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Abstract
To study biogeography and other ecological patterns of microorganisms, including fungi, scientists have been using operational
taxonomic units (OTUs) as representations of species or species hypotheses. However, when defined by 97% sequence similarity
cutoff at an accepted barcode locus such as 16S in bacteria or ITS in fungi, these OTUs can obscure biogeographic patterns, mask
taxonomic diversity, and hinder meta-analyses. Amplicon sequence variants (ASVs) have been proposed to alleviate all of these
issues and have been shown to do so in bacteria. Analyzing ASVs is just emerging as a common practice among fungal studies,
and it is unclear whether the benefits found in bacterial studies of using such an approach carryover to fungi. Here, we conducted
a meta-analysis of Hawaiian fungi by analyzing ITS1 amplicon sequencing data as ASVs and exploring ecological patterns.
These surveys spanned three island groups and five ecosystems combined into the first comprehensive Hawaiian Mycobiome
ASV Database. Our results show that ASVs can be used to combine fungal ITS surveys, increase reproducibility, and maintain
the broad ecological patterns observed with OTUs, including diversity orderings. Additionally, the ASVs that comprise some of
the most common OTUs in our database reveals some island specialists, indicating that traditional OTU clustering can obscure
important biogeographic patterns. We recommend that future fungal studies, especially those aimed at assessing biogeography,
analyze ASVs rather than OTUs. We conclude that similar to bacterial studies, ASVs improve reproducibility and data sharing
for fungal studies.
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Introduction

For cryptic microorganisms such as fungi and bacteria, oper-
ational taxonomic units (OTUs) have been the currency used
as species equivalents in targeted amplicon sequencing for as
long as DNA sequencing has been available [1]. OTUs are

often used to assess community diversity and membership in
environmental and often hyper-diverse study systems such as
soil, water, and host-associated microbiomes [2–4]. Most
commonly defined as 97% sequence similarity of the target
barcode region (16S for bacteria, ITS for fungi; [5, 6]) using
one of many types of agglomerative clustering algorithms,
OTUs have been likened to the equivalent of microbial species
[7], or species hypotheses, despite our limited ability to con-
fidently assign taxonomies at the species level for many
groups of microbes [8, 9]. For the purposes of this analysis,
our OTUs are defined as clusters delimited by the 97% se-
quence similarity level but can be generalized to any level of
sequence similarity.

While OTUs based on short sequence reads of hyper-
variable genome regions may be limited in their ability to
resolve microbial taxonomy, they have been used in fungi to
evaluate many ecological patterns including latitudinal gradi-
ents [10], endemism [11], neutral community assembly [12],
and relationships between diversity and soil biochemistry
[13]. However, comparisons of OTUs across studies are
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challenging given the inherent pseudo-randomness involved
in the clustering algorithms, which can arise from either the
data itself or from heuristic shortcuts designed to speed up the
process. Thus, synthesizing across studies has been a major
obstacle and limits our ability to divine large-scale patterns of
fungal ecology and biogeography.

Recently, oligotyping and amplicon sequence variants
(ASVs) were devised to examine the diversity of bacteria
among habitats at a finer scale than OTUs allowed. This is
because both oligotyping and ASVs were designed to target
variation at the finest level possible within a given gene re-
gion, such as bacterial strains [14, 15]. Whereas OTUs are
generated by clustering together reads at a given similarity
threshold, oligotypes and ASVs are formed by combining
identical reads and then using “denoising” procedures to de-
termine and remove or consolidate those variants that are
more likely to be caused by PCR error (that would have been
absorbed by the similarity threshold in OTUs) than natural
variation. While there are differences in the methods used to
generate oligotypes and ASVs, we refer to them both as ASVs
for the purposes of this analysis. In bacteria, the strain-level
resolution provided by ASVs is desirable given the amount of
functional variability within a genus and even within a species
[16, 17]. However, the use of ASVs to resolve finer scale
biotic and abiotic interactions for other microorganisms such
as fungi [18] and diatoms [19], and in environmental DNA
surveys [20], is only just beginning.

