiol Ecol. 
96(11):fiaa185. doi:10.1093/femsec/fiaa185  .

Brown SP, Leopold DR, Busby PE. 2018. Protocols for investigat
ing the leaf mycobiome using high-throughput DNA 
sequencing. In: Ma W, Wolpert T, editors. Plant pathogenic 
fungi and oomycetes, New York (NY): Springer; p. 39-51.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, 
Lozupone CA, Turnbaugh PJ, Fierer N, Knight R. 2011. 
Global patterns of 16S rRNA diversity at a depth of millions 
of sequences per sample. Proc Natl Acad Sci USA. 108 
(1):4516–4522. doi:10.1073/pnas.1000080107  .

Castaño C, Berlin A, Brandström Durling M, Ihrmark K, 
Lindahl BD, Stenlid J, Clemmensen KE, Olson Å. 2020. 
Optimized metabarcoding with Pacific biosciences enables 
semi-quantitative analysis of fungal communities. New 
Phytol. 228(3):1149–1158. doi:10.1111/nph.16731  .

Chen W, Radford D, Hambleton S. 2022. Towards improved 
detection and identification of rust fungal pathogens in 
environmental samples using a metabarcoding approach. 
Phytopathology. 112(3):535–548. doi:10.1094/PHYTO-01-21- 
0020-R  .

Cregger MA, Veach AM, Yang ZK, Crouch MJ, Vilgalys R, 
Tuskan GA, Schadt CW. 2018. The populus holobiont: 
Dissecting the effects of plant niches and genotype on the 
microbiome. Microbiome. 6(1):31. doi:10.1186/s40168-018- 
0413-8  .

268 C. VIOTTI ET AL.

https://doi.org/10.1073/pnas.1710455114
https://doi.org/10.1007/s13225-021-00472-y
https://doi.org/10.1007/s13225-021-00472-y
https://doi.org/10.1186/s12866-018-1331-4
https://doi.org/10.1186/s12866-018-1331-4
https://doi.org/10.1038/s41598-017-03487-1
https://doi.org/10.1186/1471-2180-10-189
https://doi.org/10.1094/PBIOMES-12-18-0057-R
https://doi.org/10.1016/j.mib.2022.102199
https://doi.org/10.1016/j.mib.2022.102199
https://doi.org/10.1016/j.funeco.2022.101181
https://doi.org/10.1016/j.funeco.2022.101181
https://doi.org/10.1093/femsec/fiaa185
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1111/nph.16731
https://doi.org/10.1094/PHYTO-01-21-0020-R
https://doi.org/10.1094/PHYTO-01-21-0020-R
https://doi.org/10.1186/s40168-018-0413-8
https://doi.org/10.1186/s40168-018-0413-8


de Mendiburu F 2019. Agricolae: Statistical procedures for 
agricultural research. R package version 1.3-1. [accessed 
2023 Sep 22]. https://CRAN.R-project.org/package=agrico 
lae .

Diagne N, Ngom M, Djighaly PI, Fall D, Hocher V, Svistoonoff S. 
2020. Roles of arbuscular mycorrhizal fungi on plant growth 
and performance: Importance in biotic and abiotic stressed 
regulation. Diversity. 12(10):370. doi:10.3390/d12100370  .

Dighton J. 2018. Fungi in ecosystem processes. Boca Raton (FL): 
CRC Press, Taylor & Francis Group.

Do H, Kim SH, Cho G, Kim DR, Kwak YS. 2021. Investigation of 
fungal strains composition in fruit pollens for artificial 
pollination. Mycobiology. 49(3):249–257. doi:10.1080/ 
12298093.2021.1893137  .

Edgar RC. 2016. UNOISE2: Improved error-correction for 
Illumina 16S and ITS amplicon sequencing. BioRxiv. doi: 10. 
1101/081257  .

