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ITS3/ITS4 outperforms other ITS region and 18S rRNA gene
primer sets for amplicon sequencing of soil fungi

Yongjie Yu'?? |

'Key Laboratory of Karst Dynamics,
MNR & Guangxi, Institute of Karst
Geology, Chinese Academy of Geological
Sciences, Guilin, P.R. China

2School of Applied Meteorology, Nanjing
University of Information Science and
Technology, Nanjing, P.R. China

3School of Engineering, Newcastle
University, Newcastle upon Tyne, UK

Correspondence

Yongjie Yu, Key Laboratory of Karst
Dynamics, MNR & Guangxi, Institute of
Karst Geology, Chinese Academy of
Geological Sciences, Guilin 541004,

P.R. China.

Email: yjyu@nuist.edu.cn

Funding information

Guangxi Key Science and Technology
Innovation Base on Karst Dynamics,
Grant/Award Number: KDL&Guangxi
202008; NUIST Students' Platform for
Innovation and Entrepreneurship
Training Program

Fungi are primarily involved in the cycling of soil nutri-
ent elemental cycles due to their large repertoire of cata-
bolic activities (Liu et al., 2019; Yang et al., 2020). It has
been demonstrated that soil fungi are more responsible
for the degradation of complex compounds in soil (Goyer
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Abstract

The primer sets of 18S rRNA genes and Internal Transcribed Spacer (ITS)
regions are universal primers for amplicon sequencing in soil fungal diversity
studies. The selection of proper primer sets has been identified as one of the
main drivers affecting effective cross-study comparisons in various types of
soils. However, few studies have provided guidance for the selection of fungal
primers in soil fungal biodiversity studies. The aim of this study was to evalu-
ate and optimise fungal sequencing methods with three primer sets in desert,
forest, grassland and farmland soils. Melting curve analyses were used to eval-
uate the specificity of each primer set in different soil ecosystems. The quality
of fungal sequencing with three primer sets was assessed with the same condi-
tions on the Illumina platform. The melting curve analysis showed that both
the FR1/FF390 and the ITS3/ITS4 primer sets have better specificity than the
ITS1/ITS primer set. 18S rRNA amplicon sequencing produced less fungal phy-
lotypes compared to the amplicon sequencing data of the ITS1/ITS2 and ITS3/
ITS4 primer sets. Our study suggests that the ITS3/ITS4 primer set was more
suitable for the analysis of soil fungal biodiversity in desert, forest, grassland
and farmland soils on the Illumina sequencing platform.

Highlights:

« Comparison of three existing primer sets for soil fungal amplicon
sequencing.

« ITS region has better performance than 18S rRNA gene in amplicon
sequencing.

« ITS3/ITS4 primer set is more suitable for the analysis of soil fungal
biodiversity.
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et al., 2022). A comprehensive understanding of the
diversity and ecology of soil fungi is complementary to
that of soil bacteria. Beyond traditional morphological
identification, the investigation of soil fungi is increas-
ingly relying on molecular phylogenetic methods (Koljalg
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et al., 2013). The amplicon high-throughput sequencing
is more and more commonly used in comparative micro-
bial ecology to assess the diversity of microbial communi-
ties and their responses to changing environments
(Cheeke et al., 2021; Chen et al., 2020). However, limita-
tions in DNA polymerase activity and laser technique
restrict the length of sequencing reads on the Illumina
sequencing platform. Therefore, the selection of primer
sets for amplifying soil fungi is still a point of contention.

