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ABSTRACT

The impact of primer choice on results of metabarcoding
studies was experimentally evaluated by analyzing fungal
communities associated with leaves of four plant species.
Significant differences in target specificity of primers were
highlighted by a percentage of plant reads ranging from almost
nothing to 30 to 35% of the total detected sequences. Overall,
primer sets targeting the internal transcribed spacer 1 (ITS1)
region proved to be more specific than those targeting the ITS2
region. A comparable taxa coverage was revealed for all
investigated primer sets. However, each primer set detected only
around 50% of the overall detected taxa highlighting that a
consistent part of the actual fungal diversity remains undetected
in studies conducted using a single couple of primers. The

coverage was increased to 70 to 80% by combining results from
two different primer sets. Some fungal taxa were preferentially or
exclusively detected by certain primer sets and this association
between primers and taxa was generally recurrent on several
plant hosts. Data highlighted that a perfect set of primers to
investigate the whole fungal diversity does not exist and that
whatever the choice, only a fraction of the actual microbial
diversity will be investigated. However, provided information may
be valuable to select the best primers according to the objective
of the analysis.

Additional keywords: amplicon-based metagenomics, plant
pathology, primer selection.

The recent advances in high-throughput (HTS) DNA sequencing
technologies have led to some fundamental breakthrough in our
ability to describe, compare, and discover new microbial com-
munities across environments (Ursell et al. 2012). In particular, the
massive sequencing of polymerase chain reaction (PCR) amplicons
of specific barcode DNA fragments (amplicon metagenomic or
metabarcoding) is a powerful culture-independent technique. This
technique is extremely useful in fungal biodiversity investigations
boosting the opportunity to determine simultaneously a broad taxo-
nomic range of organisms in terms of abundance and richness (Bálint
et al. 2014; Lindahl et al. 2013). However, the metabarcoding

analysis of microbial communities, from field to taxonomic com-
position data, involves a series of steps that may significantly influence
the results. In particular, the choice of primers for the amplification
of barcode regions greatly affects results and still represents an
ongoing challenge in molecular ecological studies (Halwachs et al.
2017; Lindahl et al. 2013).
Currently, the internal transcribed spacers internal transcribed

spacer 1 (ITS1) and ITS2 of the nuclear ribosomal DNA (rDNA)
represent the primary regions to detect fungi although the need for
new targets and universal primer pairs as secondary DNA barcodes
has been highlighted (Schoch et al. 2012; Stielow et al. 2015; Xu
2016). Important features of the ITS region include: (i) a high
number of copies per cell that facilitates the amplification of target
DNA from complex environmental samples; (ii) the universality of
the coding flanking regions that enables the design of universal
primers to support a broad taxa coverage; and (iii) an appropriate
level of variability within the ITS1 and ITS2 regions which enables
a high interspecific resolution with a low intraspecific variability
(Bruns et al. 1991; Schoch et al. 2012). Due to these features, ITS
regions represent the most common fungal sequences in interna-
tional reference datasets (NCBI, EMBL, UNITE) (Abarenkov et al.
2010; Kõljalg et al. 2013; Nilsson et al. 2009; Schoch et al. 2014).

†Corresponding author: L. Schena; E-mail: lschena@unirc.it

Funding: This research was funded by The Italian Ministry of Education, University
and Research with grants “Innovazione di prodotto e di processo nelle filiera dei
prodotti da forno e dolciari” (PON03PE_00090_01) and “Modelli sostenibili e nuove
tecnologie per la valorizzazione delle olive e dell’olio extravergine di oliva prodotto in
Calabria” (PON03PE_00090_01)-PON Ricerca e competitività 2007 to 2013.
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The alternative use of ITS1 or ITS2 region in metabarcoding studies
has been questioned, with pros and cons for both fragments, but it
would seem that the use of either one may lead to similar results
(Blaalid et al. 2013). The amplification of the whole ITS1-5.8S-
ITS2 region has also been proposed, but since the length of this
region may range from 500 to 1,000 bp, it is difficult to cover in a
single run using the currently widely used HTS technologies such as
Illumina platform (Op De Beeck et al. 2014; Porter and Golding
2011).
The earliest primers for the amplification of ITS regions were