Fabiańska I, Gerlach N, Almario J, Bucher M. 2019. Plant- 
mediated effects of soil phosphorus on the root-associated 
fungal microbiota in Arabidopsis Thaliana. New Phytol. 221 
(4):2123–2137. doi:10.1111/nph.15538  .

Fitzpatrick CR, Lu-Irving P, Copeland J, Guttman DS, Wang PW, 
Baltrus DA, Dlugosch KM, Johnson MTJ. 2018. Chloroplast 
sequence variation and the efficacy of peptide nucleic acids 
for blocking host amplification in plant microbiome studies. 
Microbiome. 6(1):144. doi:10.1186/s40168-018-0534-0  .

Giangacomo C, Mohseni M, Kovar LL, Wallace J. 2021. 
Comparing DNA extraction and 16S rRNA gene amplifi
cation methods for plant-associated bacterial 
communities. Phytobiomes J. 5(2):190–201. doi:10.1094/ 
PBIOMES-07-20-0055-R  .

Gohl DM, Vangay P, Garbe J, MacLean A, Hauge A, Becker A, 
Gould TJ, Clayton JB, Johnson TJ, Hunter R, et al. 2016. 
Systematic improvement of amplicon marker gene methods 
for increased accuracy in microbiome studies. Nat 
Biotechnol. 34(9):942–949. doi:10.1038/nbt.3601  .

Green SJ, Freeman S, Hadar Y, Minz D. 2004. Molecular tools for 
isolate and community studies of pyrenomycete fungi. 
Mycologia. 96(3):439–451. doi:10.1080/15572536.2005. 
11832943  .

Hamonts K, Trivedi P, Garg A, Janitz C, Grinyer J, Holford P, 
Botha FC, Anderson IC, Singh BK. 2018. Field study reveals 
core plant microbiota and relative importance of their 
drivers. Environ Microbiol. 20(1):124–140. doi:10.1111/ 
1462-2920.14031  .

Harrison JG, Randolph GD, Buerkle CA, Turnbaugh PJ. 2021. 
Characterizing microbiomes via sequencing of marker loci: 
Techniques to improve throughput, account for 
cross-contamination, and reduce cost. mSystems. 6(4): 
e0029421. doi:10.1128/mSystems.00294-21  .

Ihrmark K, Bödeker ITM, Cruz-Martinez K, Friberg H, 
Kubartova A, Schenck J, Strid Y, Stenlid J, 
Brandström-Durling M, Clemmensen KE, et al. 2012. New 
primers to amplify the fungal ITS2 region – Evaluation by 
454-sequencing of artificial and natural communities. FEMS 
Microbiol Ecol. 82(3):666–677. doi:10.1111/j.1574-6941. 
2012.01437.x  .

Ishii N, Ishida S, Kagami M. 2015. PCR primers for assessing 
community structure of aquatic fungi including 
Chytridiomycota and Cryptomycota. Fungal Ecol. 13:33–43. 
doi: 10.1016/j.funeco.2014.08.004  .

Kawasaki A, Ryan P. 2021. Peptide nucleic acid (PNA) clamps to 
reduce co-amplification of plant DNA during PCR amplifica
tion of 16S rRNA genes from endophytic bacteria. In: 
Carvalhais L, and Dennis P, editors. The plant microbiome: 
Methods in molecular biology, New York (NY): Humana 
Press; p. 123–134. doi:10.1007/978-1-0716-1040-4_11  .

Koyama A, Maherali H, Antunes PM, Pineda A. 2019. Plant 
geographic origin and phylogeny as potential drivers of 
community structure in root-inhabiting fungi. J Ecol. 107 
(4):1720–1736. doi:10.1111/1365-2745.13143  .

Larena I, Salazar O, González V, Julián MC, Rubio V. 1999. 
Design of a primer for ribosomal DNA internal transcribed 
spacer with enhanced specificity for ascomycetes. 
J Biotechnol. 75(2):187–194. doi:10.1016/S0168-1656(99) 
00154-6  .

