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Summary

! Data generated from next generation sequencing (NGS) will soon comprise the majority of
information about arbuscular mycorrhizal fungal (AMF) communities. Although these
approaches give deeper insight, analysing NGS data involves decisions that can significantly
affect results and conclusions. This is particularly true for AMF community studies, because
much remains to be known about their basic biology and genetics.
! During a workshop in 2013, representatives from seven research groups using NGS for
AMF community ecology gathered to discuss common challenges and directions for future
research. Our goal was to improve the quality and accessibility of NGS data for the AMF
research community. Discussions spanned sampling design, sample preservation, sequencing,
bioinformatics and data archiving.
! With concrete examples we demonstrated how different approaches can significantly alter
analysis outcomes. Failure to consider the consequences of these decisions may compound
bias introduced at each step along the workflow.
! The products of these discussions have been summarized in this paper in order to serve as a
guide for any researcher undertaking NGS sequencing of AMF communities.

Introduction

The development of molecular techniques has made field-based
community ecology of arbuscular mycorrhizal fungi (AMF) truly
feasible. Although cloning and Sanger sequencing permitted
detection and identification of AMF in situ without the need of
recognizable morphological features, next generation sequencing
(NGS) approaches have given us unprecedented insight into
AMF communities with sufficient depth to recover even rare
taxa. This shift brings about a labyrinth of decisions spanning a
breadth of scientific expertise that can be daunting for both stu-
dents and established researchers.

In December 2013, we held a workshop in Kelowna, Canada,
to discuss major obstacles specific to AMF molecular ecology,
involving sampling, sample processing, amplification, sequencing
protocols and bioinformatic analyses. Here we present the out-
come of these discussions, provide recommendations where
appropriate (Fig. 1), and highlight the consequences of some
decisions using published data. We also discuss the importance of

databases, both reference and sequence repositories, to the AMF
research community. It is our hope that this paper will serve as a
navigation guide to the NGS labyrinth, and inspire us to improve
the tools and approaches used in AMF molecular ecology.

Sampling design

Sampling design must be driven by research questions and
hypotheses grounded in ecological theory (Prosser et al., 2007).
Although studies that aim to inventory AMF taxa for descriptive
or exploratory means continue to play an important role in
understanding the biology of Glomeromycota, their evolution,
ecology and biogeography, here we concentrate on sampling
design for experimental approaches. Studies characterizing rare
taxa will require different sampling strategies from those that aim
to quantify the responses of abundant taxa, or those looking at
ecological gradients, such as host plant identity, soil abiotic
factors or seasonality. Later we discuss sampling considerations
for statistically robust conclusions.
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Where, what type, when, how many and how much to
sample?

Where With an explicit sampling design, where to sample
must be carefully considered. AMF communities show geo-
graphic patterns that are not entirely explained by plant
community composition or soil abiotic conditions (Dumbrell

et al., 2010; Lekberg et al., 2011). For example, AMF com-
munities also change with soil depth and can be surprisingly
rich in deeper soil horizons (Oehl et al., 2003). Sampling
only the upper 10–15 cm of the soil profile may substan-
tially underestimate mycorrhizal fungal diversity (Pickles &
Pither, 2014). Both arbuscular mycorrhizal (AM) and ecto-
mycorrhizal (EM) fungal distribution has been shown to vary

Fig. 1 Overview of the workflow for arbuscular mycorrhizal fungi (AMF) next generation sequencing (NGS), highlighting current recommendations and
areas requiring further research along the work flow. SSU, small subunit; ITS, internal transcribed spacer; LSU, large subunit; OTU, operational taxonomic
unit; INSD, International Nucleotide Sequence Database.
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significantly with depth along soil profile (Bahram et al.,
2015). Thus consideration of both vertical and horizontal
distribution should be an important consideration for every
study.

What type AMF communities observed in different types of
samples (soil, root, spores) can be distinct (Clapp et al., 1995;
Hempel et al., 2007), possibly due to differences in life history
strategies (S"ykorov"a et al., 2007) and intraradical vs extraradical
biomass allocation among AMF (Hart & Reader, 2002). Sam-
pling roots of individual plant species is the most common
approach, as it enables detection of actively colonizing fungi, and
can reveal host effect, if any (Vandenkoornhuyse et al., 2002;
€Opik et al., 2009). Spores extracted from soil permit detection of
the sporulating fraction of the AMF community (Clapp et al.,
1995; Sikes et al., 2012), but as AMF taxa do not sporulate con-
sistently, and the lifespan of spores in natural environment is not
known (Smith & Read, 2008), spore-based sampling may under-
estimate total diversity (Sanders, 2004). It is also possible to tar-
get only hyphae extracted from soil (Jakobsen et al., 1992) or
hyphal in-growth compartments (Wallander et al., 2001; Neu-
mann & George, 2005). Alternatively, soil containing spores and
hyphae can be sampled as a whole when the goal is to thoroughly
describe the community in soil, regardless of differences in sporu-
lation (Saks et al., 2014). Finally, composite root samples (as
opposed to sampling roots from individual species) capture AMF
regardless of host-related co-occurrence patterns (Hiiesalu et al.,
2014).

