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ABSTRACT Target-gene amplicon sequencing is the most exploited high-throughput
sequencing application in microbial ecology. The targets are taxonomically relevant
genes, with 16S rRNA being the gold standard for bacteria. As for fungi, the most
commonly used target is the internal transcribed spacer (ITS). However, the uneven
ITS length among species may promote preferential amplification and sequencing
and incorrect estimation of their abundance. Therefore, the use of different targets is
desirable. We evaluated the use of three different target amplicons for the charac-
terization of fungal diversity. After an in silico primer evaluation, we compared three
amplicons (the ITS1-ITS2 region [ITS1-2], 18S ribosomal small subunit RNA, and the
D1/D2 domain of the 26S ribosomal large subunit RNA), using biological samples
and a mock community of common fungal species. All three targets allowed for ac-
curate identification of the species present. Nevertheless, high heterogeneity in
ITS1-2 length was found, and this caused an overestimation of the abundance of
species with a shorter ITS, while both 18S and 26S amplicons allowed for more reli-
able quantification. We demonstrated that ITS1-2 amplicon sequencing, although
widely used, may lead to an incorrect evaluation of fungal communities, and efforts
should be made to promote the use of different targets in sequencing-based micro-
bial ecology studies.

IMPORTANCE Amplicon-sequencing approaches for fungi may rely on different tar-
gets affecting the diversity and abundance of the fungal species. An increasing
number of studies will address fungal diversity by high-throughput amplicon se-
quencing. The description of the communities must be accurate and reliable in or-
der to draw useful insights and to address both ecological and biological questions.
By analyzing a mock community and several biological samples, we demonstrate
that using different amplicon targets may change the results of fungal microbiota
analysis, and we highlight how a careful choice of the target is fundamental for a
thorough description of the fungal communities.

KEYWORDS fungal diversity, primer bias, amplicon sequencing, high-throughput
sequencing, microbial ecology

Communities of fungi are of utmost importance in many different environments
(1–3), and an accurate and detailed description of their structure is desirable in

order to address fundamental biological questions in microbial ecology. The analysis of
environmental samples based on high-throughput sequencing (HTS) technologies
allowed for study of the abundance and richness of microbial species directly in the
matrix of interest, overcoming the limitations imposed by methods based on cultiva-
tion yet incurring biases introduced in both “wet-lab” procedures and bioinformatics
data analysis (4–7). Studies based on shotgun sequencing of total DNA provide a
description of the microbial community free from PCR biases. Nevertheless, the shot-
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gun approach is still not routinely used due to the higher costs and intensive compu-
tational analysis involved compared to those of amplicon-based sequencing (1). On the
contrary, public databases are rich in studies investigating the composition of microbial
populations in different environments using the sequencing of taxonomically relevant
genes (1). The 16S rRNA gene is considered the gold standard as the target in HTS
studies aiming at characterization of bacterial communities. As for fungi, more variabil-
ity in chosen targets is found in the literature (1). Most studies employed the internal
transcribed spacer 1–2 (ITS1-2) region of ribosomal DNA. This target was proposed as
the official primary barcode for fungi thanks to the presence of a rich and up-to-date
database, which is necessary for data analysis (8). However, the length of the ITS1-2
region is extremely variable among different fungal genera and species (9); therefore,
the amplification of this gene, starting from environmental DNA, can give rise to
preferential amplification and a biased assessment of the abundance of the taxonomic
units in the matrix (1, 10). For this reason, in recent years, some efforts have been
focused on promoting the use of alternative target genes in HTS studies, such as
portions of the genes coding for 26S (11–13) and 18S (14–16) rRNA. In addition, Stielow
et al. (17) showed that translation elongation factor 1-� (TEF1�) gene sequencing has
superior resolution compared to that of ITS amplicon sequencing and proposed it as a
secondary DNA barcode for the Fungi kingdom.

We aimed to evaluate how the choice of the target gene in HTS studies may
influence the description of fungal diversity. Three different targets (ITS1-2, 18S rRNA,
and 26S rRNA genes) were compared in this study. A “mock community” of known
composition, including common fungal species as well as environmental samples, was
amplified using the three targets, and HTS experiments were carried out in order to
compare the results achieved.