published almost 30 years ago (Gardes and Bruns 1993; White et al.
1990). Since then, many additional primers have been designed in
the flanking ribosomal DNA regions to enable the amplification of
the target regions from most fungal lineages including the so-called
early diverging lineages (Zygomycota, Chytridiomycota, and
Glomeromycota) and the little-studied phylum Cryptomycota
(Asemaninejad et al. 2016; Ihrmark et al. 2012; Ishii et al. 2015;
Martin and Rygiewicz 2005; Mueller et al. 2016; Tedersoo et al.
2014, 2015; Toju et al. 2012; Turenne et al. 1999). Most of these
primers have been used in several possible combinations to in-
vestigate soil and rhizosphere environments and, to a lesser extent,
plant tissues. However, their comparative evaluation for meta-
barcoding analyses has been almost exclusively based on in silico
studies, which enables the comparison of different primer combi-
nations against large molecular databases (Bellemain et al. 2010;
Bokulich and Mills 2013; Cheng et al. 2016; Ficetola et al. 2010;
Toju et al. 2012). These studies helped in drawing a global picture
of the potential specificity of the most popular rDNA primers and
have also highlighted the taxonomic bias related to the nature of the
fungal ITS sequences which potentially preclude the targeting of
some groups of fungi. However, there is a substantial lack of
comparative analyses to validate selected primers in practical ex-
perimental conditions. Furthermore, the main aim of most previous
investigations was the coverage of as many fungal lineages as
possible with little attention paid toward the specificity of markers
for fungi. This aspect represents an important shortcoming since
good primers need to be generic to amplify target DNA from most
taxa, including those still unknown to the scientific community but

also need to be specific enough to avoid the amplification of DNA
from nontarget organisms (e.g., plant DNA).
In the present study, results of previous in silico investigations

focusing on the analysis of primers for fungal metabarcoding
studies were analyzed in order to identify a panel of primer sets
possessing the most desirable features in terms of fungal coverage
and specificity. These primer sets were comparatively and exper-
imentally evaluated by analyzing the fungal microbiota associ-
ated with leaves of four globally ubiquitous plant crops (Vitis
vinifera, Triticum aestivum, Olea europaea, and Citrus sinensis)
in order to determine their performances in real experimental
conditions.

MATERIALS AND METHODS

Selection of primers. A preliminary list of 30 primers was
created based on data from previous studies focusing on the design
and/or the in silico comparison of primers targeting various rDNA
regions. These primers were evaluated according to the following
criteria: (i) primers designed to target the ITS1 or ITS2 region; (ii)
the universality of target region considering all currently known
fungal lineages; (iii) high specificity against nontarget DNA
(particularly plant DNA); and (iv) amplicon length less than 500 bp.
Published data obtained with the Primer Prospector module
(Walters et al. 2011) were also included for evaluating fungal
taxonomic coverage of the primers. Furthermore, the number of
mismatches between selected primers and corresponding target
regions in the rDNA sequences of plants used in the present study
(Vitis vinifera, Triticum aestivum, Olea europaea, and Citrus
sinensis) were evaluated. To this aim, sequences were retrieved
from GenBank, introduced in MEGA7 and aligned usingMUSCLE
(Kumar et al. 2016), in order to manually determine the number of
mismatches. For some primers, particularly for those located on the
SSU gene, this latter evaluation was not possible because of the lack
of plant reference sequences.
According to preliminary analyses, eight primers were selected

and coupled in six different primer sets targeting the ITS1 (set S1,
S2, and S3) or the ITS2 (set S4, S5, and S6) region (Fig. 1). These

Fig. 1. Schematic representation of the internal transcribed spacer (ITS) regions of the ribosomal DNA (rDNA) and location of primers selected for
metabarcoding analyses. Primers were combined in six different sets (S) to amplify either the ITS1 (S1, S2, and S3) or the ITS2 (S4, S5, and S6) region.
Fragment sizes are referred to Serpula himantioides rDNA.
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primer sets were tested in experimental conditions using leaves
from the four selected plant species.
DNA extraction and amplification. Fresh healthy leaves were

collected in 2016 in the Gioia Tauro plane in Calabria, Southern
Italy, from commercial orchards following an organic cultivation
scheme. For each plant species four samples, each consisting of 20
leaves (biological replicates) were collected from 10 different plants
(two leaves per plant). Collected leaves were the same age and did
not show any symptom of disease or damage. Leaves were pro-
cessed without any preliminary treatment of sterilization in order to
keep unaltered the natural fungal population and enable the de-
tection of both endophytes and epiphytes as well as fungal prop-
agules in all possible forms. Sampled leaves were kept in sterile
tubes at _80�C and then lyophilized using a freeze dryer (Labconco
Corp., Kansas City, MO). DNA extraction from freeze-dried leaves
was carried out using the DNeasy Plant Mini Kit (QIAGEN, Venlo,
NL) according to the manufacturer’s protocol. Concentration and
quality of extracted DNA were evaluated with a Nanodrop ND-
1000 spectrophotometer (Nano-Drop Technologies, Wilmington,
DE) and by electrophoresis through a 1.2% agarose gel in TBE