When Due to seasonal and interannual temporal variation in
AMF communities (Bever et al., 1997; Davison et al., 2011;
Dumbrell et al., 2011; Cotton et al., 2015), the timing of sam-
pling is important, particularly in experiments with a large spatial
extent. However, little is known about AMF temporal patterns
across different climates and habitats, and even in better-studied
temperate zones, our understanding of AMF seasonal dynamics is
still rudimentary. To address the research gap of temporal vari-
ability in AMF community dynamics, time-course sampling
across seasons and years is needed.

How many The optimal replication level (number of samples
per treatment or sample group) depends on the expected varia-
tion within the system. If it is high, more samples per treatment
need to be analysed to detect patterns of interest. A surprising
number of microbial diversity studies, including AMF studies,
are unreplicated (Prosser, 2010). We cannot overemphasize that
large sequence numbers do not compensate for low sample num-
bers due to among-sample variation. Therefore, taxon accumula-
tion (rarefaction) curves of samples per study rather than
sequences per study are needed to assess sufficiency of the sam-
pling effort for capturing the taxa present in the study system
(Fig. 2). Expected effect sizes (the magnitude of differences
between groups) and required replication level can be calculated
on the basis of preliminary surveys or earlier publications.

Power analysis is well established for determining adequate
sampling effort to detect treatment differences in studies with

single response variables. It is now possible to perform power
analysis for multivariate datasets as well (La Rosa et al., 2012;
2015) because statistical power is determined by both sample
numbers (replication level) and number of sequences per sample
(sequencing depth). Estimates of statistical power may be highly
sensitive to sequencing decisions. Depending on the complexity
of the system and expected variance, different replication levels
and sequencing depths are required to detect patterns of interest
in different study systems (Table 1; Supporting Information
Methods S1). Overall, power analyses from preliminary surveys
are a cost-effective way to develop sampling strategies before any
large-scale sampling.

Sequence no.
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Fig. 2 Comparisons of rarefaction and sampling effort curves (taken from
Lekberg et al., 2012, 2013). (a) Operational taxonomic unit (OTU)
accumulation curves of individual samples sequenced to depth of 3000
reads suggest that over 500 reads are required to adequately characterize
the arbuscular mycorrhizal fungi (AMF) community in each sample. (b)
OTU accumulation curves of four plant communities sampled at
replication level 5–6 suggest that over six samples per habitat are required
to fully characterize AMF communities. Whereas (a) depends on AMF
richness in each sample, (b) is driven by AMF community heterogeneity
among samples. It can be concluded that the sample level diversity was
fully captured and additional sequencing depth per sample is not necessary
(a), whilst sampling additional samples and sites could still increase
detected diversity for each plant community type.
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Avoiding pseudoreplication requires knowledge of the pro-
cesses responsible for spatial autocorrelation of AMF communi-
ties (see Legendre & Legendre, 1998; Ettema & Wardle, 2002).
Individual sample size, distance between samples, and the spatial
extent of sampling should be based on AMF traits, such as hyphal
density and extent of individual fungi. However, there is limited
knowledge about AMF traits in nature. Given the indeterminate
mycelial growth of AMF it is not a simple procedure to confirm
that samples are independent. Research into spatial autocorrela-
tion in EMF root tip communities has recommended a 3–4-m
distance between samples to minimize resampling of the same
fungal community patch (Lilleskov et al., 2004; Pickles et al.,
2012). Yet results from AMF studies are limited and inconclu-
sive: there is evidence for community-wide spatial autocorrelation
and overdispersion occurring at similar resolutions (< 0.4 and
> 0.5 m, respectively; Mummey & Rillig, 2008). However, AMF
genets may measure as much as 10 m across (Rosendahl & Stu-
kenbrock, 2004) so these community patterns may be nested
inside the distribution of an individual fungus. Recently, Bahram
et al. (2015) showed larger vertical than horizontal spatial vari-
ability in AMF communities. Clearly, further research on spatial
properties of AMF diversity patterns across ecosystems is needed
in order to sample AMF communities so that spatial variation is
appropriately taken into account.

How much The size of individual samples depends on the
density and distribution of AMF species within sites. In
practice, the effect of sample volume on detected diversity pat-
terns has not been tested. For root samples, c. 20 cm root
length ( €Opik et al., 2008) or c. 70 mg DW are common choices
( €Opik et al., 2013). Alternatively, multiple samples of 0.5–1 cm
per plant individual have been used (Kjøller & Rosendahl,
2000). For soil samples, common kits require the use of
250 mg of soil, which can yield low and variable results
(Lumini et al., 2010; Davison et al., 2012), possibly due to low
biomass and/or nuclear concentration of AMF in soil (Saks

et al., 2014). It has been suggested that larger soil or root sam-
ples can considerably increase the consistency of PCR and
sequencing success (Janou#skov"a et al., 2015). Clearly, more
research is needed to determine optimal individual sample sizes,
and distances between samples for AMF communities in differ-
ent ecosystems.