Lee MR, Hawkes CV. 2021. Plant and soil drivers of whole-plant 
microbiomes: variation in switchgrass fungi from coastal to 
mountain sites. Phytobiomes J. 5(1):69–79. doi:10.1094/ 
PBIOMES-07-20-0056-FI  .

Li S, Deng Y, Wang Z, Zhang Z, Kong X, Zhou W, Yi Y, Qu Y. 
2020. Exploring the accuracy of amplicon-based internal 
transcribed spacer markers for a fungal community. Mol 
Ecol Resour. 20(1):170–184. doi:10.1111/1755-0998.13097  .

Lindahl BD, Nilsson RH, Tedersoo L, Abarenkov K, Carlsen T, 
Kjøller R, Kõljalg U, Pennanen T, Rosendahl S, Stenlid J, et al. 
2013. Fungal community analysis by high-throughput 
sequencing of amplified markers – A user’s guide. New 
Phytol. 199(1):288–299. doi:10.1111/nph.12243  .

Lundberg DS, Pramoj Na Ayutthaya P, Strauß A, Shirsekar G, 
Lo WS, Lahaye T, Weigel D. 2021. Host-associated microbe 
PCR (hamPCR) enables convenient measurement of both 
microbial load and community composition. ELife. 10: 
e66186. doi: 10.7554/eLife.66186  .

Lundberg DS, Yourstone S, Mieczkowski P, Jones CD, Dangl JL. 
2013. Practical innovations for high-throughput amplicon 
sequencing. Nat Methods. 10(10):999–1002. doi:10.1038/ 
nmeth.2634  .

Mayer T, Mari A, Almario J, Murillo-Roos M, Abdullah HSM, 
Dombrowski N, Hacquard S, Kemen EM, Agler MT. 2021. 
Obtaining deeper insights into microbiome diversity using 
a simple method to block host and nontargets in amplicon 
sequencing. Mol Ecol Resour. 21(6):1952–1965. doi:10.1111/ 
1755-0998.13408  .

McKnight DT, Huerlimann R, Bower DS, Schwarzkopf L, 
Alford RA, Zenger KR, Jarman S. 2019. Methods for normal
izing microbiome data: An ecological perspective. Methods 
Ecol Evol. 10(3):389–400. doi:10.1111/2041-210X.13115  .

Moccia K, Papoulis S, Willems A, Marion Z, Fordyce JA, 
Lebeis SL. 2020. Using the microbiome amplification prefer
ence tool (MAPT) to reveal medicago sativa-associated 
Eukaryotic microbes. Phytobiomes J. 4(4):340–350. doi:10. 
1094/PBIOMES-02-20-0022-R  .

MYCOLOGY 269

https://CRAN.R-project.org/package=agricolae
https://CRAN.R-project.org/package=agricolae
https://doi.org/10.3390/d12100370
https://doi.org/10.1080/12298093.2021.1893137
https://doi.org/10.1080/12298093.2021.1893137
https://doi.org/10.1101/081257
https://doi.org/10.1101/081257
https://doi.org/10.1111/nph.15538
https://doi.org/10.1186/s40168-018-0534-0
https://doi.org/10.1094/PBIOMES-07-20-0055-R
https://doi.org/10.1094/PBIOMES-07-20-0055-R
https://doi.org/10.1038/nbt.3601
https://doi.org/10.1080/15572536.2005.11832943
https://doi.org/10.1080/15572536.2005.11832943
https://doi.org/10.1111/1462-2920.14031
https://doi.org/10.1111/1462-2920.14031
https://doi.org/10.1128/mSystems.00294-21
https://doi.org/10.1111/j.1574-6941.2012.01437.x
https://doi.org/10.1111/j.1574-6941.2012.01437.x
https://doi.org/10.1016/j.funeco.2014.08.004
https://doi.org/10.1007/978-1-0716-1040-4_11
https://doi.org/10.1111/1365-2745.13143
https://doi.org/10.1016/S0168-1656(99)00154-6
https://doi.org/10.1016/S0168-1656(99)00154-6
https://doi.org/10.1094/PBIOMES-07-20-0056-FI
https://doi.org/10.1094/PBIOMES-07-20-0056-FI
https://doi.org/10.1111/1755-0998.13097
https://doi.org/10.1111/nph.12243
https://doi.org/10.7554/eLife.66186
https://doi.org/10.1038/nmeth.2634
https://doi.org/10.1038/nmeth.2634
https://doi.org/10.1111/1755-0998.13408
https://doi.org/10.1111/1755-0998.13408
https://doi.org/10.1111/2041-210X.13115
https://doi.org/10.1094/PBIOMES-02-20-0022-R
https://doi.org/10.1094/PBIOMES-02-20-0022-R


