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Abstract In this methodological study, we compare 454
sequencing and a conventional cloning and Sanger
sequencing approach in their ability to characterize fungal
communities PCR amplified from four root systems of the
ectomycorrhizal plant Bistorta vivipara. To examine variation
introduced by stochastic processes during the laboratory
work, we replicated all analyses using two independently
obtained DNA extractions from the same root systems. The
ITS1 region was used as DNA barcode and the sequences
were clustered into OTUs as proxies for species using single
linkage clustering (BLASTClust) and 97% sequence similarity
cut-off. A relatively low overlap in fungal OTUs was
observed between the 454 and the clone library datasets —
even among the most abundant OTUs. In a non-metric
multidimensional scaling analysis, the samples grouped
more according to methodology compared to plant. Some
OTUs frequently detected by 454, most notably those OTUs
with taxonomic affinity to Glomales, were not detected in
the Sanger dataset. Likewise, a few OTUs, including
Cenococcum sp., only appeared in the clone libraries.
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Surprisingly, we observed a significant relationship
between GC/AT content of the OTUs and their propor-
tional abundances in the 454 versus the clone library
datasets. Reassuringly, a very good consistency in OTU
recovery was observed between replicate runs of both
sequencing methods. This indicates that stochastic processes
had little impact when applying the same sequencing
technique on replicate samples.
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Introduction

The knowledge about ectomycorrhizal (ECM) community
ecology has increased dramatically since molecular methods
were introduced in this research field some 20 years ago (Pace
1997; Horton and Bruns 2001). Cloning and Sanger
sequencing or direct sequencing of the nuclear ribosomal
internal transcribed spacer (ITS) region from root tips have
been used in numerous studies to characterize ECM
communities (e.g., Tedersoo et al. 2010). In contrary to
animals and plants (Chase and Fay 2009), the ITS region is
now the preferred barcoding region for fungi. The imple-
mentation of next generation sequencing (NGS) technologies
(e.g., 454 pyrosequencing) initiates a new era, enabling
large-scale analyses of these complex and normally species-
rich fungal communities (e.g., Buée et al. 2009; Tedersoo et
al. 2010; Wallander et al. 2010). In addition to providing
qualitative information about the mycorrhizal community
composition, NGS may have the capacity to provide
quantitative information about fungal abundance in the
mycorrhizosphere. However, little is still known about
potential biases involved during NGS analyses. Regarding
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fungi, the number of studies comparing NGS and the more
traditional well-established methods is limited. In a study
where ECM root tips were analyzed by both Sanger
sequencing and 454 pyrosequencing, the two methods
yielded qualitatively similar results, but there were slight,
but significant, differences that affected the taxonomic view
of the fungal communities (Tedersoo et al. 2010). By
molecular analyses of fungi occurring in house dust samples,
Amend et al. (2010a) observed that, at the order level, the
composition of the fungal communities determined from
pyrosequencing data was comparable with that derived from
clone libraries. Regarding the analyses of 16S diversity in
bacterial communities, a low degree of reproducibility was
observed by Zhou et al. (2011) in replicate 454 runs.
Engelbrektson et al. (2010) showed that both amplicon
length and primer pair markedly influenced estimates of
bacterial richness and evenness.

In this methodological study, we evaluate the ability of
454 pyrosequencing to analyze the fungal communities
associated with whole root systems of the ectomycorrhizal
plant Bistorta vivipara (L.) Delarbre, and we compare this
new technology to the well-established approach of cloning
and Sanger sequencing. B. vivipara is one of the few
herbaceous plants that form both ectomycorrhizal and
arbuscular mycorrhizal relationships (see e.g. Hesselmann
1900; Massicotte et al. 1998; Eriksen et al. 2002;
Miihlmann et al. 2008). B. vivipara produces a small and
condensed root system which potentially makes it easy to
analyze the entire root system simultaneously through PCR
with fungal specific primers. It has a wide circumpolar
distribution in arctic—alpine habitats, but in Northern
Europe it also occurs less frequently in lowland grassland
and mire habitats. DNA was extracted from four different
root systems of B. vivipara, and the fungal ITS1 region was
targeted with each sequencing approach.