RESULTS
In silico evaluation of primer efficiency. The efficacy of the three primer sets used

in this study was evaluated in silico using Primer Prospector. We computationally
predicted and compared the primer coverage of known fungal sequences. First, all the
primers were tested for overall database matches using the “analyze primers” module.
The 18S targeting set showed the lowest (best) weighted score, indicating higher
coverage across the database sequences and lower number of mismatches (Table 1; see
also Fig. S1A in the supplemental material). The worst weighted score was reported for
the ITS1 forward primer, which also showed the highest number of mismatches (Table
1; see also Fig. S1A). Next, we used the “taxonomic coverage” module to predict the
coverage of the different fungal clades for each primer. All of the primer sets showed
wide coverage across fungal lineages (see Fig. S1B). However, the lowest percentage of
coverage was observed for the ITS1 forward primer; only Glomeromycota was covered
�80% with this primer, while the values were around 40% for all the other clades. Also
in this case, the 18S primer set showed the best results in terms of taxa coverage, with
values close to 90% for all the fungal clades. Finally, the 26S primer pair showed lower
coverage for the forward primer (see Fig. S1B). The two most abundant fungal phyla

TABLE 1 Primers used in this study and results from Primer Prospector in silico analysis

rDNA Primer Sequence (5= ¡ 3=)
Amplicon
length (bp)

Reference
no.

Non-3=
mismatcha 3= mismatcha

Non-3=
gapsa 3= gapsa

Weighted
scorea

SSU 18Sf ATTCCAKCTCCAAKAGCG 436 17 0.137 0.055 0.002 0.000 0.156
18Sr GATNAGATACCRTCGTAGTC 17 0.445 0.012 0.009 0.000 0.245

LSU 26Sf GCATATCAATAAGCGGAGGAAAAG 579 29 2.977 0.339 0.018 0.000 1.720
26Sr CCGTCTTGAAACACGGACCG 29 1.556 0.158 0.012 0.001 0.904

ITS1-2 ITS1f TCCGTAGGTGAACCTGCGG Variable 23 3.503 1.024 0.059 0.002 3.050
ITS2r GCATCGATGAAGAACGCAGC 23 0.527 0.164 0.021 0.001 0.593

aWeighted score � (non-3= mismatches � 0.4) � 3= mismatches � non-3= gaps � (3= gaps � 3.0) � final 3= base mismatch � 3.0).
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(Ascomycota and Basidiomycota) reported a predicted coverage of about 60% and
�80% with the forward and reverse 26S primers, respectively (see Fig. S1B).

Mock community analysis. A mock community containing 19 fungal species was
prepared to test the real performances of the three primer sets. In order to evaluate the
effect of coamplification biases and to ensure that the primer sets used were able to
detect all the species included, two different protocols were followed (Fig. 1). In the first
case (Mock-Ampl), amplification of single strains was carried out, and amplicons were
pooled at equimolar concentration. In the second case (Mock-DNA), the mock com-
munity was prepared by pooling the DNA of the 19 strains at the same concentration,
and the PCR was performed afterward.

Mock-Ampl samples did not show significant differences in mycobiotal composition
(P � 0.05), and all the target genes were able to detect the 19 species used (Fig. 2). The
strains used showed an ITS1-2 length ranging from about 180 to 420 bp (see Fig. S2 and
Table S1 in the supplemental material). Interestingly, the yeast strains Metschnikowia
pulcherrima and Pichia kluyveri, with ITS1-2 lengths of about 180 and 190 bp, respec-
tively, were overrepresented in ITS Mock-DNA samples, while Zygosacharomyces bailii
and Hanseniaspora guillermondii (both with an ITS1-2 length of about 400 bp) were
clearly underestimated in ITS Mock-DNA samples (Fig. 2). The Mock-Ampl samples
showed a community composition similar to the theoretical, regardless of the target
gene used. On the contrary, multivariate analysis of variance (MANOVA) based on
Jaccard, Euclidean, and Bray Curtis distances detected differences in the overall fungal
community composition in Mock-DNA samples according to the target used (P � 0.05).
Spearman’s correlation between the abundance matrices of Mock-DNA samples was
never higher than 0.61 (�18S|versus|26S 0.61; �18S|versus|ITS 0.47; �ITS|versus|26S 0.58). Accord-
ingly, the average Bray Curtis distance between 26S and 18S was lower than those of
the other targets, while ITS gave the most different results (see Fig. S3 in the supple-
mental material). Moreover, PCA analysis showed a clear clustering of Mock-DNA
samples according to the target gene, while Mock-Ampl samples grouped together,
regardless of the target used (Fig. 3). On the contrary, the target gene chosen did not
seem to influence alpha-diversity parameters (P � 0.05, data not shown).

