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Summary

This study investigated analytical parameters that are
inherently relevant to identifying and quantifying
fungal communities based on polymerase chain reac-
tion amplicons. Specifically, we evaluated the accu-
racy of the BLASTn-based identification for internal
transcribed spacer (ITS) sequences generated from
pure cultures, and quantified the reproducibility of
relative abundances as well as o and B diversity meas-
urements using duplicated environmental samples.
The BLASTn-based method produced accurate fungal
identification for the pure culture sequences at the
genus rank. Percentages of the sequences assigned to
correct genera were 99.8%, 99.8% and 99.9% for
Alternaria alternata, Cladosporium cladosporioides
and Epicoccum nigrum respectively. These fractions
were smaller for Aspergillus fumigatus and Penicil-
lium chrysogenum, which have dual nomenclatures or
sibling species that are indistinguishable by ITS
sequences. Our duplicate environmental analyses
demonstrated that o diversity and relative abundance
levels were reproducible (r2>0.9), that variability
decreases with increased sequence quantity, and that
the differences in distinct environmental samples
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were larger than differences in replicate samples (
diversity). These results serve to better characterize
the identification and quantification limits of ITS-
based fungal taxonomic studies, and demonstrate that
while diversity quantification is reproducible, limita-
tions in ITS-based taxonomic identification and dual
nomenclature conventions are current barriers to
identification accuracy.

Introduction

The study of fungal diversity is integral to environmental
science and health. Many fungi are saprophytic, and their
role in the decomposition of organic substances in terres-
trial environments is a significant contributor to global
carbon cycling (Hodge et al., 2001; Zhu and Miller, 2003).
Selected fungi are also clinically important as human aller-
gens (Crameri et al., 2006), are associated with chronic
inflammatory disease (Ege et al., 2011; lliev et al., 2012),
and cause primary or opportunistic infections (Pitman
etal, 2011). Improvements in methods used to study
fungal diversity may enhance our ability to determine the
role of fungi in human health and the environment.
Similar sequencing methods, primer sets and BLASTn-
based approaches have been applied for nearly all fungal
ecological studies using next-generation DNA sequencing
(Buée et al, 2009; Amend et al., 2010b; Blaalid et al.,
2012; Yamamoto et al.,, 2012; Adams et al., 2013). The
internal transcribed spacer (ITS) region is considered the
primary barcode marker for fungal identification (Schoch
et al., 2012), and due to its hypervariability, identification to
the rank of species has been considered possible when
using the appropriate primers (Buée et al., 2009; Amend
et al., 2010b; Yamamoto et al., 2012). Prior studies have
utilized the BLASTn programme to taxonomically assign
individual sequence reads using a database with named
fungal ITS sequences (Nilsson et al.,, 2009; Yamamoto
et al.,,2012), or have applied ‘training-type’ classifiers such
as the Ribosomal Database Project, MEtaGenome
Analyzer or BLASTClust to cluster the sequences into
operational taxonomic units (OTUs), and subsequently
annotate these clustered sequences by BLASTn (O’Brien
et al., 2005; Buée et al., 2009; Frohlich-Nowoisky et al.,
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2009; Amend et al., 2010b; Blaalid et al., 2012; Adams
etal., 2013).

It has been previously recognized that impediments
exist to highly accurate ITS identification at the rank of
species. BLASTn often results in ambiguity due to tying
top taxonomic hits with equivalent E-values, the nomen-
clature of fungal species allows for different names for
genetically similar species (Taylor, 2011) and fungal ITS
databases are known to contain incorrectly classified
fungal species (Nilsson etal.,, 2006). Setting informed
expectations for using next-generation DNA sequencing
in fungal ecology requires information on the quantita-
tiveness of the methods, the accuracy with which current
databases and database search methods annotate
amplicons, and quantitative estimates of the reproduc-
ibility associated with these methods. Notably, Amend
and colleagues (2010a) examined the performance of
fungal abundance quantification by 454 pyrosequencing
of ITS amplicons and demonstrated that the stringency
of read quality processing impacted annotation outcome.
However, further studies are needed to define annota-
tion accuracy and the reproducibility of relative abun-
dance and diversity measures for characterizing fungal
communities.

Studies to define identification accuracy and reproduc-
ibility are not available for ITS-based fungal ecological
analyses. The goal of this study is to evaluate the accu-
racy of BLASTn-based fungal taxonomic assignments
and the reproducibility of characterizing fungal communi-
ties based on next-generation DNA sequencing of the
fungal ITS region. To define accuracy, ITS taxonomic
assignments of sequences from five medically important
fungal pure-cultures were analysed. To characterize the
overall reproducibility for environmental fungal communi-
ties by amplicon sequencing, reads from five duplicated
environmental samples were processed and the resulting
o and B diversity results and relative abundances were
statistically compared. Together, these results character-
ize the current annotation and reproducibility limits of
fungal amplicon sequencing and demonstrate areas for
potential improvements.

Results
Summary statistics

A total of 14 065 ITS sequences, including 8452 and
5613 sequences from the pure culture and environmental
samples, respectively, were obtained (Tables 1,2 and
Supporting Information Table S2). The median lengths
of the trimmed sequences of Alternaria alternata,
Aspergillus fumigatus, Cladosporium cladosporioides,
Epicoccum nigrum, Penicillium chrysogenum and the
environmental samples were 491, 514, 533, 496, 535,
and 472 bp respectively (Fig. 1 and Supporting Informa-
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tion Table S1). These lengths are approximately 87%,
87%, 97%, 92% and 92% of the lengths of the amplicons
respectively (Fig. 1).

For the pure-cultured fungi, ITS1 sequences were also
extracted from the original ITS sequences. A total of 8445
ITS1 sequences were obtained (Tables 3 and 4). The
median lengths of the extracted ITS1 sequences of
A. alternata, A. fumigatus, C. cladosporioides, E. nigrum
and P. chrysogenum were 164, 184, 153, 142 and 175 bp
respectively.