An additional potential benefit of ASVs versus OTUs is
that while OTUs, particularly those chosen de novo, are
study-specific and represent clouds of similar sequences,
ASVs are exact matches, meaning they are clearly delineated
real sequences and are comparable. This facilitates meta-
analyses or combining of data across studies. Generating
ASVs across experiments also allows for the development of
databases that are location or system specific and that can be
appended with any new ASVs discovered by the latest exper-
iment. Such databases have the potential to reduce inter-
experiment variability, a known problem in internal tran-
scribed spacer (ITS) amplicons for fungi [21], by modeling
and excluding experiment-specific errors while preserving
true biological diversity. Location-specific ASV databases
have the potential to reveal micro-niches undetected in single
studies, while system-specific ASV databases can be used to
reveal patterns on geographic or time scales too large for a
single study to capture.

We set out to create a fungal location-specific ASV data-
base for the Hawaiian Islands and perform a meta-analysis of
fungal community surveys examining different ecosystems
(Table 1). In order to reproducibly combine these 10 surveys,
each dataset was reanalyzed using ASVs rather than the OTUs
used in each original analysis (Table 2). The resulting ASVs
were combined into one large Hawaiian fungal ASV database,
which covers three islands or island clusters: Hawaii Island,

Maui Nui (consisting of Maui, Molokai, Lanai, and
Kahoolawe), and Oahu and five habitats: plant foliar epi-
phytes (outside the plant), plant foliar endophytes (inside the
plant), marine, soil, and air (Table 2, Supplemental File 1).
Once compiled, we were able to use this Hawaiian fungal
ASV database to test whether ASVs produced finer granular-
ity or recapitulate both large- and small-scale ecological pat-
terns, specifically measures of diversity, island specialization,
and species abundance distributions relative to traditional
OTUs.

Methods

Datasets

We compiled ITS sequences from 10 fungal surveys of the
Hawaiian Islands (Table 1). These surveys spanned the major
Hawaiian Islands; however, we combined samples from
Molokai, Lanai, and Maui into “Maui Nui” (a geologic term
that encompasses Maui, Molokai, Lanai, and Kahoolawe
based on their shared origin as a single island 1.2 million years
ago; [28]) to make the sampling more even across islands.
Each survey had sequenced the ITS1 region on the Illumina
MiSeq platform. In order to process all datasets the same way,
we obtained the .fastq files for each sample in each dataset.

Sequence Processing and ASV Formation

Each sample was run through ITSx version 1.1b [29] using
custom R scripts to facilitate .fastq processing, resulting in
.fastq files containing only ITS1 region for each read. These
custom scripts are available at https://github.com/darcyj/fastq-
from-ITSx. The extracted ITS1 reads were then used to create
ASVs using dada2 version 1.6.0 [30]. We used dada2 because
it has been updated to accommodate ASVs of different
lengths, a common attribute of fungal ITS amplicons that is
relatively rare in 16S bacterial amplicons. An error model was
calculated for each survey and used to create 10 independent
ASV tables. These tables were merged, bimeras (two-parent
chimeras) were removed, and identical ASVs were collapsed
across surveys. The resulting table contained 2118 samples
and 44,383 ASVs. We removed ASVs present in only one
sample (26,338 or 60%) and samples that then contained only
one ASV (224 or 11%), resulting in an ASV table with 1894
samples and 18,045 ASVs. This table was used for all subse-
quent analyses.

OTU Formation

In order to compare the ASVs to OTUs while preserving the
data cleanup performed during ASV creation, we formed
OTUs by combining the ASVs at 97% similarity using the
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uclust method [31] in QIIME version 1.9 [32] without any
further filtering. This resulted in 10,713 OTUs, of which
7265 (68%) were composed of a single ASV.

Taxonomic Assignment

For the largest OTUs (see results for definitions of largest), we
assigned taxonomies to all ASVs by top megaBLAST hit to
the NCBI nucleotide database and by top massBLASTer hit to
the UNITE fungal database using the criteria: percent identity
> 98%, query coverage = 100%, bit score > 240, E-value <
1E-61 (SI Tables 1-3) [33]. In the event of multiple, equally
scored top hits, we recorded the first fungal hit. Taxonomic
assignments were conducted after ASV formation with no
collapsing of ASVs based on taxonomy.