FIG 1 Schematic representation of the study design.
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In all cases, some of the species included in the mock community were not
identified in the Mock-DNA or were found at abundance levels lower than expected.
Taxa showing a significantly different abundance than expected are reported in Table
2. Metschnikowia pulcherrima was overestimated by 26S rRNA and ITS sequencing,
while the abundance of Candida zeylanoides and Pichia anomala was underestimated
with all the target genes. In addition, Candida zemplinina was detected only in
Mock-DNA samples amplified with the 26S rRNA gene (Fig. 2 and Table 2).

Analysis of mycobiota in biological samples. We used the same protocol to
analyze biological samples. Samples sequenced via 26S rRNA showed higher alpha-
diversity than samples sequenced via the other targets (P � 0.05). In addition, in all
cases, we observed striking differences in fungal community composition according to
the type of amplicon used (Fig. 4). Sporobolomyces (Basidiomycota), dominant in soil
samples sequenced by 26S rRNA, was absent when using both of the other targets,
while Hanseniaspora was underestimated by ITS sequencing (Fig. 4). In addition,
besides fungi, a high abundance of other eukarya belonging to the SAR supergroup
(e.g., Heteromita, Cercomonas) were found in soil samples only when using the 18S
rRNA gene as the target.

DISCUSSION

In this past decade, HTS has revolutionized the approach to microbial ecology. In
particular, amplicon sequencing of taxonomically relevant genes has become a rou-
tinely used approach in most microbiology laboratories. Nevertheless, the existence of
potential biases was previously emphasized (4–7), and PCR can be considered the most
important source of biases due to primer preferential amplification (10, 18). The genes
coding for the small subunit (SSU) (18S) or the large subunit (LSU) (28S) of rRNA and the
internal transcribed spacer (ITS) region are the targets commonly used for fungal

FIG 2 Bar chart showing the relative abundance of the fungal species identified in the mock community amplified using three
different target genes. The expected concentration (theoretical) is shown in the first bar. Average abundance for 2 (Mock-Ampl) or 4
(Mock-DNA) replicates is reported.
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identification (19). However, the ITS region was proposed as the primary target for fungi
(8), and it has been widely used in HTS studies (20, 21). Although having higher
resolution in species identification compared to the other targets (19), the uneven
lengths of ITS fragments are known to promote preferential amplification of shorter
sequences, leading to a biased quantification of taxon relative abundance (22). Never-
theless, its use in HTS is often preferred thanks to the existence of a more curated and

FIG 3 Principal component analysis based on the species-level microbiota.

TABLE 2 Significantly different species detected in the mock community analyzed with
three different target genesb

Species

Target genea

18S 26S ITS

Candida albicans 5.98 B 5.71 B 15.13 A
Candida zemplinina 1.09 C 15.59 A 4.22 B
Dekkera bruxellensis 4.73 A 3.58 A 0.89 B
Dekkera custersianus 1.40 B 3.07 A 1.35 B
Hanseniaspora guillermondi 12.49 A 3.41 B 0.22 C
Metschnikowia pulcherrima 11.94 C 18.82 B 19.35 A
Penicillium brevicompactum 0.85 A 0.00 B 0.02 C
Pichia anomala 0.59 A 0.09 B 0.02 B
Pichia kluyveri 1.41 A 5.54 B 21.05 A
Pichia kudriavzevii 4.80 A 3.24 A 0.09 B
Saccharomyces cerevisiae 11.68 A 7.67 B 7.09 B
Torulaspora delbrueckii 16.85 A 9.20 C 13.96 B
Trichoderma virens 3.77 A 5.62 A 0.00 B
aDifferent letters indicate values significantly different (P � 0.05) after correction for multiple comparisons, as
determined by pairwise Wilcoxon test, among the three target genes.

bOnly Mock-DNA samples were considered.
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rich database compared to that available for SSU/LSU rRNA genes. Indeed, after filtering
of existing databases, we recovered 67,073, 21,099, and 3,015 sequences, for ITS, SSU
and LSU, respectively.