Sample preservation, DNA extraction and handling

Regardless of sample type, AMF DNA is typically rare com-
pared with bacterial and general fungal DNA that is coextracted
(O’Brien et al., 2005; Karst et al., 2013). Sample handling
methods can destroy much of this DNA, as well as introduce or
enhance contaminating DNA from other organisms. Below, we
outline important decisions pertaining to AMF samples and
DNA extraction.

Sample preservation

The impact of sample preservation methods on subsequent recov-
ery of AMF DNA can be substantial (Bainard et al., 2010;
Janou#skov"a et al., 2015). The main considerations when choosing
the suitable approach aim to halt physiological processes in the
sample, and optimize practicalities of storage and transportation.
Snap-freezing in liquid nitrogen is fast and convenient in the lab,
but limits transportation of samples from field to lab. Silica-gel
drying of root and soil samples permits indefinite sample storage,
and transportation at ambient temperature has been used when
sampling even from remote areas (Davison et al., 2012; €Opik
et al., 2013). Freeze-drying (Hiiesalu et al., 2014), oven-drying at
low heat (50–60°C; Janou#skov"a et al., 2015) and sample storage
in DNA extraction buffer are other commonly used sample pres-
ervation approaches for AMF. Although freezing at "80°C or
"20°C may not affect DNA quality compared with control
DNA extracts from fresh samples, other sample preservation
methods (storage in ethanol, lyophilizing) may result in a

Table 1 Experimental power calculations (based on a = 0.05) using the Dirichlet-multinomial (DM) model as described in La Rosa et al. (2012, 2013)

Samples

Number of sequence reads (%)*

Denmark Montana

100 1000 5000 10 000 100 1000 5000 10 000

2 6.7 9.5 11.1 8.0 56.9 72.5 72.7 75.0
4 7.1 11.4 10.4 10.2 95.9 99.0 99.3 98.3
6 26.5 37.9 38.0 37.9 100 100 100 100
8 64.1 70.9 71.1 72.9 100 100 100 100
10 89.8 90.7 92.9 93.1 100 100 100 100
12 97.3 98.6 98.9 98.3 100 100 100 100

Using two published datasets, we estimated taxon counts across a number of samples and sequence reads. The Denmark dataset (Lekberg et al., 2012)
reported no differences among four disturbance treatments (n = 11), and the Montana dataset (Lekberg et al., 2013) showed different arbuscular mycor-
rhizal fungi (AMF) communities among four plant community types (n = 6). Our power analyses show that the lack of treatment effects in the Denmark
study was not due to low power. Importantly, the number of samples required per treatment to provide statistical power of 90% was only slightly different
for 100 vs 10 000 sequence reads per sample, suggesting that deep sequencing would have been superfluous. Also, the large differences among plant com-
munities in the Montana study indicate that as few as four replicates would have sufficed to detect differences. See Supporting Information Methods S1 for
a more detailed description of the power analysis.
*Based on 1000 Monte-Carlo randomizations of DM vector data.
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significant loss of DNA (Bainard et al., 2010). Oven drying – the
cheapest and simplest preservation method, but requiring access
to equipped laboratory – may in fact be best at preserving AMF
DNA from roots (Janou#skov"a et al., 2015), but it is not clear if
this is also true for soil samples. In general, time from sampling
to sample preservation should be kept to minimum in order to
avoid DNA degradation, changes in the fungal community and
degradation by saprotrophs.

DNA isolation

A wide range of approaches have been used to extract Glomer-
omycotan DNA, ranging from in-house protocols based on
cetyltrimethylammonium bromide (CTAB; Clapp et al., 1999)
or phenol/chloroform extractions (Daniell et al., 2001), to the
now prevailing use of single-sample or high-throughput kits.
DNA from single spores or small numbers of spores can be
extracted with simplified protocols (Schwarzott & Sch€ußler,
2001), or protocols dedicated to recovering minute quantities of
DNA (Manian et al., 2001; Thi"ery et al., 2012).

Even small differences in sample handling can result in differ-
ential recovery of DNA. Sample processing order and position
on high throughput extraction plates may also introduce unin-
tended variation among samples, and, thus, randomization is rec-
ommended to avoid bias against particular treatments. This is
also true for timing: researcher fatigue may result in later samples
being handled less efficiently. Because high-throughput extrac-
tions can take several hours, samples processed early in the proto-
col will be exposed to variable conditions longer than those
processed near the end.