Muñoz-Colmenero M, Baroja-Careaga I, Kovačić M, Filipi J, 
Puškadija Z, Kezić N, Estonba A, Büchler R, Zarraonaindia I. 
2020. Differences in honey bee bacterial diversity and com
position in agricultural and pristine environments – A field 
study. Apidologie. 51(6):1018–1037. doi:10.1007/s13592- 
020-00779-w  .

Nguyen NH, Song Z, Bates ST, Branco S, Tedersoo L, Menke J, 
Schilling JS, Kennedy PG. 2016. Funguild: An open annota
tion tool for parsing fungal community datasets by ecologi
cal guild. Fungal Ecol. 20:241–248. doi: 10.1016/j.funeco. 
2015.06.006  .

Nilsson RH, Anslan S, Bahram M, Wurzbacher C, Baldrian P, 
Tedersoo L. 2019. Mycobiome diversity: High-throughput 
sequencing and identification of fungi. Nat Rev Microbiol. 
17(2):95–109. doi:10.1038/s41579-018-0116-y  .

Nilsson RH, Larsson KH, Taylor AFS, Bengtsson-Palme J, 
Jeppesen TS, Schigel D, Kennedy P, Picard K, Glöckner FO, 
Tedersoo L, et al. 2018. The UNITE database for molecular 
identification of fungi: Handling dark taxa and parallel taxo
nomic classifications. Nucleic Acids Res. 47(D1):259–264. 
doi:10.1093/nar/gky1022  .

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin P, 
O’Hara B, Simpson G, Solymos P, Stevens H, Wagner H 
2019. Vegan: Community ecology package. R package ver
sion 2.5-6. [accessed 2023 Sep 22]. https://CRAN.R-project. 
org/package=vegan .

Op De Beeck M, Lievens B, Busschaert P, Declerck S, 
Vangronsveld J, Colpaert JV, Neilan B. 2014. Comparison 
and validation of some ITS primer pairs useful for fungal 
metabarcoding studies. PLoS One. 9(6):e97629. doi:10.1371/ 
journal.pone.0097629  .

Palmer JM, Jusino MA, Banik MT, Lindner DL. 2018. Non- 
biological synthetic spike-in controls and the AMPtk soft
ware pipeline improve mycobiome data. PeerJ. 6:e4925. doi:  
10.7717/peerj.4925  .

Pauvert C, Buée M, Laval V, Edel-Hermann V, Fauchery L, 
Gautier A, Lesur I, Vallance J, Vacher C. 2019. Bioinformatics 
matters: The accuracy of plant and soil fungal community 
data is highly dependent on the metabarcoding pipeline. 
Fungal Ecol. 41:23–33. doi: 10.1016/j.funeco.2019.03.005  .

Peay KG, Kennedy PG, Talbot JM. 2016. Dimensions of biodi
versity in the Earth mycobiome. Nat Rev Microbiol. 14 
(7):434–447. doi:10.1038/nrmicro.2016.59  .

Pinheiro J, Bates D, DebRoy S, Sarkar D, Core Team R. 2019. 
Nlme: Linear and nonlinear mixed effects models. R package 
version 3.1-140. [accessed 2023 Sep 22]. https://CRAN. 
R-project.org/package=nlme .