Materials and methods
Sampling in field

The B. vivipara plants used for this study were collected
from a lowland population in southern Norway (Oslo,
Blankvann, N 60°01'34", E 10°40'14"). The area is
characterized by Cambrian—Silurian bedrocks and calcareous
soil. The locality was a species-rich meadow with a high
number of forbs (25 species were recorded within 6x6 m?),
bordered by coniferous wood. For this particular study, two
plants from the sample plot A (Al and A2) and two plants
from plot B (B1 and B2) were analyzed. Sample plots A and
B were located 3 m from each other. The plants were
brought to the laboratory where the root systems were
carefully washed the same day, first in spring water and then
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in distilled water. We then transferred 80-90% of the entire
root systems to CTAB buffer and stored them at —20°C for
later DNA extraction. The approximate weights of the rinsed
root systems were 0.09 g.

DNA extraction

The roots were crushed in CTAB buffer for 4 min at 20 Hz
using a Retsch TissueLyser. After crushing and CTAB lysis,
each sample was divided into two replicates which were
analyzed in parallel through all the following steps. The
DNA extraction procedure combined a standard CTAB
extraction procedure (Murray and Thompson 1980) with the
cleaning steps of E.Z.N.A. blood DNA kit (Omega Bio-Tek,
Norcross, GA, USA). The resulting DNA extracts were
diluted 10x and subjected to two different PCR amplification
and sequencing techniques: Sanger sequencing of clone
libraries and 454 pyrosequencing.

Cloning and Sanger sequencing

Samples were prepared for cloning and Sanger sequencing
by performing PCR amplification using the fungal specific
primers ITS1F and ITS4 (White et al. 1990; Gardes and
Bruns 1993). PCR was performed on an Eppendorf
thermocycler (Eppendorf AG, Hamburg, Germany) in
25-puL reactions containing 1 pL template DNA and
24 uL reaction mix. Final concentrations were 0.2 mM
dNTP mix, 0.4 uM of each primer, and 0.5 U DyNAzyme
EXT (Finnzymes Oy, Espoo, Finland). The PCR amplifi-
cation program was as follows: 4 min at 94°C, followed
by 35 cycles of 25 s at 94°C, 30 s at 50°C, 2 min at 72°C,
and a final extension step at 72°C for 10 min before
storage at 4°C.

The ITS fragments were cloned with the TOPO TA
Cloning kit (Invitrogen, Paisley, UK) using blue/white
screening according to the manufacturer’s manual, except
that half reaction volumes were used. A total of 48 positive
colonies from each replicate of all four samples (96 from
each plant root system) was subjected to direct PCR with
the M13R/T7 primers using the following PCR conditions:
10 min at 94°C, followed by 30 cycles of 30 s at 94°C,
1 min at 55°C, and 2 min at 72°C, followed by a final
extension at 72°C for 10 min. All PCR products were
sequenced using the ABI BigDye Terminator sequencing
buffer, v3.1 Cycle Sequencing kit (Applied Biosystems,
Carlsbad, CA, USA), and M13R as sequencing primer, and
visualized on an ABI PRISM 3730 Genetic Analyzer
(Applied Biosystems).

All sequence chromatograms were controlled manually in
the program BioEdit Sequence Alignment Editor version 5.0.9
(Hall 1999). The obtained Sanger sequences are accessioned
in GenBank with accession nos. JF§94430-JF§894787.
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454 Pyrosequencing

Samples were prepared for 454 pyrosequencing by
performing nested PCR amplification using the fungal
specific primers ITS1F and ITS4 (White et al. 1990; Gardes
and Bruns 1993) in the first step, and fusion primers
including ITS5 and ITS2 (White et al. 1990) in the nested
step. Fusion primers were constructed by adding eight
different unique 6-bp tags and 454 pyrosequencing adaptors
A and B to ITSS and ITS2, respectively. Tags were added to
both primers and were at least 3 bp different from each
other in both directions. Tags were selected so that a single
error would not result in a sequence being added to the data
for another sample. PCR was performed on an Eppendorf
thermocycler in 25-pL reactions containing 2 puL template
DNA and 24 pL reaction mix. Final concentrations were
0.16 mM dNTP mix, 0.2 uM of each primer, and 0.4 U
polymerase (Phusion, Finnzymes, Vantaa). The PCR
amplification program was as follows: 30 s at 98°C,
followed by 30 cycles of 10 s at 98°C, 20 s at 55°C,
20 s at 72°C, and a final extension step at 72°C for
7 min before storage at 4°C. PCR products were cleaned
with Wizard® SV Gel and PCR Clean-Up System
(Promega, Madison, WI, USA), quantified using Agilent
2100 bioanalyzer (Agilent Technologies, Waldbronn,
Germany), and pooled into equimolar amplicon libraries.
GS FLX sequencing of the tagged amplicons was
performed at the Norwegian High Throughput Sequencing
Centre (http://www.sequencing.uio.no) using one out of 16
lanes of a 454 plate. Moreover, 10,839 454 sequences were
retrieved and submitted to NCBI SRA under accession
number SRP004613. These 454 sequences have also been
used in evaluating our recently published bioinformatics
pipeline CLOTU (Kumar et al. 2011).