Diversity Metrics

Initial diversity metrics, including both alpha and beta diver-
sity, were calculated in the vegan R package version 2.5-1
[34]. Hill numbers, which also measure alpha diversity, were
calculated in the hillR R package version 0.4.0 [35]. The first
Hill number (q = 0) is an estimate of richness without regard
for relative abundance. The second Hill number (q = 1) is the

exponential of Shannon entropy, related to the effective num-
ber of common OTUs, while the third Hill number (q = 1) is
the inverse Simpson concentration, related to the effective
number of dominant OTUs [35]. Finally, for the procrustes
analysis of beta diversity, samples with fewer than 1000 reads
(N = 600) were removed and binary Jaccard distance was used
to avoid conflating read and species abundance.

Octaves

To compare cluster abundances distributions, abundances
were binned by log base 2 abundance cutoffs or octaves
[36], using the sads R package version 0.4.2 [37]. The distri-
butions were compared using a non-parametric Kolmogorov-
Smirnov test [38, 39].

Specialization

As a measure of fungal specialization, bipartite networks were
formed between islands and OTUs or ASVs. An edge was
drawn if the OTU or ASV was found in a sample from the
island. Specialization within the resulting network was mea-
sured by the H2’ index [40]. A larger H2’ indicates more
OTUs/ASVs that are more selective or specialized to their
island or ecosystem and more islands that are OTU/ASV spe-
cific. This was calculated using the H2fun() in the R package
bipartite version 2.08 [38, 39].

Results

We examined the biogeographic structure by island and eco-
system of the ASVs that make up the largest (defined either as
containing the most ASVs, being the most abundant, or being
the most ubiquitous) OTUs in our database. OTU

Table 1 Fungal surveys
Survey name Habitat(s) Island(s) Number of

samples
Publication SRA accession

BIG Endophytes Hawaii 276 [22] PRJNA474551

FEF2 Endophytes Oahu, Hawaii,
Maui Nui

190 [23] PRJNA470970

FEF3 Endophytes Maui Nui, Hawaii 252 [23] PRJNA470970

Mesophotic
algae

Marine Maui Nui 23 [24] PRJNA355018

MLO Aerobiota Hawaii, Oahu 382 [25] PRJNA386517

Nguyen Soil Oahu 5 Unpublished

Peay,
Vitousek

Soil Hawaii 156 [26] PRJNA379981

Swabs Epiphytes Oahu 195 [24] PRJNA355011

Lau Epiphytes,
Marine

Oahu 335 Unpublished PRJNA594061

Kipauka Soil Hawaii 80 [27] PRJNA316729

Table 2 Final sample counts by island and ecosystem

Ecosystem Hawaii Maui Nui Oahu

Soil 236 0 5

Epiphytes 0 0 287

Aerobiota 374 0 6

Endophytes 365 121 157

Marine 0 23 175
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“denovo9552” (Didymella sp., a possible plant pathogen) was
made up of the largest number of ASVs and was found occur-
ring across three islands and island groups: Oahu (25.2% of
reads), Maui Nui (45.8% of reads), and Hawaii (29.0% of
reads), yet twelve (52%) of the ASVs contained in this OTU
were found on single islands only (Fig. 1a), including
ASV161 which had the highest ubiquity of any ASVs in the
OTU (present in 57 out of 241 samples), which was found
exclusively in soil samples from Hawaii Island. Conversely,
the OTU with the highest average relative abundance across
all samples (“denovo10518,” Plectosphaerella sp., a plant
pathogen) was seen predominantly on Hawaii Island (97.9%
of reads), yet two of its 12 ASVs were seen exclusively on
Oahu (Fig. 1b). The most ubiquitous OTU (“denovo7896,”
Cladosporium sp., a common mold) was seen in 869 out of
2118 (41%) samples, evenly distributed across the three
islands: 34.1% of reads in samples fromOahu, 31.4% of reads
in samples from Maui Nui, and 34.5% of reads in samples
from Hawaii. Four of the 14 ASVs that make up this OTU
were seen on all three islands, but six ASVs were seen on
single islands only—three on Oahu only and three on
Hawaii only (Fig. 1c). The island endemism described here
is not attributed to sample type, as only one ASVs in each of
the three OTUs described were seen in single samples; the
median number of samples each ASV was seen in was 8
samples (IQR 2–16) for denovo9552, 3.5 samples (IQR 2–
48.8) for denovo10518, and 4 samples (IQR 2–40.5) for
denovo7896 (Supplemental Figure 1).