Piñol J, Mir G, Gomez-Polo P, Agustí N. 2015. Universal and 
blocking primer mismatches limit the use of 
high-throughput DNA sequencing for the quantitative 
metabarcoding of arthropods. Mol Ecol Resour. 15 
(4):819–830. doi:10.1111/1755-0998.12355  .

R Core Team. 2020. R: A language and environment for statis
tical computing. R foundation for statistical computing. 
[accessed 2023 Sep 22]. https://www.R-project.org/ .

Reigel AM, Owens SM, Hellberg ME. 2020. Reducing host DNA 
contamination in 16S rRNA gene surveys of anthozoan 

microbiomes using PNA clamps. Coral Reefs. 39 
(6):1817–1827. doi:10.1007/s00338-020-02006-5  .

Ricks KD, Koide RT, Gao C. 2019. The role of inoculum dispersal 
and plant species identity in the assembly of leaf endophytic 
fungal communities. PLoS Oen. 14(7):e0219832. doi:10. 
1371/journal.pone.0219832  .

Rychlik W, Spencer WJ, Rhoads RE. 1990. Optimization of the 
annealing temperature for DNA amplification in vitro. 
Nucleic Acids Res. 18(21):6409–6412. doi:10.1093/nar/18. 
21.6409  .

Sakai M, Ikenaga M. 2013. Application of peptide nucleic acid 
(PNA)-PCR clamping technique to investigate the commu
nity structures of rhizobacteria associated with plant roots. 
J Microbiol Methods. 92(3):281–288. doi:10.1016/j.mimet. 
2012.09.036  .

Schmidt PA, Bálint M, Greshake B, Bandow C, Römbke J, 
Schmitt I. 2013. Illumina metabarcoding of a soil fungal 
community. Soil Biol Biochem. 65:128–132. doi: 10.1016/j. 
soilbio.2013.05.014  .

Schoch CL, Seifert KA, Huhndorf S, Robert V, Spouge JL, 
Levesque CA, Chen W, Bolchacova E, Voigt K, Crous PW, 
et al. 2012. Nuclear ribosomal internal transcribed spacer 
(ITS) region as a universal DNA barcode marker for fungi. 
Proc Natl Acad Sci USA. 109(16):6241–6246. doi:10.1073/ 
pnas.1117018109  .

Smith SE, Read DJ. 2010. Mycorrhizal symbiosis. Cambridge 
(MA): Academic Press.

Steven B, Huntley RB, Zeng Q. 2018. The influence of flower 
anatomy and apple cultivar on the apple flower 
phytobiome. Phytobiomes J. 2(3):171–179. doi:10.1094/ 
PBIOMES-03-18-0015-R  .

Sun X, Kosman E, Sharon O, Ezrati S, Sharon A. 2020. Significant 
host‐ and environment‐dependent differentiation among 
highly sporadic fungal endophyte communities in cereal 
crops‐related wild grasses. Environ Microbiol. 22 
(8):3357–3374. doi:10.1111/1462-2920.15107  .

Taerum SJ, Steven B, Gage DJ, Triplett LR. 2020. Validation of 
a PNA clamping method for reducing host DNA amplifica
tion and increasing Eukaryotic diversity in rhizosphere 
microbiome studies. Phytobiomes J. 4(4):291–302. doi:10. 
1094/PBIOMES-05-20-0040-TA  .

Taylor K. 2009. Biological flora of the British isles: Urtica dioica L. 
J Ecol. 97(6):1436–1458. doi:10.1111/j.1365-2745.2009. 
01575.x  .

Taylor DL, Walters WA, Lennon NJ, Bochicchio J, Krohn A, 
Caporaso JG, Pennanen T, Cullen D. 2016. Accurate estima
tion of fungal diversity and abundance through improved 
lineage-specific primers optimized for illumina amplicon 
sequencing. Appl Environ Microbiol. 82(24):7217–7226. 
doi:10.1128/AEM.02576-16  .