Bioinformatics and statistical analyses

We analyzed the sequence data using CLOTU (Kumar et al.
2011), which is available at http://www.bioportal.uio.no. A
fasta file was created including both the clone-based Sanger
sequences and 454 sequences and uploaded to CLOTU.
Sequences with any mismatch against tags, and sequences
lacking ITS2 primer site, or shorter than 150 bp were
removed prior to trimming of adapters and tags. The dataset
was analyzed both excluding and including all sequences
with Ns. Since all sequences including Ns clustered into
frequent OTUs including a high number of sequences (also
including sequences without Ns), we kept also the
sequences with Ns in the further analyses. Notably, none
of the singleton sequences included Ns. Sequences were
clustered with BLASTClust (single linkage clustering) at
97% similarity and 75% coverage of the longest sequence.
The longest sequence from each cluster was used for BLASTn

searches (Altschul et al. 1997). A downloaded version of
NCBI/GenBank was used as the reference library.

One of the singleton OTUs recovered by 454 sequencing
had 100% match and 100% coverage in ITS1 against ITS
GenBank accessions of the wood decay polypore Gloeo-
porus taxicola. Molecular analyses on this taxon were
concurrently conducted in the laboratory and, hence, this
singleton OTU was considered a result of contamination
and omitted from further analyses.

OTU community composition was analyzed with two-
dimensional non-metric multidimensional scaling (NMDS;
Venables and Ripley 2002; Oksanen et al. 2008), using
square-root transformed OTU abundance data. The 16
samples (four root systems, two replicates of each, analyzed
with two sequencing methods) were located in the
ordination space according to the pair-wise dissimilarities
(Jaccard index; Chao et al. 2005) of community composi-
tion. The effect of sequencing method was tested with a
permutation test (Oksanen et al. 2008).

Results

In the 454 dataset, 222 sequences were removed because of
tag-match failure and 186 because of failure to identify
primer ITS2 at the beginning of the sequence. Only one
sequence was filtered out for being too short (<150 bp). A
total of 10,430 454 and 358 clone-based Sanger sequences
were retained for further analyses after quality assessment.
Using a 97% cut-off, the sequences clustered into 57 OTUs,
of which 22 represented singletons. All OTUs along with
their best BLAST hits and distribution on the plant root
systems/replicates are shown in Table S1.

In total, 52 OTUs were recovered by 454 sequencing and
17 by cloning/Sanger sequencing. Eighteen (34.6%) and six
(35.3%) of these appeared as singletons in the two datasets,
respectively. In Fig. 1, results from an NMDS ordination of
the 16 samples are depicted, which shows that the
composition of fungal OTUs in replicate runs using the
same sequencing method are very similar to each other.
Regarding the most frequent OTUs (=5 reads), all OTUs
were recovered in all pairs of 454 replicates, except one
(Table S1). A high consistency was also observed between
the clone library replicates when it comes to the most
frequent clone library OTUs (=3 reads) (Table S1). More-
over, the quantitative data showed a high consistency in
recovering the abundances of the most frequent OTUs
(Fig. 2). As can be seen in Fig. 2a, b, there was a high
correlation between the replicate runs when it comes to the
OTUs’ number of reads.

The NMDS analysis further shows that the samples
group more by sequencing method than by host plant and,
hence, that the two methods reveal partly different
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° Glomeromycota OTUs appeared among the 16 most
N ° Ae abundant in the 454 dataset. In opposite, one OTU with
S A good match to an accession of Cenococcum geophilum
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é) =3 libraries (six sequences obtained from one root system).
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31 clone libraries (linear regression, p=0.04). Typically, OTUs
04 02 0.0 02 0.4 with high GC content were more abundant in the clone