buffer (90 mMTris, 90 mM boric acid, and 1 mMEDTA) and Gel-red
(Biotium, Hayward, CA) staining. Amplifications were performed
with the selected primer sets (Fig. 1) in a total volume of 25 µl
containing 12.5 µl of KAPA HiFi Hot Start Ready Mix (KAPA
Biosystems, Wilmington, MA), 0.4 mM of each primer including
Illumina adaptors (https://www.illumina.com/), and 50 ng of DNA
template. Reactions were incubated in a Mastercycler gradient ther-
mocycler (Eppendorf, Hamburg, Germany) set to have a starting
denaturation of 3 min at 95�C, followed by 35 cycles of 20 s at
98�C, 15 s at 56�C, 30 s at 72�C, and by a final extension of 1 min at
72�C. Nuclease-free water (QIAGEN) replaced template DNA in
negative controls. Amplicons were visualized on gel electrophoresis
at 1.2% agarose as described above.
Library preparation and sequencing. Amplicons from primer

sets that enabled a consistent amplification from all plant species
(S1, S3, S4, S5, and S6) were processed for the library preparation
according to the NGS protocol for the MiSeq platform (Illumina
Part 15044223 Rev. A) and multiplexed using the Nextera XT Kit
(Illumina, San Diego, CA). The purification of PCR products and
the indexing was carried out by the Agencourt AMPure XP system

TABLE 1
Summary of sequencing results obtained with the five tested primer sets (S1, S3, S4, S5, and S6)

with leaves of Citrus, Olea, Triticum, and Vitisa

Primer sets Plant species

Total reads Plant reads Fungal reads

FER (%)RR (n) QFR (n) QFR (%) CQFR (n) CQFR (%) CQFR (n) CQFR (%) CQFR (n) CQFR (%)