Both 18S rRNA genes and the internal transcribed
spacer (ITS) region were applied to investigate fungal
diversity in amplicon sequencing. 18S rRNA gene ampli-
con sequencing is commonly used in the investigation of
fungal diversity in arable soils (Mise & Otsuka, 2020;
Sugiyama et al., 2010). For the ITS region, there was
some controversy about their role as a practical fungal
biomarker. Though it was widely employed in molecular
ecology and has been proven to be useful in the investiga-
tion of fungal diversity, ITS biomarkers were assumed to
not always allow the direct identification of all fungal
species since the alignment of ITS sequences across
genetically distant taxa was not confident in taxonomic
resolution (Asemaninejad et al., 2016; Liu et al., 2015).
Some studies demonstrated that amplicon sequencing
with ITS biomarkers could provide more taxonomical
information than that of the 18S rRNA gene (Bachy
et al.,, 2013; Liu et al.,, 2015). In contrast, it was also
reported that 18S rDNA fragments could discriminate
more fungal taxonomies in activated sludge (Evans
et al., 2014). Both ITS and 18S rDNA primers have been
reported to be useful for identifying fungal diversity in
various soil ecosystems (Bachy et al., 2013). However, a
comparison of the accuracy between these two ribosomal
RNA regions is still unclear during amplicon high-
throughput sequencing.

Here, we conducted parallel experiments to assess the
performance of three fungal primer sets, that is,

FR1/FF390, ITS1/ITS2 and ITS3/ITS4, targeting 18S
rRNA gene (Vainio & Hantula, 2000) and ITS region
(Asemaninejad et al., 2016; Gardes & Bruns, 1993) in the
amplicon sequencing of desert, forest, grassland and
farmland soils. A total of 24 samples were collected, with
six replicates for each type of soil. Soil total DNA was
extracted using the FastDNA® SPIN Kit for soil
(MP Biomedicals, CA). Fluorescence melting curve ana-
lyses and amplicon high-throughput sequencing were
conducted to evaluate the performance of each fungal
primer set in all collected soil samples. Details of soil
sampling, sequencing and data analysis are described in
the Supplementary Information.

Fluorescence melting curve analyses were conducted
by quantitative PCR to assess the specificity of the three
fungal primer sets, since melting curves can differentiate
nonspecific products of PCR amplification (Ririe
et al., 1997). The results showed single peak patterns in
FR1/FF390 primers, and the melting temperatures of
FR1/FF390 PCR products were 86.0°C (Figure 1a). The
melting curves of ITS1/ITS2 products showed a double-
peak pattern. The melting temperatures of ITS1/ITS2
products ranged from 84.0°C to 87.0°C (Figure 1b). The
melting curve of ITS3/ITS4 basically showed a single
peak pattern. The melting temperature of ITS3/ITS4 was
around 73.5°C (Figure 1c). It indicated that the GC/AT
ratio of nucleotide sequences coincided within different
soil samples for FR1/FF390 and ITS3/ITS4 primer sets,
but the GC/AT ratio of ITS1/ITS2 PCR products varied
greatly between different soil samples. Although melting
peak analysis has several limitations, such as the absolute
position and width of melting curves could be affected by
dye concentration (Higuchi et al., 1993) and the rate of
temperature (Keohavong & Thilly, 1989; Ririe et al.,
1997), it still provides a promising approach for simulta-
neous amplification, detection and differentiation of PCR
products. According to the melting curve analysis, the
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FIGURE 1 Melting curves of PCR assays using different fungal primer sets. (a), FR1/FF390; (b), ITS1/ITS2; (c), ITS3/ITS4
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FIGURE 2 Abundance of soil microbial phylotypes using different fungal primer sets. (a), FR1/FF390; (b), ITS1/ITS2; (c), ITS3/ITS4

FR1/FF390 and ITS3/ITS4 primer sets provided better
performance than the ITS1/ITS2 primer set in the melt-
ing curve analysis of all four types of soils.

The FR1/FF390 amplicon sequencing yielded 601,589
valid sequences, and 10,494-59,872 sequences were
obtained for each sample. Alignment with the Silval32
gene database revealed that 57.5% were fungal and the
remaining 42.5% sequences were Alveolata, Alveolata,
Amoebozoa and Rhizaria, and other eukaryotic phyla
(Figure 2a). Sequencing based on ITS1/ITS2 amplicons
yielded 814, 576 valid sequences, with 11, 242-60, and
789 sequences obtained for each sample. Alignment with
the UNITE database revealed that 74.9% were fungal and
25.1% sequences did not obtain valid comparisons in the
Genebank database (Figure 2b). The highest percentage
of fungal sequences was found in the desert soil samples,
at 87.9%, while the percentage of fungi in the remaining
three soil samples ranged from 67% to 75%. Sequencing
based on ITS3/ITS4 amplicons yielded 956, 531 valid
sequences, with 12, 879-75, and 371 sequences obtained
for each sample. Alignment with the UNITE database
revealed that 84.7% were fungal and 15.3% of the
sequences did not obtain valid comparisons in the
database (Figure 2c). The desert soil samples were 93.7%
fungal and the other three soil samples were between
79 and 84% fungal. The composition (i.e., assemblage of
OTUs) of soil fungal communities changed markedly in