Alpha diversity metrics, including the number of
observed OTUs, the Chao1 estimator and Shannon index,
were calculated without and with normalizing the number
of sequence reads. Without normalizing the sequence
reads, the number of the observed OTUs ranged from 179
to 545 for the environmental samples (Supporting Informa-
tion Table S2). Chao1 estimator predicted 1010-5157
OTUs, whereas Shannon indices ranged from 4.5 to 8.7
(Supporting Information Table S2). When o diversity
indices were based on 250 randomly chosen sequences in
each sample, diversity metrics decreased, with the number
of the observed OTUs ranging from 92 to 228 for the
environmental samples (Supporting Information Table S3).
Chao1 estimator predicted 756-2912 OTUs, whereas
Shannon indices ranged from 4.2 to 7.8 (Supporting Infor-
mation Table S3).

For the environmental samples, 4713 and 3998
sequences were identified to the genus and species
ranks, respectively, including 371 different genera and
642 different species (Supporting Information Table S4). A
full list of fungal species identified from the environmental
samples is summarized in Supporting Information
Table S5.

Accuracy

For the pure culture accuracy tests, taxonomic assign-
ments at the species rank were often ambiguous due to
tying top BLASTn hits (E-value). Supporting Information
Fig. S1-5 show fractions of the sequences by types of
taxonomic placements in case sequences of the entire ITS
were used for BLASTn. Large fractions of the sequences
were assigned to correct species either solely or ambigu-
ously, that is, 99.6%, 76.6%, 99.2%, 99.9% and 95.8% for
A. alternata, A. fumigatus, C. cladosporioides, E. nigrum,
and P. chrysogenum respectively (Supporting Information
Fig. S1-5). At the genus rank, the fractions were 99.9%,
99.8%, 99.9%, 99.9% and 99.8% respectively (Supporting
Information Fig. S1-5).

In case sequences of the entire ITS were used
for BLASTn, true identification ratios (TIRs) were
2.1%, 30.9%, 0.3%, 99.9% and 8.2% for A. alternata,
A. fumigatus, C. cladosporioides, E. nigrumand P, chryso-
genum at the species rank respectively (Table 1). Some
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Table 1. Accuracy of BLASTn-based identification for pure-culture fungi at the species rank using the full-length ITS sequences generated by 454

pyrosequencing.

Tested Number of Percentage of
microorganisms Assigned taxa?® sequences sequences (%) True / False TIR (%)° FIR (%)° ER (%)¢
Alternaria Alternaria alternata 38 2.14 T 2.1 0.4 17.4
alternata Alternaria spp. 1730 97.30 n.d.
Alternaria citri 5 0.28 F
Alternaria tenuissima 1 0.06 F
Aspergillus fumigatus 1 0.06 F
Cladosporium spp. 1 0.06 F
Unidentified 2 0.11 n.d.
Total 1778 100
Aspergillus Aspergillus fumigatus 161 30.90 T 30.9 8.1 20.7
fumigatus Aspergillus spp. 1 0.19 n.d.
Aspergillus lentulus 4 0.77 F
Aspergillus ustus 8 1.54 F
Neosartorya fischeri 30 5.76 F
Neosartorya spp. 30 5.76 n.d.
Unidentified 287 55.09 n.d.
Total 521 100
Cladosporium Cladosporium cladosporioides 8 0.26 T 0.3 0.8 74.2
cladosporioides Cladosporium spp. 2989 98.81 n.d.
Cladosporium cucumerinum 21 0.69 F
Davidiella tassiana 1 0.03 F
Glomerella cingulata 1 0.03 F
Unidentified 5 0.17 n.d.
Total 3025 100
Epicoccum Epicoccum nigrum 2068 99.90 T 99.9 0.0 0.0
nigrum Pycnopeziza sympodialis 1 0.05 F
Unidentified 1 0.05 n.d.
Total 2070 100
Penicillium Penicillium chrysogenum 87 8.22 T 8.2 2.8 25.6
chrysogenum Penicillium spp. 5 0.47 n.d.
Penicillium allii 1 0.09 F
Penicillium brevistipitatum 3 0.28 F
Penicillium commune 1 0.09 F
Penicillium concentricum 1 0.09 F
Penicillium coprobium 2 0.19 F
Penicillium granulatum 13 1.23 F
Penicillium griseofulvum 4 0.38 F
Penicillium lanosum 3 0.28 F
Penicillium vinaceum 1 0.09 F
Talaromyces leycettanus 1 0.09 F
Unidentified 936 88.47 n.d.
Total 1058 100

a. Species name is denoted as ‘spp.’ in case sequences are ambiguous at the species but not genus rank due to multiple top hits by BLASTn.
Sequence is denoted as ‘unidentified’ in case they are ambiguous at the genus rank due to multiple top hit by BLASTn. Trueness of unidentified

sequences is not determined because they might be assigned with a correct taxon along with incorrect taxa.

b. TIR is calculated according to Eq. (1).
c. FIR is calculated according to Eq. (2).
d. ER is calculated according to Eq. (3).

n.d., trueness is not determined due to ambiguous identity at this taxonomic rank.

sequences were falsely assigned to an incorrect
taxon. False identification ratios (FIRs) were 0.4%, 8.1%,
0.8%, 0.0% and 2.8% for A. alternata, A.fumigatus,
C. cladosporioides, E. nigrum and P. chrysogenum
at the species rank respectively (Table 1). A. fumigatus
sequences were assigned to the teleomorphic
relative Neosartorya fischeri, in 5.8% of the cases.
C. cladosporioides sequences were assigned to
C. cladosporioides and C. cucumerinum with tying top hits
in 98.8% of the cases (Supporting Information Fig. S3).