S1 Citrus 214,383 198,957 92.80 197,658 99.35 4 0.00 197,654 100.00 92.20

Olea 234,288 213,718 91.22 212,269 99.32 6 0.00 212,263 100.00 90.60

Triticum 153,201 133,877 87.39 133,024 99.36 26 0.02 132,998 99.98 86.81

Vitis 205,692 192,825 93.74 191,662 99.40 5 0.00 191,657 100.00 93.18

Total 807,564 739,377 91.56 734,613 99.36 41 0.01 734,572 99.99 90.96

S3 Citrus 300,307 239,467 79.74 237,626 99.23 148 0.06 237,478 99.94 79.08

Olea 246,962 235,268 95.26 233,460 99.23 9 0.00 233,451 100.00 94.53

Triticum 260,234 245,151 94.20 242,947 99.10 41,015 16.88 201,932 83.12 77.60

Vitis 252,940 244,852 96.80 242,664 99.11 1,489 0.61 241,175 99.39 95.35

Total 1,060,443 964,738 90.97 956,697 99.17 42,661 4.46 914,036 95.54 86.19

S4 Citrus 233,359 229,869 98.50 227,138 98.81 38,652 17.02 188,486 82.98 80.77

Olea 280,127 268,033 95.68 265,475 99.05 71 0.03 265,404 99.97 94.74

Triticum 269,173 261,046 96.98 258,685 99.10 336 0.13 258,349 99.87 95.98

Vitis 298,900 293,422 98.17 288,264 98.24 52,518 18.22 235,746 81.78 78.87

Total 1,081,559 105,2370 97.30 1,039,562 98.78 91,577 8.81 947,985 91.19 87.65

S5 Citrus 182,422 135,687 74.38 132,922 97.96 69,202 52.06 63,720 47.94 34.93

Olea 296,798 194,590 65.56 191,495 98.41 68,902 35.98 122,593 64.02 41.31

Triticum 272,810 189,463 69.45 186,207 98.28 15,302 8.22 170,905 91.78 62.65

Vitis 262,024 187,562 71.58 181,189 96.60 67,844 37.44 113,345 62.56 43.26

Total 1,014,054 707,302 69.75 691,813 97.81 221,250 31.98 4705,63 68.02 46.40

S6 Citrus 160,369 104,745 65.31 102,512 97.87 63,280 61.73 39,232 38.27 24.46

Olea 168,350 112,624 66.90 110,584 98.19 46,847 42.36 63,737 57.64 37.86

Triticum 201,380 135,658 67.36 133,410 98.34 12,008 9.00 121,402 91.00 60.29

Vitis 220,101 153,555 69.77 147,758 96.22 56,669 38.35 91,089 61.65 41.39

Total 750,200 506,582 67.53 494,264 97.57 178,804 36.18 315,460 63.82 42.05

a Analyzedmetrics comprised the raw reads (RR), the quality filtered reads after filtration steps (QFR), and the clustered quality filtered reads (CQFR).
For each metric, absolute numbers (n) and percentages (%) are reported. Furthermore, a fungal efficiency recovering (FER) index was determined
to evaluate the percentage of fungal quality filtered reads compared with the total initial raw sequences. Percentages were evaluated as follows:
QFR (%) = QFR (n)/RR (n) × 100; CQFR (%) = CQFR (n)/QFR (n) × 100; plant CQFR (%) = plant CQFR (n)/CQFR (n) × 100; fungal CQFR (%) =
fungal CQFR (n)/CQFR (n) × 100; and FER (%) = fungal CQFR (n)/RR (n) × 100.
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(Beckman Coulter Genomics, Brea, CA). The library was quantified
by Qubit dsDNA HS fluorimetric assay (Life Technologies,
Carlsbad, CA), normalized to have the same concentration in all
samples, and pooled. Samples were denaturated with 0.2 N NaOH
and sequenced using Illumina 2 × 300 bp MiSeq Reagent Cartridge
v3 in paired-end module. The PhiX control was spiked in to the final
library to add base diversity (Illumina).
Bioinformatic analyses. The bioinformatics pipeline QIIME v.

1.9.1 was used to process data from HTS assay (Caporaso et al.
2010). Demultiplexed raw Illumina fastq files (NCBI-SRA ac-
cession SRP162106) were checked by FastQC to overview the
quality of the reads and define the suitable filter parameters
(Andrews 2010). PEAR 0.9.10 was utilized to merge paired-end
reads, truncate sequences after two consecutive bases receiving a
quality score (Q) < 20, and delete reads containing one or more
ambiguous bases or those shorter than 200 bp (Zhang et al. 2014).
The de novo chimera checking was carried out using the UCHIME
algorithm within VSEARCH (Rognes et al. 2016). Operational
taxonomic units (OTUs) were clustered with a similarity threshold
of 97% using the UCLUST-based open-reference OTU-picking
workflow and the UNITE fungal ITS database released on 20
November 2016 (Abarenkov et al. 2010; He et al. 2011). Global
singletons were removed and the most abundant reads in each OTU
were selected as representative sequences. Unique reads were used
for the taxonomy assignments using BLAST and the UNITE

dynamic database (Altschul et al. 1997). Furthermore, a specific
index designated here as fungal efficiency recovering (FER, %),
expressing the percentage of quality fungal reads compared with
the total original raw sequences, was utilized to summarize the
performance of the primers. The OTU table was rarefied at an
even sequencing depth of 7,220 reads/sample. For each primer/
host combination, the alpha-diversity was evaluated using OTU
richness, Shannon index, and Simpson index and the results were
statistically compared using a nonparametric two-sample t test.
Furthermore, the Kruskal-Wallis nonparametric test was carried
out to identify taxa with significantly different relative abundance
(RA), by considering only OTUs with a minimum average RA of
0.05%. These data were visualized by constructing a heatmap for
each plant. In both analyses, the rawP values were calculated through
1,000 Monte Carlo permutations and corrected using the false dis-
covery rate (FDR) procedure. The corrected FDR P values of <0.05
were considered significant. Finally, a matrix of shared OTUs was
generated to determine the percentage of fungal OTUs detected with
individual or couple of primer sets compared with OTUs cumula-
tively detected with the five primer pairs.

RESULTS

Selection of primers and amplifications. In silico data recog-
nition of published rDNA primers within the preliminary list

Fig. 2. Overall performance of the five selected primer sets with leaves of the four investigated plant species (Vitis vinifera, Triticum aestivum, Olea
europaea and Citrus sinensis) in terms of detected number of reads (lines, left axis) and FER, fungal efficiency recovering percentage (columns, right
axis).
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showed a lower risk of coamplification of plant DNA for primers
targeting the SSU gene as compared with 5.8S and LSU primers.
The 5.8S primers had a fungal coverage comparable to those of SSU
primers and a higher plant coamplification percentage. The LSU
primers were characterized by a slightly lower fungal coverage and
a higher percentage of plant coamplification. Primers ITS5 and
ITS1-F_KYO2, targeting the SSU gene, were selected for their
potential in reducing the coamplification of plant DNA (<10%) and
the high coverage of Ascomycetes (>95%), Basidiomycetes
(>92%), and early diverging fungi (>94%) (Supplementary Table
S1; Fig. 1). Among the 5.8S primers, 58A1Fwas selected for its low
coamplification of plant DNA (<28%) and for the presence of two
(grape) and one (wheat and orange) mismatches with corresponding
target DNA in plants. This primer was also firstly utilized in the
present study as reverse primer (58A1R). On the other hand, primer
ITS3_KYO2 was selected for having the highest fungal coverage
for Ascomycetes (>99%), Basidiomycetes (>98%), and early di-
verging fungi (>99%). Furthermore, despite the absence of wide
in silico data on the coverage of primers ITS86F and ITS86R,
they were selected because of the reported good performance in
metabarcoding analyses focusing on soilborne fungi (Op De Beeck
et al. 2014; Waud et al. 2014). In addition, these primers showed,
globally, high number of mismatches with the plant species evaluated
in the present study. Among primers targeting the LSU gene, the
ITS4ngs was preferred since it includes the original ITS4 primer
and three variants of this primer, designed to have a higher fungal
coverage including Ascomycetes (>96%), Basidiomycetes (>97%),
and early diverging fungi (>93%) (Tedersoo et al. 2014).
The eight selected primers were combined to have six primer sets