Despite meticulous handling and perfectly optimized proto-
cols, extracted DNA will constitute a fraction of that present in
the original sample (Bainard et al., 2010; Janou#skov"a et al.,
2015). Internal standards, as simple as ‘spiking’ sterile material
(soil or root extraction) with a known quantity of AMF DNA,
will provide a measure of DNA yield (Nguyen et al., 2014).
Although some researchers include this control, it is often over-
looked. Such controls are especially important for samples that
originate from different soil types or host plants, which might
impose differential constraints on extraction efficiency. Finally,
contamination of samples during handling can result in a signifi-
cant proportion of ‘nontarget’ reads (Lindahl et al., 2013). To
assess the degree of handling contamination, it is imperative to
include a ‘blank’ sample (negative control) with every step of the
protocol (Nguyen et al., 2014). Including independent validation
means is also valuable – for example, estimating AMF biomass in
root or soil samples by microscopic methods or fatty acid quanti-
fication, composing artificial communities of known species, or
estimating variation among replicates of the same sample in DNA
extraction, PCRs or sequencing runs (Schmidt et al., 2013).

Sequencing

Ideally, a single marker would be used to recognise organisms at
organisational levels from genotype to kingdom. In reality, there
is no de facto best sequence target that would achieve all aims; the

ideal marker is the one that provides appropriate data for the
hypothesis being tested. Researchers embarking on a DNA-based
study of AMF communities should therefore ask the following
questions: is it necessary that each operational taxonomic unit be
given a specific identification? This currently limits target selec-
tion to ribosomal genes that have database representation. If
change across communities is more important than operational
taxonomic unit (OTU) identity, then different sequence targets
may be used. To what taxonomic level do the OTUs need to be
differentiated? A target sequence (marker) should have appropri-
ate variability. Discriminating taxa at the species level requires a
more variable sequence than at the genus or family level. Is it nec-
essary to sample across the phylum Glomeromycota? Primer sets
vary in the extent to which all AMF groups are amplified. Is pres-
ence or function more important? Most studies have focused only
on identifying taxa, but protein-encoding genes with known
functions may become important functional markers for future
community surveys.

Marker choice

The nuclear ribosomal operon comprises the small subunit (SSU
or 18S) rRNA gene, the internal transcribed spacer (ITS) and the
large subunit (LSU) rRNA gene (Table S1). This operon has
multiple copies per nucleus, and is thus easier to amplify.
Although it has been the most widely used marker for Glomer-
omycota, no marker within the operon possesses a clear barcode
gap for all Glomeromycotan lineages. Thus, the preferred marker
region remains open to debate.

The general fungal barcoding marker ITS has been found sub-
optimal as the sole marker for Glomeromycota (Schoch et al.,
2012; Stockinger et al., 2010; Thi"ery et al., 2012). This problem
is not unique to Glomeromycota. For example, the same applies
to basal clades of Fungi (Schoch et al., 2012) and several other
fungal groups such as Fusarium where other markers are used
(O’Donnell et al., 2010). Although ITS can be reliable for AMF
taxon identification (Kr€uger et al., 2011; Schoch et al., 2012), it
is generally regarded as hyper-variable within AMF species, has
low resolution among species for some groups and carries little
direct information about a taxon’s evolutionary relationships
within the fungi (Lloyd-MacGilp et al., 1996). ITS and LSU can
be used to discriminate among taxa that are poorly resolved by
SSU, and it may become more useful as databases are populated
with further Glomeromycotan ITS sequences.

Many ecological studies have used ribosomal operon mark-
ers, particularly SSU and LSU rRNA gene targets (Helgason
et al., 1998; €Opik et al., 2014). Although the quantity of LSU-
based studies is increasing, the majority of sequence-based
AMF community surveys use SSU targets ( €Opik et al., 2014),
even though there is support for LSU being phylogenetically
somewhat more informative. Although SSU gives good species
resolution for most lineages, resolution of species is poor for
some groups, especially the Diversisporaceae and Gigasporaceae
( €Opik et al., 2013). Three practical aspects have contributed to
the broader use of SSU in AMF community surveys in compar-
ison with LSU and ITS that prevail in taxonomic studies of
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AMF ( €Opik et al., 2014): presence of general Glomeromycota
specific primers, an amplicon that is of suitable length for many
applications and can be aligned for phylogenetic analysis over
the phylum, which is particularly critical for validating the
identity of novel OTUs.

The ribosomal operon offers the greatest resolution when used
as a whole. Together, these genes and regions permit alignment
over all Glomeromycota (Kr€uger et al., 2011). Phylogenetic
analysis can be used to obtain family and higher rank classifica-
tion as well as species-level taxon delimitation and identification,
which is particularly important in environmental surveys where
detection of novel clades is common (€Opik et al., 2013, 2014).
Unfortunately, the ribosomal operon is in excess of 5500 bp,
which is intractable for Sanger sequencing, and challenging for
current NGS technology, although this will improve with time.
Further considerations for marker choice have been reviewed else-
where for fungi (Lindahl & Kuske, 2013; Lindahl et al., 2013)
and Glomeromycota (Kohout et al., 2014; €Opik et al., 2014; Van
Geel et al., 2014).

Other markers?