NMDS1

Fig. 1 NMDS ordination plot where the 16 different samples are
placed according to composition of OTUs in and across the samples.
The two plots A and B are separated along NMDS1 while the
sequencing method falls together with NMDS2. Hence, the distribu-
tion of samples shows that there is a major effect of sequencing
method (454 versus cloning/Sanger)

communities (permutation test, R*=0.84, p<0.001). Only
12 OTUs were shared across the two datasets. Also, when it
comes to the most frequently detected OTUs (defined as
having >5 454 reads and >3 Sanger reads), less than half of
the OTUs were recovered by both methods. However, the
two most abundant OTUs, detected in two plants, were
the same in both datasets. Concerning the more rare
OTUs (<5 454 reads and <3 Sanger reads), only one out
of 37 OTUs was detected by both methods (Table S1). In
Fig. 3, the abundance of the 12 most abundant OTUs is
shown across the 16 samples, also illustrating that a good
consistency most often was observed between replicates
involving the same technique, while the results often
diverged between the 454 and the clone library approach.

libraries while OTUs with relatively high AT content were
more abundant in the 454 dataset.

Notably, all singleton OTUs recovered by 454 sequencing,
except two, represented novel taxa (as judged by the BLAST
matches) not recovered by the non-singleton OTUs
(Table S1). Most of these singleton OTUs had high sequence
coverage and BLAST matches against various GenBank
accessions (Table S1) and should therefore not be considered
as sequencing artifacts. No signs of sequencing errors could
be traced in the alignments including the singletons and their
closest GenBank matches. Moreover, the two singleton
OTUs having the same BLAST hits as two non-singleton
OTUs seem not to be a result of sequencing errors as these
two sequences diverged by multiple polymorphisms not
associated with homopolymer stretches.

Discussion
We observed several discrepancies between the 454 and the

clone library datasets in OTU recovery. Although some of
the differences certainly are due to the highly divergent
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Fig. 2 Number of sequence reads in the various OTUs obtained
during the replicate runs. a Number of reads for OTUs obtained in the
454 replicate runs. b Number of reads for OTUs obtained in the clone
library replicates. ¢ Average number of reads obtained for OTUs in the
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two 454 replicate runs plotted against the corresponding average
number of reads obtained in the clone library replicates. All the three
linear regressions were highly significant (p<0.0001)
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Fig. 3 Abundance of sequence reads in the 12 most abundant OTUs
across the 16 samples. Square root-transformed proportional data
are plotted on the y-axis (i.e., the proportional abundance of each

number of sequences obtained (10,430 454 sequences
versus 358 clone-based Sanger sequences), this cannot be
the sole cause, as some of the overall most abundant OTUs
obtained from 454 sequencing were not found in the clone
libraries. It is interesting to note that several OTUs with
affinity to Glomeromycota were not recovered in the clone
libraries. On the contrary, one OTU with high similarity to
C. geophilum did not show up in the 454 dataset although it
was detected in both the clone library replicates of root
system Al. Also, some OTUs with affinity to Thelephor-

OUT in each sample). 4sterisks indicate plants where a significant
deviation from even distribution was found, as judged by chi-square
tests (p<0.05)

aceae had a disproportionately low number of reads in the
454 dataset compared to the clone libraries. Notably, the
same primers (ITS1F and ITS4) were used in the first PCR
in the 454 setup as in the PCR for the clone libraries. The
454 sequencing setup included one additional nested PCR
step using the tagged primers ITS5 and ITS2. In theory, the
primers ITS5 and ITS2 causes limited biases during
amplification (Bellemain et al. 2010) and should amplify
Glomus, Cenococcum, and Thelephoraceae. Nevertheless,
we cannot rule out that the extra nested PCR step may have

@ Springer



Mycorrhiza

60

Proportional higher
abundance in the
55] Sanger dataset

Proportional higher
abundance in the
454 dataset

<— i —>

50

45

GC content

401

35

30

-6 -4 -2 0 2 4 6 8
Proportional difference (%)

Fig. 4 Plot of GC content against the proportional difference of OTUs
in the 454 dataset and the clone libraries. Only OTUs with >10 reads
in total are plotted. Typically, OTUs with a high GC content are
overrepresented in the clone libraries while OTUs with a low GC are
underrepresented. A significant relationship was observed in linear
regression analysis (p=0.037)

caused some of these differences. But the extra PCR step
cannot explain why Glomus was present in the 454 data
and absent in the clone libraries. Notably, the chance for
not picking up Glomus in the clone libraries is extremely
low (7.0x107%). The fact that 454 performed poorly in
detecting Cenococcum and Thelephoraceae is quite alarm-
ing, given how widespread, abundant, and ecologically
important these fungal taxa are. We have currently no
other plausible explanations for the observed differences
in the recovery of Glomeromycota, Cenococcum, and
Thelephoraceae. The putative biases should preferably be
analyzed more in-depth in further experiments where a
nested PCR step is avoided.