Greater accuracy in taxonomic placements was
achieved at the genus rank. TIRs were 99.8%, 44.9%,
99.8%, 99.9% and 11.4% for A. alternata, A. fumigatus,
C. cladosporioides, E. nigrum and P. chrysogenum at the
genus rank respectively (Table 2). At the genus rank,
11.5% of the A. fumigatus sequences were assigned to
Neosartorya spp., teleomorphic states of Aspergillus spp.
(Nierman et al., 2005; O’Gorman et al., 2009) (Table 2).
Notably, 88.5% of the P. chrysogenum sequences were
ambiguous even at the genus level (Table 2) due to tying

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 16, 2764-2776



Accuracy of fungal ITS sequencing 2767

Table 2. Accuracy of the BLASTn-based identification for pure culture fungi at the genus rank using the full-length ITS sequences generated by
454 pyrosequencing.

Tested Number of Percentage of
microorganisms Assigned taxa? sequences sequences (%) True / False TIR (%)° FIR (%)° ER (%)¢
Alternaria Alternaria 1774 99.78 T 99.8 0.1 0.1
alternata Asperqgillus 1 0.06 F
Cladosporium 1 0.06 F
Unidentified 2 0.11 n.d.
Total 1778 100
Aspergillus Aspergillus 174 33.40 T 44.9 0.0 0.0
fumigatus Neosartorya 60 11.52 T
Unidentified 287 55.09 n.d.
Total 521 100
Cladosporium Cladosporium 3018 99.77 T 99.8 0.1 0.1
cladosporioides Davidiella 1 0.03 F
Glomerella 1 0.03 F
Unidentified 5 0.17 n.d.
Total 3025 100
Epicoccum Epicoccum 2068 99.90 T 99.9 0.0 0.0
nigrum Pycnopeziza 1 0.05 F
Unidentified 1 0.05 n.d.
Total 2070 100
Penicillium Penicillium 121 11.44 T 1.4 0.1 0.8
chrysogenum Talaromyces 1 0.09 F
Unidentified 936 88.47 n.d.
Total 1058 100

a. Sequence is denoted as ‘unidentified’ in case they are ambiguous at the genus rank due to multiple top hit by BLASTn. Trueness of unidentified
sequences is not determined because they might be assigned with a correct taxon along with incorrect taxa.

b. TIR is calculated according to Eq. (1).

c. FIR is calculated according to Eq. (2).

d. ER is calculated according to Eq. (3).

n.d., trueness is not determined owing to ambiguous identity at this taxonomic level.

top hits with fungal genera Botryosphaeria, Eupenicillium, the entire ITS region (Tables 2 and 4). ERs were smaller

Hypocrea and Scopulariopsis (Supporting Information than 1% for all five species when tested with sequences

Fig. S5). FIRs as well as error ratios (ERs) were less than of the entire ITS regions, whereas ERs were greater

0.8% for any of the pure cultures considered at the genus than 1% for A. alternata and C. cladosporioides if exam-

rank (Table 2). ined with sequences of the shorter extracted ITS1
Overall, identification accuracy for the pure-cultured (Tables 2 and 4).

fungi tended to be higher with the full-length ITS
sequences than with the shorter extracted ITS1

. Reproducibilit
sequences (Tables 1-4). At the genus rank, for instance, P y
higher TIRs were observed for four of the five pure- Figure 2 displays relationships of the duplicate environ-
cultured fungi considered when tested with sequences of mental measurements to quantify the o diversity metrics
A B . c s Fig. 1. Histograms of fungal ITS sequences
- A. alternata o A. fumigatus - C. cladosporioides generated by 454 pyrosequencing. The
491 values indicate median lengths. The
7504 P 1504 514bp 1000 538.bp estimated sizes of the trimmed amplicons for
500 1007 500 Alternaria alternata (A), Aspergillus fumigatus
= 250 So—m (B), Cladosporium cladosporioides (C),
O S0 500 B0 300 400 800 800 300 o0 s00 oo Epicoccum nigrum (D) and Penicillium
(] chrysogenum (E) are 566, 593, 547, 540 and
T 581 bp respectively. (F) Environmental
Lu'—: D E. nigrum E P chrysogenum F Environmental samples samples.
1000 300 800
750 496 bp 200 535 bp 6004 472bp
5004 4004
250 1007 2004
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Read length (bp)
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Table 3. Accuracy of BLASTn-based identification for pure-culture fungi at the species rank using the ITS1 sequences extracted by the ITS1/ITS2

extractor (Nilsson et al., 2010).

Tested Number of Percentage of
microorganisms Assigned taxa?® sequences sequences (%) True / False TIR (%)° FIR (%)° ER (%)¢
Alternaria Alternaria alternata 6 0.34 T 0.3 1.2 78.6
alternata Alternaria spp. 259 14.57 n.d.
Alternaria brassicae 3 0.17 F
Alternaria citri 5 0.28 F
Alternaria compacta 3 0.17 F
Alternaria longipes 4 0.22 F
Alternaria mali 1 0.06 F
Alternaria tenuis 1 0.06 F
Aspergillus spp. 1 0.06 F
Botryosphaeria berengeriana 1 0.06 F
Cladosporium spp. 1 0.06 F
Septoria lycopersici 2 0.11 F
Unidentified 1491 83.86 n.d.
Total 1778 100
Asperqgillus Aspergillus fumigatus 12 2.31 T 23 0.6 20.0
fumigatus Aspergillus spp. 123 23.65 n.d.
Neosartorya fischeri 2 0.38 F
Simonyella variegata 1 0.19 F
Unidentified 382 73.46 n.d.
Total 520 100
Cladosporium Cladosporium cladosporioides 32 1.06 T 1.1 1.2 52.9
cladosporioides Cladosporium spp. 2876 95.11 n.d.
Cladosporium cucumerinum 6 0.20 F
Cladosporium tenuissimum 1 0.03 F
Curvularia pallescens 1 0.03 F
Pleurotus ostreatus 28 0.93 F
Unidentified 80 2.65 n.d.
Total 3024 100
Epicoccum Epicoccum nigrum 2064 99.95 T 100.0 0.0 0.0
nigrum Unidentified 1 0.05 n.d.
Total 2065 100
Penicillium Penicillium chrysogenum 32 3.02 T 3.0 5.6 64.8
chrysogenum Penicillium spp. 11 1.04 n.d.
Penicillium adametzii 8 0.76 F
Penicillium brevicompactum 5 0.47 F
Penicillium citrinum 1 0.09 F
Penicillium commune 1 0.09 F
Penicillium coprobium 2 0.19 F
Penicillium crustosum 4 0.38 F
Penicillium granulatum 12 1.13 F
Penicillium oxalicum 23 217 F
Unidentified 959 90.64 n.d.
Total 1058 100