Genome data (Tisserant et al., 2013; Lin et al., 2014) present the
AMF community ecologist with the opportunity of selecting gene
targets that offer information about AMF activity and function
in addition to identity and abundance. Rhizophagus irregularis
(DAOM 197198) has a large, haploid genome of 153Mb and is
estimated to have > 28 000 coding genes (Tisserant et al., 2013;
Lin et al., 2014). As other species and isolates of AMF are
sequenced, comparative genomics will allow the identification of
a range of targets that can reveal genetic variation at any scale –
from among isolates within a species, to higher taxonomic ranks,
and everything else in between. Future studies may combine data
from functional genes with taxonomic markers such as nuclear
ribosomal genes or ITS, in order to determine both functional
and taxonomic diversity. Transcribed genes that reliably distin-
guish variation at an appropriate level (i.e. mitochondrial COI;
Borriello et al., 2014) would allow parallel assessment of taxo-
nomic composition and activity of fungal communities.
Recently, Stockinger et al. (2014) used the DNA sequences of the
largest subunit of RNA polymerase II gene (RPB1) as an alterna-
tive taxonomic marker to those of nuclear ribosomal operon in
order to demonstrate a shift in AMF community structure in
response to tillage. Although AMF community shifts have also
been shown with transcribed nuclear ribosomal markers (RNA of
LSU rRNA gene; Verbruggen et al., 2012), functional gene
markers, such as phosphate transporters (Burleigh et al., 2002),
aquaporins (Li et al., 2013) or others, may be a more reliable
measure of activity than rRNA (Anderson & Parkin, 2007; Blaz-
ewicz et al., 2013); however, these have yet to be fully realized for
AMF research (van der Heijden & Scheublin, 2007).

Length and quality of sequence

It is axiomatic that longer sequences provide better species-dis-
criminating information than shorter sequences. The sequencing

method used, however, places a limit on the length of sequence
that can be analysed. Sanger sequencing can deliver long – c. 1 kb
– sequences of high quality, but not in high throughput. NGS
currently delivers up to 600 bp at best, but in very large numbers.
However, both approaches are valuable for fully characterizing
communities: Sanger sequencing is best used to populate refer-
ence databases with high quality sequences for identification,
whereas shorter and more error-prone reads from NGS can be
used for in-depth characterization of community patterns.

Bioinformatics

Rather than present a comprehensive description of the workflow
for processing data generated with NGS platforms, we highlight
issues that can affect AMF studies using our own data. These
include: processing raw data (denoising, homopolymers, chimera
detection, sequence trimming), OTU determination and dealing
with unequal sequencing depth per sample.

Denoising

Given the large number of reads in NGS datasets, the intrinsic
error rate can affect overall diversity estimates (Kunin et al.,
2010). The term ‘noise’ covers a variety of errors producing
nontarget sequences including sequencing errors, PCR errors and
chimeras (a comparison of denoising methods is discussed
in Gaspar & Thomas, 2013). Denoising appears to always reduce
alpha diversity by decreasing the number of sequences usable
for analysis and OTUs detected. We show here that it
can also reduce beta diversity (i.e. the ‘spread’ of samples)
substantially, and thus may also affect final patterns detected
(Fig. 3).
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Fig. 3 Procrustes super imposition plot showing the differences between
non-denoised and denoised data where the same samples are connected
by vector arrows (nonmetric multidimensional scaling (NMDS) ordinations
of Bray-Curtis distances). Vector length reflects the change in ordination
space between non-denoised and denoised samples. Denoising resulted in
a shift of all samples in ordination space, which may change the
interpretation of results. Denoising reduced the total number of sequences
by 46%, as well as the number of operational taxonomic units (OTUs)
(400 vs 222 OTUs). Denoising was performed using a modified
Needleman–Wunsch global alignment algorithm with a custom scoring
function based on signal intensities developed by Reeder & Knight (2010)
using data from Holland et al. (2014).
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Homopolymers

Although primarily an artifact of the Roche 454 and Ion Torrent
sequencing platforms, homopolymers introduced as error can
compromise data quality. During the bioinformatic workflow, it
is possible to set a maximum allowed homopolymer length, but
this step may exclude valid sequences. For example, some SSU
AMF reference sequences in the MaarjAM database contain
adenine (A) homopolymers of up to 18 bp, and members of the
Acaulosporaceae and Glomeraceae commonly contain homo-
polymers in excess of 10 thymine (T) and adenine (A) bp, respec-
tively. Thus, relying on default parameters may result in the
unintentional exclusion of sequences from certain taxonomic
groups over others. Increasing the maximum homopolymer limit
in the analysis will result in more bona fide OTUs, albeit with
inflated risk of spurious OTUs.

Chimeras

Chimeras, or sequences composed of more than one organism,
are another source of error in NGS datasets that can signifi-
cantly inflate diversity estimates (Fonseca et al., 2012). Several
approaches have been developed to identify chimeras and
remove them from the analysis (i.e. ChimeraSlayer, Haas et al.,
2011; Perseus, Quince et al., 2011; UCHIME, Edgar et al.,
2011), but a common obstacle for AMF studies is that these
approaches require additional materials from sequence databases
such as global alignments and lane masks which may be diffi-
cult to obtain for commonly used targets of the nuclear ribo-
somal operon. Some researchers choose to use general fungal
alignments whereas others create in-house databases for per-
sonal use. Ultimately, a curated database with regularly updated
and publicly available global alignments is needed for Glomer-
omycota.