Despite most OTUs containing single ASVs (68%), the
remaining OTUs were found to mask taxonomic variation
relative to ASVs. For example, the representative sequence
for OTU denovo9552 was taxonomically assigned to a single
Didymella sp. in the NCBI database, and while most (96%) of
the other ASVs within this OTU were assigned to various
members of the Didymellaceae, only one other ASV was
assigned to the same GenBank accession number as the rep-
resentative OTU sequence (Supplemental Table 1).
Additionally, one of the 23 ASVs was assigned to a fungus
outside the Didymellaceae, Leptosphaerulina trifolii, which is
a member of the Pleosporaceae in the same order as the
Didymellaceae. For the same OTU, using the UNITE curated
taxonomic reference database resulted in twenty ASVs (87%)
assigned to the same species hypothesis (SH), Didymella
exigua. One of the ASVs assigned to a different SH,
ASV161, was assigned only to the phylum Ascomycota, but
NCBI assigned this ASV to the species Epicoccum hordei,
based on similarity to a voucher sequence that was deposited
in 2018 [41]. Similarly, the most abundant OTU,
denovo10518, had all but one ASV, out of 12, assigned to
members of the Plectosphaerella genus in the NCBI database
(Supplemental Table 2). Assignments based on the UNITE
database were more consistent with 11 ASVs being assigned
to the same SH, SH1644387.08FU Plectosphaerella

oratosquillae. However, the single ASV assigned to a differ-
ent SH was the first or representative ASV that would be used
for OTU taxonomic assignment; this ASV was assigned to
SH1644410.08FU Plectosphaerella cucumerina.

The largest discrepancy between NCBI and UNITE data-
bases came in the most ubiquitous OTU, denovo7896
(Supplemental Table 3). Using the NCBI database, 11 ASVs
(79%) were assigned to members of the genus Cladosporium,
but using the UNITE, 4 ASVs (29%), including the OTU
reference sequence, were assigned to SH1572792.08FU
Mycosphaerella tassiana and 8 ASVs (57%) were assigned
to SH1572816.08FU which could only be named to
Dothideomycetes, to whichMycosphaerella tassiana belongs.
The remaining ASVs in the OTU were assigned to uncultured
fungal clones in the NCBI database on simply fungi in the
UNITE database. We are unable to identify the cause of such
taxonomic discrepancies, which may be owed to misnamed or
undersampled taxa in the databases or to limited taxonomical-
ly informative data from short sequence reads such as those
analyzed here.

Diversity metrics changed minimally between OTUs and
ASV datasets. Using ASVs, there was an inevitable increase
in richness, but this increase was uniform across all ecosys-
tems (Fig. 2). For richness, or Hill number 0, the average
increase from OTUs to ASVs was 6.65 “species” (SD 9.40)
per sample. The other Hill numbers also increased as expect-
ed; entropy, or Hill number 1 exponential Shannon index,
increased by 3.06 (SD 6.33) and diversity, or Hill number 2
inverse Simpson index, increased by 1.13 (SD 2.79). These
small upticks in diversity metrics did not change the ranking
of samples from most to least diverse. Similarly, Jaccard dis-
tance beta diversity distances rankings were maintained and
clusters of the samples were preserved when switching from
OTUs to ASVs (Fig. 3). A symmetric procrustes analysis to
directly compare the nonmetric multidimensional scaling of
the Jaccard distance beta diversities reveals a sum of squares
(m12 squared) of 0.000025 between the OTU and ASV
Jaccard-based matrices, where a perfect match would have a
sum of squares of 0. Due possibly to the relatively limited
geographic distance (less than 600 km) sampled confounded
by the breadth of the habitats examined, we saw no discern-
able pattern between physical distance and Jaccard distance
beta diversity (Supplemental Figure 2). This lack of pattern
was observed in both OTU and ASV-based distances.