a. Species name is denoted as ‘spp.’ in case sequences are ambiguous at the species but not genus rank due to multiple top hits by BLASTn.
Sequence is denoted as ‘unidentified’ in case they are ambiguous at the genus rank due to multiple top hit by BLASTn. Trueness of unidentified
sequences is not determined because they might be assigned with a correct taxon along with incorrect taxa.

b. TIR is calculated according to Eq. (1).
c. FIR is calculated according to Eq. (2).
d. ER is calculated according to Eq. (3).

n.d., trueness is not determined due to ambiguous identity at this taxonomic rank.

with and without normalizing the number of the sequences.
Without normalizing sequences, a linear relationship
between replicates was not observed for the number of
OTUs and Chao1 estimator (* < 0.00001), but existed for
the Shannon indices (#=0.7862). The coefficients of
determination increased when the number of the
sequences were normalized to 250 reads. Coefficients of
determination for the normalized number of OTUs, Chao1
estimator and Shannon index were 0.9162, 0.4299 and

0.9406 respectively. Additionally, the relative standard
deviation (RSD)-based reproducibility of the observed
OTU counts, Chaol estimator and Shannon indices
decreased when estimates were based on normalized
counts (Supporting Information Tables S4 and S5).
Figure 3 illustrates the quantitative statistical relation-
ships between the duplicate environmental measurements
for relative abundance. Coefficients of determination (/%)
were 0.9092, 0.8855, 0.9560 and 0.9865 at the species,
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Table 4. Accuracy of the BLASTn-based identification for pure culture fungi at the genus rank using the ITS1 sequences extracted by the

ITS1/ITS2 extractor (Nilsson et al., 2010).

Tested Number of Percentage of
microorganisms Assigned taxa?® sequences sequences (%) True/False TIR (%)° FIR (%)° ER (%)¢
Alternaria Alternaria 282 15.86 T 15.9 0.3 1.7
alternata Asperqgillus 1 0.06 F
Botryosphaeria 1 0.06 F
Cladosporium 1 0.06 F
Septoria 2 0.11 F
Unidentified 1491 83.86 n.d.
Total 1778 100
Aspergillus Aspergillus 135 25.96 T 26.4 0.2 0.7
fumigatus Neosartorya 2 0.38 T
Simonyella 1 0.19 F
Unidentified 382 73.46 n.d.
Total 520 100
Cladosporium Cladosporium 2915 96.40 T 96.4 1.0 1.0
cladosporioides Curvularia 1 0.03 F
Pleurotus 28 0.93 F
Unidentified 80 2.65 n.d.
Total 3024 100
Epicoccum Epicoccum 2064 99.95 T 100.0 0.0 0.0
nigrum Unidentified 1 0.05 n.d.
Total 2065 100
Penicillium Penicillium 99 9.36 T 9.4 0.0 0.0
chrysogenum Unidentified 959 90.64 n.d.
Total 1058 100

a. Sequence is denoted as ‘unidentified’ in case they are ambiguous at the genus rank due to multiple top hit by BLASTn. Trueness of unidentified
sequences is not determined because they might be assigned with a correct taxon along with incorrect taxa.

b. TIR is calculated according to Eq. (1).
c. FIR is calculated according to Eq. (2).
d. ER is calculated according to Eq. (3).
n.d., trueness is not determined owing to ambiguous identity at this taxonomic level.
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Fig. 3. Relationships between duplicate
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genus, order and class rank respectively. Results from
Fig. 3 indicated an increase in r? value as taxonomic rank
decreases from species to class, and also suggest that
reproducibility decreases as a function of sequence abun-
dance. Figure 4 statistically shows the reproducibility of the
relative abundances of the observed taxa as a function of
the number of sequences per taxa. Larger numbers of the

sequences produced more reproducible relative abun-
dance measurements (smaller RSD). The observed ten-
dency follows a theoretical estimate of standard error (SE)
calculation (SE = 1/«/N)

Regarding B diversity, the principle coordinate analysis
plot in Fig. 5 demonstrates the reproducibility of environ-
mental fungal composition by ITS amplicon sequencing.
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A Species ] (A), genera (B), order (C) and class (D).
\ - Reproducibility is calculated by Eq. (4) and
1004 \ 100+ reported in percentage relative standard
deviation (%RSD). If multiple taxa have the
1 same number of the sequences with different
50 50 %RS8Ds, a mean of %RSDs is taken to
represent %RSD for this number of the
sequences. The dotted lines indicate a
- 0 0 theoretical estimate based on SE calculation
& 00 (SE = 1/\/N)
X 150 150
D Class
100+ 1004
50 50
) - SN : 0-hm : .
1 10 100 1000 1 10 100 1000

Number of sequences

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 16, 2764-2776



0.6
« NO

8 o
§ 03] o . | oM
g ’ @ o N2
§ 01 o o N3
N " . N4
S 03] °
O 1 .,
o

-0.61+— ——

06 -03 0 0.3 0.6
PCoA 1, 45% variance

Fig. 5. PCoA plot demonstrating the population similarity of
duplicates from five environmental samples that correspond to five
different size fractions of an aerosol sample. OTUs defined by 97%
sequence similarity were used for calculating the non-phylogenetic
Morisita Horn distance.

Analysis of similarity testing indicates that the variability
within a sample’s replicates is significantly smaller that the
differences in microbial populations across the five differ-
ent airborne particle size samples (ANOSIM, P < 0.005).