Tedersoo et al. (2010) and Amend et al. (2010b) also
compared the ability of 454 and cloning/Sanger sequencing
in analyzing the fungal diversity in environmental samples.
At least at a higher taxonomic level (order level), Amend et
al. (2010b) did not observe significant differences between
the fungal communities recovered from 454 versus cloning/
Sanger sequencing. Tedersoo et al. (2010) observed that
pyrosequencing and the traditional identification method
(direct Sanger sequencing of amplicons from root tips)
revealed a roughly similar phylogenetic structure in the
analyzed ECM fungal community. Like in the present study,
Tedersoo et al. (2010) observed that the ITS of several taxa
was not captured by the traditional approach and that some
taxa also were missed out using 454 pyrosequencing. Avis
et al. (2010) analyzed artificial pooled fungal communities
and compared the ability of the techniques T-RFLP, ARISA,
and cloning/Sanger sequencing to recover the known fungi.
In general, significantly distorted descriptions of the fungal
communities were obtained, but when they increased the
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number of analyzed clones per sample (to on average of 92)
they recovered on average 90% of the species.

Reassuringly, a high consistency was observed between
the replicate runs of the 454 analysis and the clone-based
Sanger sequencing, both in terms of which OTUs were
recovered and the number of reads per OTU. Hence, little
differences, both quantitatively and qualitatively, have been
introduced between the replicate 454 and clone library/
Sanger runs. This indicates that when using the same
methodological setup, one may compare the relative
abundance of a single OTU between samples. The actual
number of sequences produced does not necessarily reflect
the actual quantitative abundance of that OTU, but one may
estimate the relative contribution of a single OTU between
multiple samples. Notably, the analyzed samples in this
study were probably relatively species poor compared to
samples from many other fungal communities (e.g.,
Jumpponen and Jones 2009). We acknowledge that the
consistency between replicate runs might depend on the
diversity and complexity of the fungal community in
question. For example, in cases where a high number of
different fungi (and PCR templates) are present with
approximately similar concentrations, a higher level of
stochasticity during PCR might have a higher impact.
Rather opposite to our findings, Zhou et al. (2011) observed
a low reproducibility in replicate 454 runs of 16S amplified
from bacterial communities, which might relate to a higher
complexity in the bacterial communities.

It must be emphasized that with our methodological
setup, we were not able to illuminate the preferential
extraction/amplification/sequencing of certain taxa above
others co-occurring in the samples. For example, the
number of ntDNA copies, which is known to differ both
between and within fungal species (see e.g. Pukkila and
Skrzynia 1993), might have great influences on the number
of reads recovered (Amend et al. 2010b).

Surprisingly, we observed a significant relationship
between the GC content and the proportional abundances
of OTUs in the 454 and the clone libraries. However, only a
small part of the total variation (R*=0.23) was accounted
for by the linear relationship. It is generally acknowledged
that ATrich sequences are preferentially PCR amplified due
to lower melting temperature, but this can apparently not
explain our results, as both datasets are generated through
PCR. It has also been hypothesized that GC-rich fragments
are more difficult to clone, but this should lead to opposite
trends compared to our observations. More in-depth experi-
ments are needed to fully understand the mechanisms
behind the observed trend.

Interestingly, most of the singleton OTUs recovered by
454 sequencing seemingly represented unique fungal
lineages not represented among the non-singleton OTUs.
In their methodological study, Tedersoo et al. (2010)
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concluded that most of the singletons were caused by
sequencing artifacts. However, our results indicate that it
might be problematic to ascribe singletons mainly to
sequencing and/or PCR errors.

In this study, we have shown that different sequencing
techniques may recover different parts of the fungal
communities residing in ECM root systems. A high
consistency was found between replicate runs using the
same sequencing techniques, both in terms of which
OTUs were recovered and the number of reads per OTU.
We also found indications that the AT/GC composition of
the sequences influences their recovery rate. Moreover,
our results indicate that singleton OTUs might represent
unique fungal lineages and not just sequencing errors.
Lastly, we encourage researchers to include at least a few
replicates during their 454 analyses to control for
experimental stochasticity. So far, this has mostly been
neglected in 454 pyrosequencing studies of fungal
communities.
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