Other broad-scale ecological patterns were also similar
whether looking at OTUs or ASVs. The species abundance
distributions, based on read abundances, of the OTUs and
ASVs, when binned by octaves or a doubling of abundance,
are not significantly different from each other (K-S test p-
value = 0.2591). Both distributions peak in the 6th octave,
which spans 32 to 64 reads (Fig. 4). We then looked at island
specificity using a whole-network measure of specialization,
H2’, where a value of 0 would indicate a perfectly generalized

Tipton L. et al.



Hawaiian Fungal Amplicon Sequence Variants Reveal Otherwise Hidden Biogeography



network with every taxa occurring on every island and values
approaching 1 indicating a more specialized network with
each taxa occurring only on a single island. Using OTUs,
our fungal communities had an H2’ of 0.756, while using
ASVs the communities had an H2’ of 0.827. Both are indic-
ative of highly specialized or specific relationships between
taxa and islands within the networks.

Discussion

Identifying large-scale ecological and biogeographic patterns
among fungal communities has been a technical and logistical
challenge. Technically, the OTU-based approaches that have
dominated the field of fungal molecular ecology for the last 25
years limit comparisons across studies and do not lend them-
selves to meta-analysis due to differences among clustering
algorithms and random seeding. Logistically, it is generally
unrealistic for single lab groups to perform global surveys of
fungi (but see [42, 43] for groups that are able to mount global
surveys). By adopting an ASV-based approach, we are now
able to overcome these challenges. As proof of concept, we
performed a meta-analysis of fungi sampled from five habitats

and across three of the major Hawaiian Islands. After combin-
ing these 10 surveys into a Hawaiian fungal database of
ASVs, patterns of fungal biogeography, short-comings of tax-
onomic databases, and stability between ASVs and OTUs for
broad ecological patterns were revealed.

By taking the approach of examining biogeographic pat-
terns of fungi via ASVs, new information has emerged that is
masked by the traditional OTU methods. For example, the
three largest OTUs all contained ASVs that were found only
on single islands (Fig. 1). This island specificity is masked
using OTU-based clustering where all three OTUs appear on
all islands. Further evidence of this concealed specificity was
shown by the H2’ specificity index between taxa and islands,
which increased when measuring taxa by ASVs instead of
OTUs. This becomes particularly salient in light of concerns
surrounding local species extinctions or extirpations and mi-
crobial conservation [44], as well as attempts to resolve mi-
crobial geographic distributions. However, that broad patterns
of distance-based changes in community composition and
species abundance distributions (SADs) were basically reca-
pitulated by ASVs indicates that overall patterns of commu-
nity structure are robust independent of clustering algorithms.
What ASVs contribute that traditional OTUs may obscure are
hypotheses for which taxa may be of particular concern or
interest for conservation purposes or future studies of host/
habitat specificity.

Given that early ASV studies were used to show bacterial
community differences within the human mouth that were not
seen by the initial OTU-based studies [45], it is not surprising
that we find fungal community differences among habitats
that were obscured by OTUs. These findings have important
implications for understanding the distribution of fungi, po-
tentially at the population-scale. Because the ITS spacer re-
gion is not conserved and should not be under strong

�Fig. 1 Islands and ecosystems where reads making up OTUs were
detected. Each OTU/ASV along the X-axis is broken down into the per-
centage of reads originating from each island (represented by a trio of
abutting bars) and ecosystem (represented by color). The left-most bar
trio represents the entire OTU while the remaining bars each represent an
ASV that is contained in the OTU. a OTU denovo9552 contains 23
ASVs, the most of all OTUs. b OTU denovo10518, the most abundant
OTU in the dataset, was found predominantly on the island of Hawaii, but
the 12 ASVs it contains were spread out across the three islands. c OTU
denovo7896, the OTU seen in the most samples, was evenly distributed
across the three islands, but the 14 ASVs it contains are not