targeting the ITS1 (set S1, S2, and S3) or the ITS2 (set S4, S5, and
S6) region and enabled the amplification of DNA fragments of the

expected size from leaves of V. vinifera, T. aestivum, O. europaea,
and C. sinensis. These fragments ranged from 300 to 385 bp con-
sidering Serpula himantioides as reference fungal species (Fig. 1).
Among the six tested primer sets, only set S2 did not enable a con-
sistent amplification from all plant species and was excluded from
the HTS validation experiments.
Specificity of tested primers. A total of 5,774,522 raw reads

were obtained by Illumina MiSeq sequencing from the pooled
amplicon library of 80 samples (five primer sets, four plant species,
and four biological replicates). The total number of raw reads per
plant species ranged from 750,200 (set S6) to more than one million
(sets S3, S4, and S5) considering cumulatively the four plant species
(Table 1; Fig. 2). Significant differences were also observed in
terms of quality filtered reads (QFR). The best performance in terms
of percentage of QFR was determined for set S4 (97.3%) targeting
the ITS2 region, followed by sets S1 (91.6%) and S3 (91.0%)
targeting the ITS1 region (Table 1). Much lower percentages of
QFR were revealed for sets S5 (69.7%) and S6 (67.5%), targeting
the ITS2 region. None of the analyzed reads was flagged as chimera.
After quality and chimera filtering, 3,970,369 reads were clustered
at 97% similarity threshold. Furthermore, after the removal of
singletons, 7,726 OTUs, corresponding to 3,916,949 reads were
retained. Considering all primer sets, 3,382,616 clustered quality
filtered reads (86.3%) were assigned to fungal lineages after the
removal of plant sequences (Table 1).
Primers S1 and S3, targeting the ITS1 regions, showed a sig-

nificantly higher FER (91.0 and 86.2%, respectively) compared
with sets S5 and S6, targeting the ITS2 (46.4 and 42.1%, re-
spectively). In contrast, set S4 showed a level of FER (87.7%)
comparable to that of ITS1 primers. In agreement with these results,
the coamplification of plant DNAwas significantly lower for primer

Fig. 3. Percentage of total fungal (blue bars) and plant (orange bars) OTUs recovered from Citrus, Olea, Triticum, and Vitis with primer sets S1, S3, S4,
S5, and S6.
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sets S1, S3, and S4 (0.01, 4.46, and 8.81%, respectively) and much
higher for sets S5 (31.98%) and S6 (36.18%) (Table 1; Fig. 2). In
addition, almost all OTUs detected with primer sets S1, S3, and S4
from Citrus, Olea, and Triticum were assigned to fungal taxa (Fig.
3). An exception was represented by primer set S4 that detected a
quite high percentage of plant OTUs (29.3%) from Vitis. A much
higher percentage of plant OTUs was detected with primer sets S5
and S6 from all hosts and in particular from Vitis (Fig. 3).
Fungal taxa coverage. For all investigated primer/host com-

binations rarefaction curves generated profiles tending toward
saturation indicating that at the selected sequencing depth the great
majority of OTUs had been captured (Supplementary Fig. S1).
Overall, a total of 528 OTUs were assigned to fungal lineages
identified at different levels, from phylum to genus. Among these,
332, 260, 186, and 250 fungal OTUs were detected in the phyl-
losphere of Vitis, Citrus, Olea, and Triticum species, respectively
(Table 2; Supplementary Table S2. However, the two-sample t test
analysis based on the number of observed OTUs, Shannon index,
and Simpson index did not reveal any significant difference be-
tween the primer sets in all plant species (Table 2).
Results showed that only a fraction of the actual genetic diversity

can be detected with a single primer set. In particular, the number of
fungal OTUs detected from each host with individual primer pairs
was around 50% of those cumulatively detected with the five primer
sets (Table 3). The best individual sets were S5 for Citrus (58.7%)
and Vitis (50.8%), S6 for Olea (62.3%), and S3 for Triticum