Tedersoo L, Anslan S, Bahram M, Põlme S, Riit T, Liiv I, Kõljalg U, 
Kisand V, Nilsson H, Hildebrand F, et al. 2015. Shotgun 
metagenomes and multiple primer pair-barcode combina
tions of amplicons reveal biases in metabarcoding analyses 
of fungi. MycoKeys. 10:1–43. doi: 10.3897/mycokeys.10.4852  .

Tedersoo L, Bahram M, Zinger L, Nilsson RH, Kennedy PG, 
Yang T, Anslan S, Mikryukov V. 2022. Best practices in 

270 C. VIOTTI ET AL.

https://doi.org/10.1007/s13592-020-00779-w
https://doi.org/10.1007/s13592-020-00779-w
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1038/s41579-018-0116-y
https://doi.org/10.1093/nar/gky1022
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1371/journal.pone.0097629
https://doi.org/10.1371/journal.pone.0097629
https://doi.org/10.7717/peerj.4925
https://doi.org/10.7717/peerj.4925
https://doi.org/10.1016/j.funeco.2019.03.005
https://doi.org/10.1038/nrmicro.2016.59
https://CRAN.R-project.org/package=nlme
https://CRAN.R-project.org/package=nlme
https://doi.org/10.1111/1755-0998.12355
https://www.R-project.org/
https://doi.org/10.1007/s00338-020-02006-5
https://doi.org/10.1371/journal.pone.0219832
https://doi.org/10.1371/journal.pone.0219832
https://doi.org/10.1093/nar/18.21.6409
https://doi.org/10.1093/nar/18.21.6409
https://doi.org/10.1016/j.mimet.2012.09.036
https://doi.org/10.1016/j.mimet.2012.09.036
https://doi.org/10.1016/j.soilbio.2013.05.014
https://doi.org/10.1016/j.soilbio.2013.05.014
https://doi.org/10.1073/pnas.1117018109
https://doi.org/10.1073/pnas.1117018109
https://doi.org/10.1094/PBIOMES-03-18-0015-R
https://doi.org/10.1094/PBIOMES-03-18-0015-R
https://doi.org/10.1111/1462-2920.15107
https://doi.org/10.1094/PBIOMES-05-20-0040-TA
https://doi.org/10.1094/PBIOMES-05-20-0040-TA
https://doi.org/10.1111/j.1365-2745.2009.01575.x
https://doi.org/10.1111/j.1365-2745.2009.01575.x
https://doi.org/10.1128/AEM.02576-16
https://doi.org/10.3897/mycokeys.10.4852


metabarcoding of fungi: From experimental design to 
results. Mol Ecol. 31(10):2769–2795. doi:10.1111/mec.16460  .

Terashima Y, Ogiwara K, Seki A, Kojima M, Kubo C, Fujiie A. 
2002. Primers based on specific ITS sequences of rDNAs for 
PCR detection of two fairy ring fungi of turfgrass, Vascellum 
pratense and Lycoperdon pusillum. Mycoscience. 43 
(3):261–265. doi:10.1007/S102670200038  .

Toju H, Tanabe AS, Yamamoto S, Sato H, Lespinet O. 2012. High- 
coverage ITS primers for the DNA-based identification of 
ascomycetes and basidiomycetes in environmental samples. 
PLoS One. 7(7):e40863. doi:10.1371/journal.pone.0040863  .

Trivedi P, Leach JE, Tringe SG, Sa T, Singh BK. 2020. Plant– 
microbiome interactions: From community assembly to 
plant health. Nat Rev Microbiol. 18(11):607–621. doi:10. 
1038/s41579-020-0412-1  .

Viotti C, Albrecht K, Amaducci S, Bardos P, Bertheau C, 
Blaudez D, Bothe L, Cazaux D, Ferrarini A, Govilas J, et al. 
2022. Nettle, a long-known fiber plant with new 
perspectives. Materials. 15(12):4288. doi: 10.3390/ 
ma15124288  .