OTU clustering methods

Strategies for generating OTUs from sequences (reviewed by
Lindahl et al., 2013) can be categorized into three approaches:
(1) cluster reads against one another without external reference
sequence collection (de novo OTU picking); (2) group reads
using a reference dataset and exclude reads that do not match a
sequence in the reference database (closed-reference OTU pick-
ing); or (3) group reads as in (2) but recluster unmatched reads
de novo (open-reference OTU picking) (Bik et al., 2012).

De novo strategies produce more OTUs than reference-based
methods, as some OTUs will be defined by unconstrained clus-
tering, which may include erroneous reads. Reference-based
approaches avoid this because new sequences are queried against
known, reference sequences. For this process to be effective, the
reference dataset must contain only high-quality, trusted
sequences, and should also contain reference sequences for all
known taxa. Denoising results in fewer OTUs, in particular when
using de novo OTU picking (Fig. 4a), but proportionally less so
in reference-based OTU picking. When using virtual taxon (VT)
sequence identities from the MaarjAM database (€Opik et al.,

2010), the denoising effect is smallest (Fig. 4b), likely because
VTs represent preclustered sequences.

Reference-based OTU picking provides immediate taxonomic
identity for newly generated sequences. Open and Closed reference
OTU picking is hampered by the availability of databases for
AMF sequences compared with 16S analyses, which are well-
supported by databases (i.e. Greengenes, McDonald et al., 2012;
ARB, Ludwig et al., 2004; SILVA, Quast et al., 2013).

Cluster (OTU) size

Smaller sequence clusters in NGS datasets are more likely to be
spurious due to read errors, undetected chimeras and other arte-
facts. At the same time, larger clusters may represent OTU

(a)

(b)

Fig. 4 The effect of sequence denoising and operational taxonomic unit
(OTU) picking strategy on the number of Glomeromycotan OTUs
generated. Reference databases for taxonomic assignment of OTUs was
the MaarjAM database (a) using sequence identities as provided by
original authors and (b) using Virtual Taxon (VT) identities of the
sequences. When using original sequence identities (a), denoising
significantly reduced the number of OTUs regardless of OTU picking
strategy (P = 0.049). There was no effect of OTU picking strategy on the
number of OTUs (P = 0.30). When using VT identities (b), there were
fewer OTUs and whereas denoising reduced the number of OTUs, this
was not significant at 5% (P = 0.072). Data were generated from three
454 studies, for a total of seven libraries, and 109 samples, targeting 18S
rDNA, using nested primers AMDGR (Sato et al., 2005) and AMADF (A.
Desir$o, PhD thesis, unpublished), following AML1-AML2 (Lee et al., 2008)
amplification. OTUs reflect 97% sequence identity. Values plotted are
mean# SE.
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‘complexes’, either closely related or cryptic taxa, and may
be similarly uninformative. Do the generated clusters represent
valid, rare OTUs (small clusters) or valid, dominant OTUs (large
clusters)? By setting a minimum cluster size, fewer spurious
OTUs may be created, but this practice could underestimate true
levels of diversity (Fig. 5).

OTU delineation

OTU delineation is also affected by the threshold for sequence
similarity. Fungal studies targeting ITS generally use a 97% iden-
tity threshold (Smith et al., 2007; Bjorbækmo et al., 2010;
Mohamed & Martiny, 2011; Tedersoo et al., 2010), though
multiple OTU (species hypothesis) delineation thresholds are
available in the UNITE database (K~oljalg et al., 2013). AMF dis-
play extensive inter- and intraspecific divergence in ITS, LSU
and possibly also SSU (Stockinger et al., 2010; Thi"ery et al.,
2012). Although the level of intraspecific variation differs among
these markers, there is also variation within a single marker
among AMF lineages (Stockinger et al., 2010; €Opik et al., 2014).
The MaarjAM database delineates AMF VTs on the basis of phy-
logenetically supported clades of SSU rRNA gene sequences of
97% or higher similarity, resulting in many VT with c. 99%
sequence identity (€Opik et al., 2010). Recently, Lekberg et al.
(2014) used a predictive model to validate two OTU delineation
models (monophyletic clade vs 97% universal approach) for
AMF communities based on the LSU rRNA gene. Their findings
support a previous observation that fewer OTUs are observed
when delineated phylogenetically rather than on the basis of

sequence similarity thresholds, but this has little impact on
detected AMF community patterns (Powell et al., 2011).

To rarefy or not?