(50.0%) (Table 3). The coverage of detected OTUs was improved
by cumulatively considering OTUs obtained with two primers sets
(Table 3). Overall, the best results were obtained combining primers
sets targeting the ITS1 region with those targeting ITS2 region. For
instance, the percentage of detected OTUs increased to 78.6% with
primers S1 and S4 for Citrus, 72.8% with primers S1 and S6 for
Vitis, and 79.2 and 72.0% with primers S3 and S6 for Olive and
Triticum, respectively (Table 3).
Fungal community structure. Considering all investigated

hosts and primer sets, Ascomycota was the most abundant phylum
representing around 79% of the detected sequences, followed by
Basidiomycota (20%), unidentified Fungi (0.68%), Zygomycota
(0.1%), Glomeromycota (0.01%), fungi Incertae sedis (0.002%),
and Chytridiomycota (0.001%) (Fig. 4). The five investigated
primer sets detected a higher RA of Ascomycota onOlea (90%) and
Vitis (84.3%) compared with Citrus (66.5%) and Triticum (75.5%)
(Fig. 4). In these two latter hosts, the lower abundance of Asco-
mycota was largely compensated by Basidiomycota. Overall, the
RA of Ascomycota and Basidiomycota detected with different sets
was similar onCitrus,Olea, and Vitis. On the contrary, on Triticum,
primer sets S1, S3, and S4 detected a much higher concentration of
Basidiomycota compared with primer sets S5 and S6 (Fig. 4). In
particular, the RA of Basidiomycota was 4 and 6.4% with primer
sets S5 and S6, and increased to 34.9, 36.6, and 38.2% with primer
sets S1, S3, and S4, respectively. The phylum Zygomycota was
mainly detected onOleawith a variable RA according to the primer
sets (Fig. 4).
At the genus level, most of the taxa were detected with a very low

RA (Fig. 5). In the case of Vitis and Triticum, 11 and 7 taxa had an
RA ³ 1% and represented around 90% of the total fungal reads.
Similarly, in Citrus and Olea, 15 and 13 taxa had an RA ³ 1% and

TABLE 2
Alpha-diversity indexes (observed operational taxonomic units
[OTUs], Shannon, and Simpson) evaluated per each plant species
and primer set at an even sequencing depth of 7,220 reads/sample

Plant
species

Primer
sets

Number of
observed OTUs

Shannon
index

Simpson
index

Citrus S1 182 4,200 0.872

S3 177 4,269 0.883

S4 185 4,960 0.923

S5 195 4,698 0.897

S6 179 4,410 0.876

Total 332

Olea S1 125 3,735 0.843

S3 124 3,796 0.852

S4 141 4,244 0.887

S5 148 4,242 0.888

S6 162 3,875 0.844

Total 260

Triticum S1 87 4,010 0.893

S3 93 4,113 0.899

S4 77 4,166 0.906

S5 89 3,126 0.719

S6 86 2,414 0.602

Total 186

Vitis S1 120 3,427 0.848

S3 108 3,454 0.850

S4 125 3,893 0.883

S5 127 3,648 0.856

S6 118 3,100 0.733

Total 250

TABLE 3
Percentage of operational taxonomic units (OTUs) detected from
each host with individual primer sets (*) or combining two different
primer sets compared with the total number of OTUs cumulatively

detected with the five primer pairs

Primer set S1 S3 S4 S5 S6 Species

S1 54.8* 66.2 78.6 77.0 76.5 Citrus

48.1* 60.0 72.7 74.6 78.5 Olea

46.7* 63.4 63.0 68.9 67.7 Triticum

48.0* 58.8 70.8 72.0 72.8 Vitis

S3 53.3* 76.5 75.9 73.5 Citrus

47.7* 71.1 71.9 79.2 Olea

50.0* 66.1 69.9 72.0 Triticum

43.2* 65.6 65.2 65.2 Vitis

S4 55.7* 72.0 69.0 Citrus

54.2* 71.5 73.0 Olea

41.4* 61.8 60.2 Triticum

50.0* 72.4 68.0 Vitis

S5 58.7* 69.3 Citrus

56.9* 77.3 Olea

47.8* 64.5 Triticum

50.8* 68.4 Vitis

S6 53.9* Citrus

62.3* Olea

46.2* Triticum

47.2* Vitis
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represented around 80% of the reads (Fig. 5). The number of taxa
detected with a significant difference using the five primer sets was
21, 12, 11, and 12 for Citrus, Olea, Triticum, and Vitis, respectively
(Fig. 6). Within them, taxa like Cladosporium, Didymella, Usti-
laginales, and Epicoccum were favored by primer sets targeting the
ITS1 region (S1 and S3), regardless of the host. Conversely, other
taxa like Mycosphaerella, Togniniella, Celerioriella, and Pseu-
docercospora were preferentially detected with primer sets tar-
geting the ITS2 region (S4, S5, and S6) (Fig. 6). Particularly
relevant was the case of the genus Puccinia, which was detected on
Triticum almost exclusively with primer sets S1, S3, and S4.
Conversely, these primer sets did not detect (as in the case of S1), or
detected with a very small RA (as in the case of S3 and S4), the
genus Togniniella, which was the most abundant taxon with sets S5
and S6 (Fig. 6). The genus Capnodium had quite a high RA in
Citrus but was exclusively detected with primer sets S4, S5, and S6
(Fig. 6).