the sequencing results of different fungal primer sets.
Only half of the obtained FR1/FF390 fragments were
aligned as kingdom Fungi, while more than 85% of the
valid sequences obtained by ITS1/ITS2 and ITS3/ITS4
were identified as kingdom Fungi in all tested soils. The
phenomena may result from the lower specificity level
18S rRNA gene than the ITS region (Lord et al., 2002).
The partial region of the 18S rRNA between soil fungi
and other Eukarya is similar in the sequence order
(Schmidt et al., 2013). Hence, 18S rRNA sequences may
not always provide sufficient taxonomic resolution to
allow identification of soil fungal communities. As a
result, 18S rRNA sequences may not always give enough
taxonomic resolution to identify soil fungi composition
compared to ITS primers.

By trimming the non-fungal reads in the amplicon
sequencing, the rarefaction curve analysis and non-
metric multi-dimensional scaling (NMDS) plots of soil
fungal communities in different types of soil samples
were conducted to assess whether the different fungal
primers would produce similar patterns of fungal diver-
sity. The rarefaction curves of all primer sets tended to
approach the saturation plateau (Figure 3a—c). The desert
soils showed the lowest number of OTUs, the forest soils
showed the highest level of OTU richness. The lowest
number of OTUs at 10,000 sequences per sample was
obtained for the ITS1/ITS2 primer pair in the same soil
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FIGURE 3 Rarefaction curves and non-metric multi-dimensional scaling (NMDS) plots using different fungal primer sets. Colours of

lines and spots indicated different types of soils. (a), rarefaction curves of FR1/FF390; (b), rarefaction curves of ITS1/ITS2; (c), rarefaction
curves of ITS3/ITS4; (d), NMDS of FR1/FF390; (e), NMDS of ITS1/ITS2; (f), NMDS of ITS3/ITS4

samples (Figure 3b), while the highest level of species
richness was obtained for the ITS3/ITS4 primer pair in
the same samples (Figure 3c). NMDS analysis showed
the fungal community patterns resulted from three
primer sets were significantly separated clearly between
desert, forest, grassland and farmland soils (Figure 3d-f,
Figure S1, p <0.05). These results indicated that the
appearance of soil fauna in the 18S sequencing results
did not influence the fungal community structure except

occupying the depth of sequencing compared to ITS
primer sets. Our results consisted of the previous study
by Liu et al. (2015), which compared the performances of
fungal primer sets targeting 18S rRNA gene and ITS
region by using denaturing gradient gel electrophoresis
methods in testing the fungal diversity in aquatic and soil
samples.

To sum up, though the FR1/FF390, ITS1/ITS2 and
ITS3/ITS4 fungal primer sets can all be used for the
amplicon sequencing of soil fungi on the Illumina plat-
form, the performance of each fungal primer set showed
significant differences between each other. The melting
curve analysis showed that both FR1/FF390 and ITS3/
ITS4 primer sets have better specificity, but the sequenc-
ing results showed that ITS1/ITS2 and ITS3/ITS4 primer

further investigation.

sets obtained a higher proportion of fungal sequences. In
a comprehensive comparison, it is more conservative to
use ITS3/ITS4 primer sets for amplicon sequencing of soil
fungi, which not only have better band length consis-
tency but can also ensure the number of effective
sequences. In addition, this investigation only evaluated
the performance of different fungal primer sets on the
Illumina sequencing platform, while their performance
on the Pacbio and Oxford nanopore platforms still needs
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