NGS often results in large variation in obtained sequence
abundance between samples. Typically these inequalities are
dealt with by standardising samples through rarefaction to a
common sequencing depth per sample (e.g. minimum or
median sequence numbers per sample; de C"arcer et al., 2011;
Hiiesalu et al., 2014) or by using proportional composition
(relative abundance of reads per sample; Davison et al.,
2012). Rarefying is so commonly applied that most analysis
packages – including QIIME (Caporaso et al., 2010),
MOTHUR (Schloss et al., 2009) and phyloseq (McMurdie &
Holmes, 2013) – incorporate rarefaction code, and few
researchers consider the biological and statistical implications.
However, there is increasing evidence that these techniques
may result in data that do not represent the original commu-
nity (McMurdie & Holmes, 2014). Specifically, it has been
suggested that rarefying alters the variance structure of the
data and increases uncertainty through randomisation. This
can lead to the following problems: increased over dispersion
or decreased sensitivity, causing inflation of both Type I and
Type II errors; and difficulty in developing optimum sam-
pling protocols for previously unstudied locations and ecosys-
tems, due to the loss of information about underlying
variance patterns.

Although there is no consensus on this issue, we provide three
recommendations. First, we advocate exploration of the
approaches currently used in the ‘RNA-Seq’ pipelines (Wang
et al., 2009), which are optimised for sequence count data in the
R-packages phyloseq (McMurdie & Holmes, 2013) and DESeq2
(Love et al., 2014). These packages employ a variety of statistical
solutions including noise modelling, variance stabilisation, inde-
pendent filtering and Bayesian techniques, which enable analysis
without increasing the error rate. Second, it is important to stay
up to date with the latest statistical methods for microbial analy-
sis, which often requires looking beyond the typical ecological
journals where AMF research is published and into the rapidly
advancing statistical and computational biology literature. Third,
researchers should acknowledge the limitations of rarefying while
we as a community work to incorporate new statistical methods
into our analyses. If possible it would be useful for future studies
to show the results of their analyses using both rarefaction and
alternative approaches.

Sequence database(s)

An essential requirement for DNA-based identification of organ-
isms is reference sequence datasets against which to identify the
newly obtained sequences. For Glomeromycota, of the currently
known c. 250 morphospecies (http://schuessler.userweb.mwn.de/
amphylo/), only c. 30% have been sequenced for SSU, and c.
35% for the fungal barcode ITS, LSU or a combination of both
(Kr€uger et al., 2011). On the one hand, this means that the

0 5 10 15

0
20

0
40

0
60

0
80

0
10

00

Minimal cluster size

N
um

be
r o

f O
TU

s
No hits
MaarjAM hits

Fig. 5 Total operational taxonomic unit (OTU) richness with minimum
cluster sizes ranging from 1 to 15 sequences. Small cluster thresholds
resulted in a higher proportion of sequences remaining unidentified (‘no
hits’) with MaarjAM database as reference. Using a previously published
dataset (Hart et al., 2014), we created an OTU table using an open
reference OTU picking approach with a 0.97 sequence similarity threshold
(UCLUST, Edgar et al., 2011) and MaarjAM database as a reference set
( €Opik et al., 2010). We constructed a phylogenetic tree (MUSCLE, Edgar,
2004), and removed obvious nontarget sequences. Finally, we trimmed
the dataset for different minimum cluster sizes (1, 2, 3, 4, 5, 7, 9 and 15
sequences per OTU).
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majority of the morphologically known AMF can be detected as
OTUs or VT, but cannot be identified from natural samples on
the basis of DNA sequences as long as expert-identified represen-
tative cultures of these species are not sequenced. On the other
hand, the majority of the environmentally detected sequences
belong to taxa known only on the basis of DNA and for which
morphology remains unknown (Hibbett et al., 2011; Ohsowski
et al., 2014; €Opik et al., 2014).

Species-level variation among AMF

Ostensibly, matching DNA-only species to existing AMF mor-
phospecies could greatly improve our ability to characterize envi-
ronmental sequences using databases. However, it is not a
straightforward practice, as we do not know the extent of intra-
specific genetic variation of Glomeromycotan ribosomal markers.
This information is essential when creating guidelines for new
sequence identification; more effort is needed to close this knowl-
edge gap. Until then, pragmatic approaches must be used, includ-
ing clusters defined on the basis of sequence similarity and clade
support in phylogenetic analysis (AMF VT, €Opik et al., 2010,
2014), on the basis of clustering algorithms (e.g. fungal species
hypotheses (SH), K~oljalg et al., 2013) or on the basis of computa-
tionally expensive phylogenetic modelling (Powell et al., 2011).

Public sequence databases

Ideally, reference sequences should be maintained in a dedicated
reference sequence database, because public sequence repositories
(e.g. International Nucleotide Sequence Database Collaboration,
INSDC) are not designed for identification purposes and are
known to contain sequences with inaccurate identity (Bidart-
ondo, 2008; Tedersoo et al., 2011). For example, specifically
curated subsets of public data repositories such as RefSeq (Pruitt
et al., 2007), and curated databases for specific markers or groups
of organisms (e.g. UNITE, Abarenkov et al., 2010) can provide
high-quality sequences for reference or identification purposes.
For AMF specifically, ITS sequences are available in the UNITE
database, which is automatically updated twice a year from
INSDC, and curated manually (K~oljalg et al., 2013). Currently,
UNITE + INSD contain > 8000 AMF ITS sequences. However,
the majority of these sequences (67%) are identified only to genus
level (http://unite.ut.ee; accessed November 2014). Full-length
SSU rRNA gene sequences are available in the PHYMYCO-DB
database of fungal SSU and EF1-alpha (Mah"e et al., 2012). The
SILVA database (Quast et al., 2013) contains curated and aligned
sets of rRNA gene sequences from various organisms, including
Glomeromycota, but the numbers of sequences are limited.