DISCUSSION

A number of studies, mainly conducted using in silico ap-
proaches, have highlighted that the selection of primers for met-
abarcoding analyses is the variable that most affects final outputs
and represents a major challenge in future analyses of microbial
communities. In the present study, experimental trials were spe-
cifically conducted to practically evaluate these issues focusing the
attention on epiphytic fungal communities associated with leaves of
four different plant species. The obtained results highlighted a
number of challenges specifically related to the investigated system
that can be easily extended to many other environmental systems
including plant, water, soil, air and animals associated microbial
populations. Furthermore, issues highlighted in the present study
for the investigation of fungal populations are likely to exist in a

similar manner for other important microbial kingdoms, including
bacteria. We paid great attention in the preliminary selection of
primers to be used in our system by analyzing currently available
data with the overall aims of increasing specificity for fungi, i.e., to
maximize the fungal coverage and reduce the cross reaction with
unwanted plant DNA. The five selected primer sets are among the
best currently available for fungal metabarcoding analyses based on
the use of ITS1 and/or ITS2 regions. Although, it cannot be ex-
cluded that some valuable primers were discarded in the present
study and that better primers could be identified by future studies,
the overall results clearly highlighted that a perfect primer set to
investigate the whole fungal diversity does not exist.
All primer sets selected in the present study proved to be ap-

propriate for metagenomic analyses. In fact, for all primer/host
combinations, rarefaction curves tended to saturation indicating that
fungal diversity was properly captured by all primer sets. A good
performance was also confirmed by the very few singletons and by
the absence of chimeras which may represent serious obstacles in
metabarcoding analyses (Ihrmark et al. 2012; Taylor et al. 2014,
2016). Nevertheless, significant differences in terms of specificity
were highlighted by a percentage of plant reads ranging from almost
nothing to 30 to 35% of the total detected sequences. Primer sets
targeting the ITS1 region proved to be more specific compared with
those targeting the ITS2 region and this result was consistent with
all plant species, although more evident for V. vinifera. The higher
specificity of primer sets targeting the ITS1 region was the con-
sequence of the higher specificity of primers designed on the SSU
gene, although also primer ITS86F, targeting the 5.8S gene, proved
specific for fungi. In fact, this last primer showed high specificity as
reverse primer to amplify the ITS1 region (sets S1 and S3) and as
forward primer to amplify the ITS2 region (set S4). Conversely,
other primers targeting the 5.8S gene (58A1F and ITS3-F_KYO2)
proved much less specific considering the high percentage of plant

Fig. 4. Relative abundance (RA) of fungal phyla detected from Citrus, Olea, Triticum, and Vitis with primer sets S1, S3, S4, S5, and S6. Horizontal lines
refers to abundant phyla (Ascomycota, Basidiomycota, and unidentified fungi) and their RA is plotted on the left axis. Rare phyla (Zygomycota,
Chytridiomycota, Glomeromycota, and fungi Incertae sedis) are represented by columns and their RA is plotted on the right axis.
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reads obtained in combination with primer ITS4-ngs, which is
known to amplify target DNA from plants (Cheng et al. 2016; Toju
et al. 2012).
Despite the above-mentioned differences in terms of specificity,

this feature did not affect results in terms of the number of recovered
fungal taxa. Indeed, a comparable taxa coverage was revealed for all
selected primer sets on all the plant hosts regardless of their
specificity. However, although primer sets behaved in a similar
manner in terms of number of detected taxa, each set did not enable
the detection of a consistent part of the actual fungal diversity.
Indeed, each primer set detected around 50% of the taxa cumu-
latively detected with the five primer sets. We also demonstrated

that the coverage was increased to 70 to 80% by combining results
from two different primer sets, especially when ITS1 primers were
coupled with primers targeting the ITS2 region. These results
clearly indicate that most of the currently available metabarcoding
studies have only revealed a fraction of the fungal diversity since
a single set of primers has been used in most investigations.
Furthermore, our results reinforce the perception that even when
usingmore primer sets a large part of the diversity is likely to remain
undiscovered, although metagenomic analyses have greatly in-
creased our ability to investigate complex populations (Op De Beeck
et al. 2014; Orgiazzi et al. 2012). According to a 2016 estimation
from the Dictionary of Fungi (http://www.speciesfungorum.org/),

Fig. 5. Fungal taxa with a relative abundance (RA) ³ 1%, detected with each investigated primer set (S1, S3, S4, S5, and S6) in leaves of Citrus, Olea,
Triticum, and Vitis. Fungal taxa with an RA £ 1% were cumulatively reported as “other fungi.”
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approximately 130,000 fungal taxa have been so far described versus
an estimated diversity of 1.5 to 6 million (Blackwell 2011;
Hawksworth 1991; Taylor et al. 2014). Excluding arbuscular my-
corrhizas, most fungal barcode primers target the ITS regions of the
rDNA. Consequently, the existence of fungal lineages completely
missed by these markers cannot be excluded also because most of the

currently available sequences are from cultivable fungi and this, indeed,
represents a limit for the design of universal primers.
In agreement with the above results the analysis of the taxonomic

composition of fungal populations associated with the leaves of the
four investigated plant species revealed heterogeneous and complex
results significantly influenced by the utilized primer sets. At phylum