Discussion

The quantitative analysis of microbial populations via
next-generation DNA-sequencing has biases rooted in
the biology of the target organisms, the sequencing tech-
nology and fungal ITS databases (Nilsson et al., 2006;
Herrera etal., 2009; Amend etal., 2010a; Bellemain
et al., 2010; Dannemiller et al., 2013). Although some of
these biases are unavoidable, we expect that more reli-
able and realistic assessments of microbial communities
will be achieved with well-defined analytical parameters.
Here, we focus on evaluating accuracy and reproducibility
of fungal identification and quantification for the
sequences generated by ITS amplicon sequencing.

Accuracy

We found large fractions of the sequences assigned to
correct taxa by BLASTn and through using a database
that contained only named fungal ITS sequences (Nilsson
et al.,, 2009). However, ambiguity caused by multiple tying
top hits is a significant concern, especially for identifica-
tions at the species level (Supporting Information Fig. S1-—
5). For A. fumigatus, identity was sometimes ambiguous
with its teleomorphic relative N. fischeri (Table 1 and Sup-
porting Information Fig. S2). A. fumigatus and N. fischeri
belong to the Aspergillus section Fumigati, and their
genetic variations are extremely low (Rydholm etal,
2006). Thus, the use of the ITS regions is not recom-
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mended to distinguish these sibling species (Balajee
etal., 2007). For A. alternata, 96.7% of the sequences
were ambiguous due to tying top hits with Alternaria
arborescens, Alternaria longipes, Alternaria mali and
Alternaria tenuissima (Aa5 in Supporting Information
Fig. S1), most of which are considered sibling species
(Pryor and Gilbertson, 2000). For C. cladosporioides,
98.8% of the sequences were ambiguous due to tying top
hits with Cladosporium cucumerinum (Cc5 in Supporting
Information Fig. S3). C. cucumerinumis a close relative of
C. cladosporioides (Braun etal., 2003). Of the five
species considered, only E. nigrum had a TIR near 100%
at the species level. Thus, we note that additional scrutiny,
including use of phylogenetic-based approaches (Porter
and Golding, 2011), may be applied to the annotation
process if species of interest have sibling species that are
indistinguishable by BLASTn. However, inherent limita-
tions, such as ITS gene conservation among sibling
species, may limit the resolution of these additional
approaches. Additional DNA markers, such as B-tubulin
locus for fungi Aspergillus section Fumigati (Balajee et al.,
2007), needs to be further sequenced to differentiate
these closely related fungal taxa.

The results were more accurate when identification was
made at the genus rank (Table 2). ERs were reduced to
less than 0.8%. TIRs were increased to > 99% except for
A. fumigatus (44.9%) and P. chrysogenum (11.4%). Of the
Aspergillus genus, 11.5% of sequences were identified as
Neosartorya and the remainders were mostly ambiguous
due to Aspergillus and Neosartorya top tying hits. For
the Penicillium genus, 88.5% of the P. chrysogenum
sequences were ambiguous (Table 2). Part of the
P. chrysogenum ambiguity was due to tying top hits with
Eupenicillium (Supporting Information Fig. S5), which is a
teleomorphic state of the genera Penicillium. Current con-
vention of fungal taxonomy that permit dual nomencla-
tures for a genetically identical microorganism is a cause
of ambiguity in molecular-based identifications.

The fungal ITS region consists of ITS1, 5.8S and ITS2,
and removal of 5.8S sequences has been suggested as
an improvement for fungal identification accuracy (Nilsson
et al., 2010). This study compared identification accuracy
with sequences of the whole ITS and the extracted ITS1
regions to determine the potential impacts caused by
inclusion of 5.8S sequences. The results showed that
identification accuracy was generally better with the whole
ITS sequences than with the shorter extracted ITS1
sequences (Tables 1-4), indicating no substantive impact
caused by inclusion of 5.8S sequences when reads were
long enough to capture the entire ITS region. As shown in
Fig. 1, most reads that we produced by the 454 GS FLX
were long enough to cover the entire ITS region, i.e.,
491-535 bp length. As previously concluded, 5.8S
sequences might be problematic for shorter sequence
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reads (~ 250 bp) as BLAST alignment might skew with
increased relative fractions of 5.8S sequences in query
sequences (Nilsson et al., 2010). Accuracy of future ITS-
based fungal ecological studies may also be improved by
development of more accurately curated databases. For
instance, future databases should avoid dual nomencla-
ture of genetically identical fungal pleomorphs such as
A. fumigatus and N. fumigata (O’Gorman et al., 2009), or
future annotation programmes should allow for recogni-
tion of fungal pleomorphs (Taylor, 2011). Another factor
that can cause ambiguous and/or false identification by
BLASTN is incorrectly annotated sequences uploaded to
the database. It is known that up to 20% of fungal
sequences in databases are incorrectly annotated at the
species rank (Bridge et al., 2003; Nilsson et al., 2006).
However, efforts are under way to improve database
quality (Abarenkov etal, 2010). Beyond databases,
factors such as errors that are associated with all DNA
sequencing platforms, the production of different
sequence lengths and intergenome variability in ITS
sequences (Simon and Weiss, 2008), all dictate that iden-
tification at the genus rank is more robust than at the
species rank.

Reproducibility

As previously reported (Soetaert and Heip, 1990; Gihring
et al., 2012), o diversity metrics such as Chao1 estimators
and Shannon indices can vary with sample size. Normal-
izing the number of the sequence reads prior to OTU
clustering may help to circumvent this issue. Our results
indicated that sequence count normalization substantially
improved reproducibility. The results were particularly
reproducible for the sequence normalized numbers of the
observed OTUs (#=0.9162) and Shannon indices
(#=0.9406) (Fig. 2).