We assessed the effect of the target gene used in describing fungal communities,
employing three previously designed primer sets. We are not aware of other reports in
which the three targets were compared with the use of a mock community. In silico
analysis demonstrated that the traditionally used ITS1 forward primer (23) yielded the
worst results in terms of taxonomic coverage and number of mismatches with database
sequences. In addition, we sequenced a mock community containing 19 fungal species
in order to evaluate how they would potentially perform in real conditions. Mock
communities are a useful tool for validating and optimizing experimental procedures,
although their use to evaluate potential experimental biases is still limited (18, 24, 25).
Indeed, when DNA of all the strains was amplified in the same PCR, resembling the
typical condition of an HTS analysis, primer biases were evident, and clear preferential
amplification phenomena were detected with all the primer sets. A further confirmation
of such evidence was obtained by analyzing real biological samples using the three
different amplicon targets. Indeed, fungal community structures of feces, saliva, soil,
and musts differed depending on the PCR target used. An additional bias resulted from
ITS region sequencing. In fact, those species with a longer ITS1-2 region (e.g., Zygosa-
charomyces bailii and Hanseniaspora guillermondii) were underestimated in Mock-DNA,
while an overamplification of shorter fragments from Metschnikowia pulcherrima and
Pichia kluyveri occurred. Accordingly, Hanseniaspora was also found at lower concen-
trations in biological samples sequenced with ITS1-2 primers. This bias may be partic-
ularly important in some environments, such as in oenological fermentations, where
non-Saccharomyces yeasts dominate in the first steps of fermentation, while Saccharo-
myces species take over afterward (16). Indeed, when comparing the results obtained
from ITS amplicon sequencing and TRFLP, Hanseniaspora was found to be underesti-
mated by HTS (18). Therefore, although all three primer sets led to PCR biases, the
results obtained highlighted that the use of ITS1-2 sequencing may further distort the
community description due to preferential amplification of shorter fragments. Finally, it
was only when 18S rRNA was used that we detected higher organisms belonging to the
SAR supergroup. This may be particularly important in some environments, such as soil,
where these organisms may play an important biological role (14).

Although based on pyrosequencing technology that is not available anymore, the
results show insights of very general interest. Indeed, the primer used and the results

FIG 4 Bar chart showing the relative abundance of the eukaryotic species identified in the biological samples analyzed using three different target genes.
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obtained can be easily transposed to the sequencing technologies currently in use and
employed in short amplicon sequencing for the description of the fungal communities.
Our study suggests that results from ITS1-2 sequencing should be considered carefully,
and efforts should be made to improve available primers targeting different loci and
related databases to promote their fruitful and reliable use in HTS studies.

MATERIALS AND METHODS
In silico primer analysis. The primer analysis module of Primer Prospector (26) was used with default

settings to compare primer specificity and taxonomic coverage. The reference database was created by
filtering the Silva SSU/LSU rRNA genes, release 128 (27) and the UNITE ITS, release 7.1 (28) databases. Hits
in the taxonomy file containing the terms “environmental sample,“ “mycorrhizal,” “mycorrhizae,” “un-
identified,” or “unclassified” were filtered out. Moreover, only sequences identified as fungi were kept.
The final database contained a total of 67,073 (ITS), 21,099 (SSU), and 3,015 (LSU) reads, covering all
fungal lineages. A matching taxonomy file was created, and the taxonomy coverage module of Primer
Prospector was used to predict the coverage for each fungal phylum.

Strain culturing and DNA extraction. Strains of fungi used for the preparation of the mock
community were previously isolated and identified through complete ITS sequencing. Strain names and
ITS1-2 region lengths are reported in Table 3. We chose 19 strains, including the two largest fungal clades
(Ascomycota and Basidiomycota). In order to avoid biases due to the DNA extraction procedure, DNA
extraction was carried out on each strain individually. Yeasts were grown in yeast extract-peptone-
dextrose (YPD) broth (10 g/liter yeast extract, 20 g/liter peptone, 20 g/liter dextrose, 0.1 mg of
chloramphenicol/100 ml [all from Oxoid, Milan, Italy]) incubated for 3 days at 28°C. Five milliliters was
centrifuged at 12,000 � g, and the pellet was used for DNA extraction. Filamentous fungi were grown
on malt extract agar (17 g/liter malt extract, 3 g/liter peptone, agar n.1, 1.5% [Oxoid]) and incubated at
28°C for 7 to 10 days. Mycelium was scraped from the plates with a sterile scalpel, and 250 mg was used
for DNA extraction. Extraction was carried out with the PowerSoil DNA extraction kit (MoBio Laboratories,
Inc., Carlsbad, CA). DNA was quantified using the Qubit fluorimeter (Life Technologies, Carlsbad, CA).

Mock community preparation and sequencing of amplicon libraries. A scheme of the study
design is reported in Fig. 1. In order to exploit the possible bias introduced by PCR, two different paths
were followed. (i) DNA from each strain was individually amplified (for all the three target genes), and
amplicons were equimolarly pooled after purification and quantitation (Mock-Ampl). (ii) The DNA of each
strain was quantified and diluted at 50 ng/�l. Diluted DNA was then pooled at the same concentration
(Mock-DNA) and the pool was subjected to PCR (for all the three target genes).