Fig. 2 Violin plots of richness by
the ecosystem. The distribution of
fungal community richness (Hill
number 0), as measured by a
number of OTUs or ASVs
observed, for each sample is
plotted by ecosystem, regardless
of source study. Richness for
OTU analyses is shown in solid
violins; richness for ASV
analyses is shown in empty
violins. The increase in observed
ASVs compared to OTUs is
expected, but, importantly, the
ordering of ecosystems by
richness is preserved
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selection, variation among fungal ASVs is likely due to foun-
der effects or randommutations. Follow-up studies comparing
island strains across more conserved regions of their genomes
are needed to assess the relative importance of the ITS region
as an indicator of natural selection.

Despite clustering at ≥ 97% similarity, we found that the
taxonomy of ASVs from many of our OTUs was incongruent
with their representative OTU sequences. Three possible
causes for these discrepancies are (1) incorrect or inconsistent
identifications within and between databases such as NCBI’s
GenBank [46] and UNITE [33] which could lead to the same
fungus being assigned different taxonomy based on its

sequence similarity to differently named accessions, (2) insuf-
ficient variation of the taxon in the database including absent
conspecifics, particularly in smaller databases such as UNITE,
or (3) similar to bacterial 16SASVs, fungal ITSASVs provide
better resolution than OTU-based clustering and variation in
taxonomic assignments reflects true biological variation.
Without curated databases that include voucher specimens
from the geographic area of interest, it remains challenging
to determine which of these three factors dominates. However,
if it is the latter, the additional taxonomic resolution revealed
by ASVs is particularly important when it comes to down-
stream taxonomy-based analyses such as FUNGuild and

Fig. 3 NMDS plot. Ordination of all fungal surveys based on Jaccard distance measured between OTUs on the right and ASVs on the left. Each point
represents a sample; each color represents an ecosystem. Both OTUs and ASVs show distinct grouping by ecosystem

Fig. 4 Octave plot. Cluster abundance distributions for OTUs (in blue) and ASVs (in red). Cluster abundances are binned by octave or log base 2
increments meaning each octave contains OTUs or ASVs with double the abundance, measured by the number of reads, of the previous octave
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habitat origins [47, 48] as these traits may not be conserved at
the genus or family level represented by the OTU.

Like others before us, we found that while slightly inflating
richness, ASVs recapitulated the broad ecological patterns
seen by OTUs [18]. The use of ASVs to study ecological
patterns, such as species abundance distributions, is dependent
upon the same assumptions as using OTUs, specifically that
relative read abundance is proportional to relative taxon abun-
dance and that the community was sufficiently and unbiasedly
sampled. These assumptions have long been part of the dis-
cussion around DNA-based fungal surveys [49, 50] and
should be considered at the onset of any new study.
Nevertheless, depending upon the questions being asked and
the goals of the study, OTU-based approaches may remain
valid and comparable to ASVs.

Conclusions

By performing a meta-analysis of fungal communities across
the Hawaiian Islands and comparing ASV-based and OTU-
based results, we have shown that ASVs can be used to com-
bine fungal surveys reproducibly, in much the same way they
can be used for bacterial surveys. While additional biogeo-
graphic and potentially taxonomic information can be gained
by using ASVs, the results of OTU-based studies are unlikely
to be overturned by re-analyzing the data. However, analyzing
the sequences resulting from older studies as ASVs eases
meta-analyses such as the ones performed here. The ASV-
based approach also results in otherwise obscured patterns that
can lead to additional and fruitful lines of inquiry, especially in
the context of meta-community studies, and mapping the fine
and large-scale spatial distributions of fungi. Going forward,
we recommend fungal researchers consider the use ASVs
rather than OTUs in order to improve reproducibility, enable
meta-analyses or comparisons across studies, and, where ap-
plicable, gain the most information possible about biogeo-
graphic patterns.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00248-021-01730-x.
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