Fig. 6.Heatmaps showing taxa detected with a significantly different relative abundance (RA) using different primer sets (S1, S3, S4, S5, and S6) in each
investigated host (Citrus, Olea, Triticum, and Vitis). Only taxa with an RA ³ 0.05% were considered. The heatmap gradient is spread in three different
colors, from dark green to dark red, from lowest to highest RA, respectively, passing through intermediate yellow degrees. White boxes indicate
undetected taxa.

Vol. 2, No. 4, 2018 233



level, the global data indicated a higher incidence of Ascomycota and
a lower RA of Basidiomycota using ITS2 primers compared with
primer targeting the ITS1 region. An exception was the primer set S4
targeting the ITS2 region that produced results more closely related
to ITS1 primers. This described trend was particularly evident in
Triticum. Regarding early divergent phyla (Zygomycota, Glomer-
omycota, and Chytridiomycota) a very low RA was detected with all
primer sets. Only members of the phylum Zygomycota showed a
generally higher incidence with ITS1 primers in all hosts, particularly
inOlea. The consistence of results obtained with different primer sets
may represent an indirect confirmation of the actual low abundance of
these taxa on plant leaves. However, reported issues relating to the
amplification of ITS regions from these taxa, may have contributed to
their lowRA (Ishii et al. 2015). In fact, other regions such as the small
or large ribosomal subunits, which are more conserved across the
fungal kingdom, have been recently suggested as more appropriate
targets for these taxa (Asemaninejad et al. 2016; Ishii and Fukui
2001; Toju et al. 2012).
Several fungal taxa were preferentially or exclusively detected by

some primer sets and this association between primers and taxa was
generally recurrent on more investigated hosts. For instance, taxa
like Cladosporium, Didymella, Ustilaginales, and Epicoccum were
preferentially detected by ITS1 primers, while others like Mycos-
phaerella, Togniniella, Celerioriella, and Pseudocercospora were
mostly recovered by ITS2 primers. Interestingly, this sort of
complementarity revealed between taxa suggest that a combination
of primers targeting different regions may be useful to improve the
fungal coverage. On Triticum, the genera Puccinia and Ustilago
remained completely undetected with primer sets S5 and S6 while
they represented a substantial part of the detected fungi with other
primers. This result was likely a consequence of the forward primers
(58A1F and ITS3-F_KYO2) since they are known for a low af-
finity with fungi of the class Pucciniomycetes (Tedersoo et al. 2015).
In agreement with our results, a number of similar metagenomic
studies, focused on mock communities, proved to have great diffi-
culty in recovering the expected genetic diversity and/or in reflecting
proportionally the amount of DNA of taxa included in the mix
(Bellemain et al. 2010; Bokulich andMills 2013; Comeau et al. 2017;
De Filippis et al. 2017). Although the detection efficiency of different
taxa is undoubtedly mainly related to the homology and affinity of
primers with target regions, other factors cannot be excluded. For
instance, the DNA extraction efficiency may be greatly influenced by
the fungal species and organs, which is particularly difficult for
resting spores (Lees et al. 2012). Furthermore, some taxa may be
under- or overrepresented because of the nature of the rDNA that
can vary in terms of copy numbers, greatly complicating the accurate
estimation of the fungal abundance (Ganley and Kobayashi 2007;
Taylor et al. 2016).
In conclusion, the present study provides new valuable experi-

mental data on the impact of the choice of primers on the results of
fungal metabarcoding analyses. An accurate knowledge of the
specific features of different primers is important to enable the
selection of the most suitable according to the host, the environment
and the objective of the analysis. For instance, a higher level of
specificity typical of ITS1 primers may be particularly important for
samples characterized by a very low percentage of target DNA as
can be the case of plant fungal endophytes. On the other hand, the
choice of a less specific primer, such as primer set S6 targeting
the ITS2 region, may be useful in environmental samples where the
coamplification of nontarget plant DNA is a secondary issue. Fi-
nally, primer set S4 may be an acceptable compromise for several
applications since it combines features of primers binding the ITS2
region with a high level of specificity typical of ITS1 primers. Since
the goal of defining a unique barcode for all fungal species and

applications is not realistic, future investigation should also consider
the opportunity of combining different target regions in order to cover
most fungal lineages and have a picture of the fungal diversity as
close as possible to the reality (Stielow et al. 2015). A major challenge
in this direction will be the development of comprehensive and highly
reliable databases (Abdelfattah et al. 2017).
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