Our duplicate environmental measurements suggested
that the results of taxonomic compositions were reproduc-
ible (Fig. 3). In particular, the results were more reproduc-
ible for taxa with a greater number of observed sequences
(Fig. 4). The observed tendency follows a theoretical esti-
mate based on SE calculation (SE =1/vN), suggesting
that variability of the relative abundance measurements
was attributable to a random sampling process. Techno-
logical advances allowing for increased number of
sequences per sample for lower cost, time and effort will
improve reproducibility.

Finally, we note that the accuracy and reproducibility
results reported here are specific for primer choice. ITS1F-
ITS4 primers were used to amplify fungal sequences,
which are widely used in sequencing-based fungal ecologi-
cal studies (Amend et al., 2010b; Yamamoto et al., 2012).
There are several advantages of selecting ITS1F-ITS4.
First, ITS1F allows for fungal specific polymerase chain

reaction (PCR) without amplifying plant sequences
(Bellemain et al., 2010). Among many forward universal
fungal primers, only ITS1F is thought to be fungal specific
(Bellemain et al., 2010). Second, ITS1F-ITS4 allows for
amplification of the entire ITS region. Our results indicate
that 454 pyrosequencing technology is capable of
sequencing approximately 90% of the entire ITS regions
(Fig. 1). Third, we expect that ITS1F-ITS4 did not cause
large omissions of commonly found airborne fungi. In this
study, more than 600 species were identified (Supporting
Information Table S4), and the o diversity (Supporting
Information Tables S2 and S3) was as high or higher than
previously reported fungal ecology studies (O’Brien et al.,
2005; Buée et al., 2009; Frohlich-Nowoisky et al., 2009).
For these reasons, we conclude that ITS1F-ITS4 primers
are preferable for fungal diversity studies that utilize the
next-generation DNA sequencing technology that can
produce long sequence reads (~ 500 bp). Important exam-
ples of such platforms are the 454 GS FLX Titanium
Platform, and the latest version of lllumina sequencers that
can produce longer sequence reads (2 x 250 bp moving to
2 x 300 bp).

Conclusions

Here we investigated the accuracy of identification and
reproducibility of diversity measurements associated with
amplicon sequencing of the fungal ITS region. The
BLASTn-based method generally produced accurate
fungal identification when the identification was made at
the genus level. Care must be taken when the species of
interest have dual nomenclatures and/or sibling taxa that
have indistinguishable ITS sequences. Our duplicate
environmental measurements showed that amplicon
sequencing was reproducible especially with increasing
sequencing depth for specific taxa. Alpha diversity metrics
were significantly more reproducible between replicates
when sequence quantity was normalized prior to rarefac-
tion. This more comprehensive understanding of accuracy
and reproducibility should improve experimental design
and data interpretation in future fungal taxonomy studies
that utilize next-generation DNA sequencing technology.

Experimental procedures
Sample preparation

Annotation accuracy was determined by sequencing and
annotating ITS reads derived from pure fungal cultures. Five
medically important allergenic fungi including Alternaria
alternata (PEM 01043), Aspergillus fumigatus (ATCC 34506),
Cladosporium cladosporioides (ATCC 16022), Epicoccum
nigrum (TU BL-3) and Penicillium chrysogenum (CAES PC-1)
were analysed. These fungi were cultured on malt extract agar
at room temperature for 1 month. Approximately 10° conidia of
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A. fumigatus, C. cladosporioides and P. chrysogenum each
were harvested by cotton swabs. For A. alternata and
E. nigrum, tissues were isolated from a 4 cm? area of the agar
media (Yamamoto et al., 2011).

Reproducibility was determined by comparing the annota-
tions of replicated taxonomic libraries produced from environ-
mental aerosol samples. Five duplicate environmental fungal
samples were obtained in a previous aerosol sampling field
campaign (Yamamoto et al.,, 2012). Air samples were col-
lected on glass fibre substrates (New Star Environmental,
Roswell, GA, USA) using duplicate multi-stage, non-viable
Andersen samplers (New Star Environmental) operated at a
flow rate of 28.3 I min™'. The samples were collected on five
different stages of the impactor corresponding to aerody-
namic diameters of 2.1-3.3, 3.3-4.7, 4.7-5.8, 5.8-9.0 and
> 9.0 um (denoted as N4, N3, N2, N1 and NO respectively).
These samples were collected from October 15 to November
12 in 2009 on the rooftop of a five-storey building in New
Haven, CT, USA. The duplicate air samplers were located
side by side, and the two separate filters were recovered from
each stage of the duplicate air samplers, processed and
analysed by the exact same protocol.

DNA extraction

For DNA extraction, a one-eighth section of each filter
(~6.3cm?) used in the Andersen sampler was analysed.
DNA extraction was performed with the PowerMax® Soil
DNA Isolation Kit (Mobio Laboratory, Carlsbad, CA, USA).
The filter section was enclosed in a 2 ml microcentrifuge tube
along with the kit's power beads (1.0 g), kit’s extraction solu-
tion (750 ul), 0.1 mm diameter glass beads (300 mg) and
0.5 mm diameter glass beads (100 mg). The samples were
then homogenized for 5 min by a bead beater (Model 607;
BioSpec Products, Bartlesville, OK, USA). After bead
beating, the extracted DNA were purified in accordance with
the kit protocol and eluted with 50 ul of TE buffer (10 mM
Tris-HCI, 1 mM EDTA, pH = 8.0).