Waqas M, Khan AL, Hamayun M, Shahzad R, Kang SM, Kim JG, 
Lee IJ. 2015. Endophytic fungi promote plant growth and 
mitigate the adverse effects of stem rot: An example of 
penicillium citrinum and aspergillus terreus. J Plant Interact. 
10(1):280–287. doi:10.1080/17429145.2015.1079743  .

White TJ, Bruns T, Lee S, Taylor JW. 1990. Amplification and 
direct sequencing of fungal ribosomal RNA genes for phy
logenetics. In: Innis MA, Gelfand DH, Sninsky JJ, White TJ, 
editors. PCR Protocols: A Guide to Methods and 
Applications. New York (NY): Academic Press Inc; pp. 315– 
322.

Yang RH, Su JH, Shang JJ, Wu YY, Li Y, Bao DP, Yao YJ, Cullen D. 
2018. Evaluation of the ribosomal DNA internal transcribed 
spacer (ITS), specifically ITS1 and ITS2, for the analysis of 
fungal diversity by deep sequencing. PLoS One. 13(10): 
e0206428. doi:10.1371/journal.pone.0206428  .

Yung L, Bertheau C, Tafforeau F, Zappelini C, Valot B, Maillard F, 
Selosse MA, Viotti C, Binet P, Chiapusio G, et al. 2021. Partial 
overlap of fungal communities associated with nettle and 
poplar roots when co-occurring at a trace metal contami
nated site. Sci Total Environ. 782:146692. doi: 10.1016/j.scito 
tenv.2021.146692  .

Yu G, Wu F. 2011. Optimization of ITS rDNA amplification for 
fungi from black soil in north China. J Northeast Agric Univ. 
18(1):25–32. doi:10.1016/S1006-8104(13)60079-3  .

Zeilinger S, Gupta VK, Dahms TES, Silva RN, Singh HB, 
Upadhyay RS, Gomes EV, Tsui CKM, Nayak SC, van der 
Meer JR. 2016. Friends or foes? Emerging insights from 
fungal interactions with plants. FEMS Microbiol Rev. 40 
(2):182–207. doi:10.1093/femsre/fuv045.

MYCOLOGY 271

https://doi.org/10.1111/mec.16460
https://doi.org/10.1007/S102670200038
https://doi.org/10.1371/journal.pone.0040863
https://doi.org/10.1038/s41579-020-0412-1
https://doi.org/10.1038/s41579-020-0412-1
https://doi.org/10.3390/ma15124288
https://doi.org/10.3390/ma15124288
https://doi.org/10.1080/17429145.2015.1079743
https://doi.org/10.1371/journal.pone.0206428
https://doi.org/10.1016/j.scitotenv.2021.146692
https://doi.org/10.1016/j.scitotenv.2021.146692
https://doi.org/10.1016/S1006-8104(13)60079-3
https://doi.org/10.1093/femsre/fuv045

	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Sample collection and DNA extraction
	2.2. DNA amplification and amplicon sequence library preparation
	2.3. Data processing and bioinformatic analysis
	2.4. Statistical analyses

	3. Results
	3.1. Mock community amplification
	3.2. Plant-fungal DNA co-amplification in root samples
	3.3. Fungal richness and diversity depending on PCR conditions and read depth
	3.4. Fungal taxonomic diversity and abundance
	3.5. Primer pair specificity

	4. Discussion
	4.1. Primer pairs and plant-fungal DNA ratio affect plant DNA co-amplification
	4.2. Primer pairs affect fungal diversity and composition estimations independently of plant DNA co-amplification
	4.3. Increased T<sub>a</sub> reduces plant co-DNA amplification but alters the assessment of fungal diversity
	4.4. PNA clamps efficiently exclude plant sequences without modifications in fungal diversity and composition
	4.5. PNA clamps improve sequencing depth and fungal richness determination for non-fungal specific primers at a low read depth

	5. Conclusions
	Acknowledgments
	Disclosure statement
	Funding
	Data availability statement
	References