Primer pairs targeting the V4 region of the 18S rRNA gene (16), the D1/D2 domain of the 26S rRNA
gene (29), and the ITS1-2 (23) were used with PCR conditions previously described (11, 16, 23). The
expected PCR product had sizes of 436 and 579 bp for 18S and 26S, respectively, while it ranged from
150 to 420 bp for ITS. Amplicons were purified with Agencourt AMPure XP beads (Beckman Coulter,
Milan, IT), quantified using a Plate Reader AF2200 (Eppendorf, Milan, IT) and the Quant-iT PicoGreen
double-stranded DNA assay kit (Life Technologies, Monza, IT). Amplicons of single strains were then
pooled at equimolar concentration (in the case of Mock-Ampl samples). Four (Mock-DNA) or two
(Mock-Ampl) independent replicates were sequenced for each target gene (Fig. 1). Sequencing was

TABLE 3 Fungal species used to prepare the mock communities

Species
ITS1-2 fragment
length (bp) Phylum

Botrytis cinerea 290 Ascomycota
Candida albicans 260 Ascomycota
Candida zemplinina 220 Ascomycota
Candida zeylanoides 300 Ascomycota
Dekkera bruxellensis (Brettanomyces bruxellensis) 200 Ascomycota
Dekkera custersianus (Brettanomyces

custersianus)
210 Ascomycota

Hanseniaspora guillermondii 400 Ascomycota
Issatchenkia orientalis 210 Ascomycota
Lachancea thermotolerans 350 Ascomycota
Metschnikowia pulcherrima 180 Ascomycota
Penicillium brevicompactum 300 Ascomycota
Pichia anomala 320 Ascomycota
Pichia kluyveri 190 Ascomycota
Saccharomyces cerevisiae 420 Ascomycota
Sclerotinia sclerotiorum 300 Ascomycota
Torulaspora delbrueckii 400 Ascomycota
Trichoderma virens 340 Ascomycota
Zygosaccharomyces bailii 390 Ascomycota
Rhizoctonia solani 350 Basidiomycota
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carried out on a 454 GS Junior platform using Titanium chemistry (454 Life Sciences, Roche Diagnostics,
Milan, IT).

Environmental samples. Biological samples used in this study included soil (14), human saliva (30),
human feces (31), and grape must (16). Sample collection and DNA extraction were carried out as
described in the original studies. Extracted DNA was amplified and sequenced as described above.

Data analysis. Raw reads were first filtered according to the 454-processing pipeline. Sequences
were then analyzed and further filtered by using QIIME 1.9.0 software (32). Reads were excluded from the
analysis if they had an average quality score lower than 25, if they were shorter than 300 bp, and if there
were ambiguous base calls. Sequences that passed the quality filter were denoised (33), and singletons
were excluded. OTUs defined by a 97% similarity were picked using the uclust method, and the
representative sequences were submitted to the RDPII classifier (34) to obtain the taxonomy assignment
using the Silva SSU/LSU rRNA gene database release 128 (27) or the user-friendly Nordic ITS ectomy-
corrhiza database (28). Sequences were double-checked using the BLASTN search tool (http://www.ncbi
.nlm.nih.gov/blast/) to confirm the taxonomy assignment. The OTU tables obtained were rarefied at the
lowest number of sequences/sample.

Statistical analyses and plotting were carried out in R environment (http://www.r-project.org).
Principal component analysis (PCA) was carried out on the log transformed abundance table by using
dudi.pca function in made4 package. Spearman’s correlation was computed between OTU abundance
matrices (cor.test function). Alpha-diversity analysis was carried out in QIIME on OTU tables rarefied at
3,200 reads/sample. Pairwise Wilcoxon tests were used in order to determine significant differences in
alpha diversity parameters or in OTU abundance. Permutational multivariate analysis of variance (non-
parametric PERMANOVA) based on Jaccard and Bray Curtis distance matrices was carried out by using
999 permutations to detect significant differences in the overall fungal community composition, using
the adonis function in the vegan package. Results were considered significant at a P value of �0.05.

Accession number(s). The gene sequences produced in this study are available at the Sequence
Read Archive (SRA) of the National Center for Biotechnology Information (NCBI) under accession number
SRP104109.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.00905-17.

SUPPLEMENTAL FILE 1, PDF file, 2.0 MB.
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