Pyrosequencing of the ITS region of DNA

Sequencing was performed with universal fungal primers
ITS1F (5-Adaptor A-Key-MID-CTTGGTCATTTAGAGGAAG
TAA-3’) and ITS4 (5-Adapter B-Key-TCCTCCGCTT
ATTGATATGC-3') (Larena et al., 1999; Manter and Vivanco,
2007), where Key represents bar-coding sequences, and
MIDs are the sequences for multiplex identifiers. For PCR
amplification, a 50 uL reaction mixture containing the tem-
plate DNA (2 uL sample extract), 1 x PCR Master Mix (Roche
Applied Science, Madison, WI, USA) and 0.3 uM of each
primer was used. Cycling conditions were: 95°C for 5 min of
initial denaturation and 36 cycles of 95°C for 30 s of disso-
ciation, 55°C for 30 s of annealing, 72°C for 1 min for each
cycle extension and 72°C for 10 min of final extension step.
PCR amplicons were purified and concentrations normal-
ized with SequalPrep™ Normalization Plate (96 well) Kit
(Invitrogen, Grand Island, NY, USA). The normalized
amplicons were pooled and then further purified by agarose
gel extraction (QlAquick Gel Extraction Kit, Qiagen, Valencia,
CA, USA). Sequencing of amplicons was performed using
the 454 GS FLX Titanium Platform (454 Life Sciences,
Branford, CT, USA) at the Yale University Center for Genome
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Analysis. Raw sequencing data have been deposited in the
MG-RAST (metagenomics.anl.gov) archive under accession
number 447 6444.3.

DNA sequence processing and analyses

Sequence FASTA and QUAL files were extracted from the
machine output file, and then trimmed, and parsed by
sequence tag using the Ribosomal Database Project
pyrosequencing pipeline (Cole etal, 2005). Trimming
removed primers, sequences with one or more undefined
base, sequences below a minimum machine quality score of
20, and sequences with a trimmed read length of fewer than
300 base pairs. Trimmed sequences were taxonomically
placed using BLASTn ver. 2.2.19 (Altschul et al., 1990) and a
maximum E-score of 10° using a database that contained only
named fungal ITS sequences identified down to the species
rank (Nilsson etal.,, 2009). Taxonomic placement was
assigned to the top hit using FHITINGS ver. 1.1 (Dannemiller
et al., 2013). In cases of multiple top hits with tying E-values,
identity was assigned to the taxonomic rank that could be
unambiguously determined in accordance with the least
common ancestor (LCA) method (Amend et al., 2010b). For
instance, a sequence with tying top hits ‘Alternaria alternata’
and ‘Alternaria tenuissima was ambiguous at the species rank
but reported as Alternaria at the genus rank. The sequences
were not denoised at this stage because the homopolymer
insertions and deletions that are the major causes of the noise
are not primary concerns for taxonomic assignment (Reeder
and Knight, 2010).

For the pure-cultured fungi, accuracy of taxonomic assign-
ment was also tested with shorter ITS1 sequences extracted
from the original ITS sequences. To extract ITS1 sequences,
the ITS1/ITS2 extractor for fungal ITS sequences (Nilsson
etal,, 2010) was used. Taxonomic assignment for the ex-
tracted ITS1 sequences was done with the same methodolo-
gies used for the aforementioned full-length ITS sequences.

Prior to calculation of diversity metrics, the sequence librar-
ies for each sample were split within QlME 1.3.0 (Caporaso
etal, 2010) and denoised using the denoise_wrapper.py
script (Quince et al., 2009; 2011; Reeder and Knight, 2009).
Following denoising, OTUs were assigned using UCLUST
1.2.22 (Edgar, 2010) implemented within aQiME 1.3.0 based
on 97% sequence similarity to characterize reproducibility of
fungal diversity metrics (O’Brien et al., 2005; Buée et al,
2009; Kunin et al.,, 2010; Yamamoto et al., 2012), and the
samples were rarified through the QIIME o. diversity workflow
script. These OTUs were then used to calculate Chao1 and
Shannon indices. Singletons, interpreted to mean sequences
that were not grouped into clusters, were included for calcu-
lating diversity parameters (e.g. O’Brien et al., 2005; Buée
et al., 2009; Yamamoto et al., 2012). The o diversity metrics
were calculated both with and without normalizing the
number of sequence reads among the libraries. To calculate
the o diversity with a normalized number of sequences, 250
sequences were randomly subsampled. For the [ diversity
analysis, non-phylogenetic Morisita Horn distance among the
10 populations (five samples, duplicated) was used in a prin-
cipal coordinate analysis (PCoA) without normalizing for read
number. The ANOSIM program in QIME 1.5.0 was used to
calculate statistical significance based on P values.
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Statistical analysis

This study evaluated both the accuracy of the BLASTn-based
taxonomic assignments for the pure culture fungal ITS
sequences generated by 454 pyrosequencing, and the repro-
ducibility of characterizing fungal communities. To test accu-
racy, we analysed the ITS sequences from the pure fungal
cultures with known identities and compared them with the
BLASTn outputs with assignment by the LCA method. The
sequences were classified based on types of identification: (i)
true, (ii) false and (iii) ambiguous. The sequences that were
unambiguously assigned to a correct fungal taxon were
defined as true. For example, if an A. alternata sequence was
unambiguously assigned to A. alternata, it was classified as
true. The sequences that were unambiguously assigned to an
incorrect fungal taxon were defined as false. For example, if
an A. alternata sequence was unambiguously assigned to an
incorrect fungal taxon such as A. arborescens, it was classi-
fied as false. The sequences that were ambiguously assigned
to multiple taxa with tying top hits were defined as ambiguous
sequences. For example, if an A. alternata sequence was
assigned to A. alternata and A. tenuissima with tying top hits,
it was classified as ambiguous at the rank of species.

The same classification methodology was applied to
genus-rank identifications. For example, if an A. alternata
sequence was unambiguously assigned to Alternaria, it was
classified as true at the genus rank, even though this
sequence may have been assigned to incorrect taxa such as
A. tenuissima or A. arborescens at the species rank. Some
fungal species belonging to the genera Aspergillus and Peni-
cillium have teleomorphic states named as the Neosartorya
and Eupenicillium genera respectively (O’Gorman et al.,
2009; Houbraken and Samson, 2011). In the current study,
taxonomic assignments were considered to be true if
sequences from A. fumigatus were assigned to the
teleomorph Neosartorya fumigata (O’Gorman et al., 2009). At
the genus rank, assignments of A. fumigatus sequences to
any Neosartorya spp. were considered correct. For instance,
if an A. fumigatus sequence was assigned to N. fischeri, it
was classified as a false sequence at the species level, but
reported as a true sequence at the genus level.