Glomeromycotan databases

The MaarjAM database (http://maarjam.botany.ut.ee/) is cur-
rently the only curated database dedicated to AMF sequences and
associated metadata. Its sequences serve as a reference dataset for
new sequence identification and the occurrence data repository
provides information about AMF biogeography. MaarjAM

database originally contained only the SSU rRNA gene sequence
data, because it is the most commonly used marker for AMF
diversity surveys (€Opik et al., 2014), but by now it is equally
complete for published sequence data from the remainder of the
nuclear ribosomal cistron (ITS region, LSU rRNA gene), and
also contains protein-encoding genes (actin, beta-tubulin, EF1-
alpha, phosphate transporters, RPB1, RPB2) and mitochondrial
marker sequences (mtLSU) (€Opik et al., 2014; MaarjAM data-
base status November 2014). Only sequences of central fragment
of SSU rRNA gene in MaarjAM are classified into VT.

Metadata

Metadata accompanying sequence data allow others to ask ques-
tions which may go beyond the scope of the original study. For
example, the metadata associated with VT records in the
MaarjAM database revealed distinct distribution patterns of
AMF taxa in different habitats (€Opik et al., 2009), geographic
regions (Moora et al., 2011) and in relation to host range (Mer-
ckx et al., 2012). Therefore, to provide added value to the obser-
vations of individual studies, submissions of metadata to public
repositories should include a minimum number of items (Fig. 1).
Further discussion of metadata guidelines can be found in Teder-
soo et al. (2011) and Nilsson et al. (2011).

Data archiving

Currently, there are many data repositories for environmental
community surveys, but few standard approaches for its archival.
Ideally, the optimal sharing platform should facilitate the sharing
of sequence data, metadata and annotations with other users. The
main features of such a resource should: allow data transfer
directly from a sequencing centre; be open to community or user
contributions; allow data exchange with public data resources;
allow integration of reference datasets; provide geolocalization of
samples; and enable access to voucher specimens. At the time of
writing, there are no archives matching all of these criteria, and
only the NCBI SRA archive provides limited analytic tools
(www.ncbi.nlm.nih.gov/sra) in addition to raw reads storage.

Conclusion

There is no doubt that NGS has transformed the way we
approach AMF community research. The challenge is to tailor it
to the research community’s needs and tackle outstanding issues.
It is essential for the research community to recognize that there is
no single ‘right’ way of conducting innovative AMF molecular
ecology. Rather, there are many alternative approaches that can
be equally informative, and carry their own caveats. It is important
for reviewers and authors to acknowledge the plurality of choices,
and document clear rationale for their decisions. Given the variety
of approaches and platforms currently being used, we suggest that
future datasets will have greater value to the research community
if researchers consider the following points. (1) Provide sufficient
detail about OTU occurrence: Submitting a single, representative
sequence per OTU without frequency information omits valuable
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ecological context. In order to maximize the impact of data from
individual studies, it is essential to record OTU occurrence per
location, host and sample type. (2) Target more geographic regions
and ecosystems: Sequence-based occurrence data of Glomeromy-
cota are strongly dominated by studies from Europe and North
America (€Opik et al., 2010), although focused sampling effort in
less targeted regions and habitats has provided a large increase in
global Glomeromycota species richness ( €Opik et al., 2013).
Therefore, sequences from more locations, habitats and host spe-
cies will further improve the reference datasets in public data
repositories, and contribute to a more complete biogeographic
knowledge about AMF. (3) Generate more informative sequences:
Long sequences that link different markers within a gene region
(e.g. SSU, ITS and LSU markers of AMF) would improve com-
parability of data obtained with alternative markers. (4) Sequence
existing morphospecies: Systematic generation of reference
sequences via deeper sequencing per sample, sequencing multiple
spores per culture, cultures per species and multiple markers
would help link morphospecies with sequence data. These goals
would most easily be fulfilled by targeting existing accessions in
culture collections (e.g. INVAM, BEG etc.), using cloning and
double-stranded Sanger sequencing, with nucleotide variation
mapped by deep sequencing using NGS approaches.

Although NGS has been a boon to AMF community ecology,
it is not the only vehicle for understanding these communities.
As technologies are increasingly transient, it is even more impor-
tant to remember the approaches that came before, and explore
those used in other fields of ecology, because these may hold the
key to answering the questions at hand. Indeed, the most mean-
ingful way forward may require incorporating old approaches,
such as autecology, to make molecular fungal ecology truly rele-
vant (Peay, 2014).
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