For the pure culture data, TIR, FIR and ER were calculated.
TIR, a measure true identification frequency, was calculated
as follows:

TlR = Ntrue/(Ntrue + Nfalse + Nambiguous) = Ntrue /Ntotal (1 )

where Niue, Niaise aNd Nambiguous @re NumMbers of sequences with
true, false and ambiguous identification, respectively, and
Nt is the total number of sequences. FIR, a measure false
identification frequency, was calculated as follows:

FIR = Nfalse/(Ntrue + Nfalse + Nambiguous) = Nfalse /Ntotal (2)

ER, the percentage of non-ambiguously identified
sequences with a false identification, was calculated as
follows:

ER= Nfalse/(Ntrue + Ntalse) (3)

The number of ambiguous sequence numbers are
excluded in the ER calculations because the ER measures
the false identification in terms of unambiguous identifica-
tions. Including ambiguous identification in this value would

artificially deflate the ER. TIR, FIR and ER were calculated at
both species and genus ranks.

Reproducibility is defined here as variations and errors
derived from sample and sequence processing (Hospodsky
et al., 2010). This study analysed several duplicate environ-
mental samples to evaluate the reproducibility. The reproduc-
ibility was characterized at the species, genus, class and
order ranks. The relative abundance was defined as a ratio of
number of the sequences belonging to a particular fungal
taxon to total number of the sequence reads. The equation is
given by:

X = Ni/Nigra (4)

where Xx is relative abundance of a fungal taxon i, and N is
number of sequences of a fungal taxon i. The reproducibility
is expressed by RSD of duplicate measurements:

RSD, = 1 Xiow1 = Xiaueel

5
\/E X i,average ( )

where Xap1 @and Xaupe are relative abundances of a fungal
taxon i in duplicates 1 and 2, respectively, and X average iS @
mean of relative abundances of a fungal taxon i in duplicates
1and 2.
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Fig. S1. Fractions of Alternaria alternata sequences by
types of taxonomic placements. The full-length ITS
sequences were used for BLSATn. The categories labelled
Aa1 through Aa10 each correspond to a fraction of the total
A. alternata sequences and the taxa that represent top
BLASTN hit(s) to this fraction are listed in the adjacent map.
Nearly all (99.6%) of the sequences were assigned to
A. alternata either solely or ambiguously (Aa1-Aa6). At the
genus rank, 99.9% of the sequences were assigned correctly
(Aa1-Aa8). The truly identified sequences that were assigned
solely to A. alternata constitute 2.1% of the sequences (Aal).
Fig. S2. Fractions of Aspergillus fumigatus sequences by
types of taxonomic placements. The full-length ITS
sequences were used for BLASTn. The categories labelled
Af1 through Af19 each correspond to a fraction of the total
A. fumigatus sequences and the taxa that represent top
BLASTN hit(s) to this fraction are listed in the adjacent map.

There were 76.6% of the sequences assigned to
A. fumigatus either solely or ambiguously (Af1-Af9). At the
genus rank, 99.8% of the sequences were assigned correctly
either to Aspergillus or Neosartorya (Af1-Af16, Af18 and
Af19). The truly identified sequences that were assigned
solely to A. fumigatus constitute 30.9% of the sequences
(Af1).

Fig. S3. Fractions of Cladosporium cladosporioides se-
quences by types of taxonomic placements. The full-length
ITS sequences were used for BLASTn. The categories
labelled Cc1 through Cc9 each correspond to a fraction of the
total Cladosporium cladosporioides sequences and the taxa
that represent top BLASTn hit(s) to this fraction are listed in
the adjacent map. There were 99.2% of the sequences
assigned to C. cladosporioides either solely or ambiguously
(Cc1-Cc6). At the genus rank, 99.9% of the sequences were
assigned correctly (Cc1-Cc7). The truly identified sequences
that were assigned solely to C. cladosporioides constitute
0.3% of the sequences (Cc1). There were 98.8% of the
sequences ambiguous with Cladosporium cucumerinum
(Ccb).

Fig. S4. Fractions of Epicoccum nigrum sequences by types
of taxonomic placements. The full-length ITS sequences
were used for BLASTn. The categories labelled En1 through
En3 each correspond to a fraction of the total Epicoccum
nigrum sequences and the taxa that represent top BLASTn
hit(s) to this fraction are listed in the adjacent map. The truly
identified sequences that were assigned solely to E. nigrum
constitute 99.9% of the sequences (En1).

Fig. S5. Fractions of Penicillium chrysogenum sequences
by types of taxonomic placements. The full-length ITS
sequences were used for BLASTn. The categories labelled
Pc1 through Pc48 each correspond to a fraction of the total
P. chrysogenum sequences and the taxa that represent top
BLASTNR hit(s) to this fraction are listed in the adjacent map.
95.8% of the sequences were assigned to P. chrysogenum
either solely or ambiguously (Pc1-Pc29). At the genus rank,
99.8% of the sequences were assigned correctly to either
Penicillium or Eupenicillium (Pc1-Pc29, Pc31-Pc45, Pc47
and Pc48). The truly identified sequences that were assigned
solely to P. chrysogenum constitute 8.2% of the sequences
(Pct).

Table S1. Summary statistics of fungal ITS sequences
obtained with ITS1F and |ITS4 primers by 454
pyrosequencing.

Table S2. Diversity parameters for sampled atmospheric
fungi based on 97% OTU similarity without normalizing the
number of sequence reads among the libraries.

Table S3. Diversity parameters for sampled atmospheric
fungi based on 97% OTU similarity with normalizing the
number of sequences to 250 reads for each library.

Table S4. Number of fungal taxa identified by 454
pyrosequencing.

Table S5. Number of the ITS sequences and identified
fungal species. Genus names are denoted as ambiguous if
multiple genera are assigned by BLASTn. Species names
are denoted as spp. if multiple species are assigned by
BLASTn.
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