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Arbuscular mycorrhizal (AM) fungi form mutualisms with plant
roots that increase plant growth and shape plant communities. A
single AM fungal cell contains a large amount of genetic diversity
but it is unclear how this diversity may vary across AM fungal lin-
eages. To address this, we sequenced the nuclear ribosomal large
subunit (LSU; 28S) gene from 21 species of phylogenetically diverse
AM fungi. We then applied a novel multidimensional scaling (MDS)
method and found that groups of similar sequences corresponded
well with genus-level clades on the rRNA gene tree. Sequences
from each species also generally formed monophyletic groups,
with the exception of incomplete lineage sorting of sequence
variants in the genera Claroideoglomus and Entrophospora. The
level of sequence variation differed significantly between genera
and also across the phylogeny. We used these patterns of se-
quence variation coupled with the MDS visualization to assess the
accuracy of four different sequence clustering methods in delineat-
ing operational taxonomic units (OTUs) for species from different
genera. The clustering methods AbundantOTU and CROP were
consistently more accurate than mothur or UPARSE, although no
clustering method gave OTUs that reliably approximated species-
level groups. This lack of OTU-to-species correspondence resulted
both from sequences of one species being split into multiple OTUs,
and from sequences of multiple species being lumped into the
same OTU. Using OTUs to identify putative AM fungal species from
environmental samples will therefore result in biased richness
estimates, and the direction of this bias will depend on the genera
that are present in the sample.

Genetic polymorphism | Arbuscular mycorrhizal (AM) fungi | Incomplete
lineage sorting | Sequence clustering | Multidimensional scaling

Introduction
Sequences of the phylogenetically-informative nuclear ribosomal
RNA (rRNA) gene have revolutionized our understanding of
microbial diversity. They have been instrumental both in the
discovery of microbial groups, including the kingdom archaea (1),
and also in clarifying their evolutionary relationships. When used
in combination with high-throughput sequencing, rRNA gene
sequences have provided critical insights intomicrobial communi-
ties and their dynamics in a wide range of environments, including
marine microbes (2) and the microbiomes found within other
organisms (3). rRNA gene sequences are a powerful, culture-
independent way to better understand the genetic diversity of
microbes; this is especially valuable in poorly described groups
like arbuscular mycorrhizal (AM) fungi that form mutualisms
with plant roots.

AM fungi (phylum Glomeromycota) are a widely distributed
and ecologically important group of microbes that form mutu-
alisms with the roots of most terrestrial plant species (4) and
can shape plant communities in grassland ecosystems (5-7). Com-
munities of soil-dwelling fungi are genetically and functionally

diverse (8), and AM fungi have an exceptionally high amount
of rRNA gene sequence variation compared to other fungal
phyla (9). However, in contrast to most other microbes including
bacteria and archaea, this sequence variation can occur within a
single multi-nucleate cell of an AM fungal individual (10, 11).

The large amount of intra-organismal sequence variation in
AM fungi presents challenges when attempting to use rRNA
gene trees to better understand species relationships. Currently,
morphology-based concepts of AM fungal species have generally
been supported by rRNA gene trees (12-14), but these trees have
been constructed using a limited amount of sequence variation.
While the recent genome sequencing of isolates in the genus Rhi-
zophagus has furthered our understanding of the range of genetic
variation in AM fungi (15-17), it remains largely unknown how
this genetic variation may itself vary between different evolution-
ary lineages. Justifiably, the most comprehensive phylogeny to-
date (18) prioritized a taxonomically broad sampling at the cost of
limiting the amount of sequence variation sampled within species.
However, it is not currently known whether this phylogeny is
robust to the inclusion of more of the inherent genetic variation
that occurs within AM fungal species.

Determining how the amount of sequence variation may
differ among species of AM fungi is important to more accurately

Significance

Arbuscular mycorrhizal (AM) fungi form important mutualisms
with the roots of most plant species. Individual AM fungi are
highly genetically diverse, but it is unclear whether the level
of this diversity differs between evolutionary lineages. We
find that sequence variation in AM fungi significantly varies
between evolutionary lineages that correspond to genera, and
that there is incomplete lineage sorting of this diversity among
species in one genus. These consistent patterns of genetic
diversity resulted in either an upward or downward bias in the
correspondence between operational taxonomic units (OTUs)
and species depending on the genus. Identifying putative AM
fungal species from environmental samples using either OTUs
or other sequence similarity-based methods should therefore
take this taxonomically-structured genetic variability into ac-
count.
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Fig. 1. Correspondence between the phylogenetic tree (left) and two
different views of the MDS clustering (right) for sequences from 21 species
of AM fungi colored by genus. Branches within genera on the phylogenetic
tree are collapsed for clarity, but each sequence is represented as a point in
the MDS visualization.

determine species composition from environmental samples. Dif-
ferent species of AM fungi, as determined by the morphology
of their resting spores, can be functionally distinct (19) and
the composition of AM fungal communities can change during
ecological succession (20). However, it is necessary to use DNA
sequences from roots in order to identify the AM fungal species
that have active mycorrhizal associations with plants. Analysis of
these sequences typically relies on clustering similar sequences
into operational taxonomic units (OTUs), and assumes that the
sequence variation contained in a single species is approximated
by each OTU (21-23).

For AM fungi the assumption that each OTU corresponds to
a different species is largely untested, and may be incorrect given
the large amount of intra-organismal sequence variation they
contain. For studies of bacteria, including a ‘mock community’ of
DNA from various strains with known OTU compositions in a
sequencing run has allowed the evaluation of sequence clustering
methods (24) and the assessment of the accuracy of OTU clus-
tering for environmental samples (25). This ‘mock community’
approach has not been used for AM fungi. Rather, investigators
have compared the utility of clustering programs for environmen-
tal samples by testing the correlation between specific OTUs and
environmental variables (22, 26, 27). These studies, however, rely
on the linked assumptions that environmental factors are corre-
lated with functional traits of AM fungi that are detectable using
rRNAgene sequences, and that those functional traits themselves
are correlated with different AM fungal species, either of which
may not be true. Moreover, the high level of intra-specific and
intra-organismal sequence variation in AM fungi may violate
an essential assumption of clustering sequences into OTUs -
that all sequences from the same species form a monophyletic
group on the gene tree. This assumption of sequence monophyly
within species has not been tested in a comprehensive way across

Fig. 2. Comparisons of sequence similarity between the gene tree and
heatmaps of pairwise sequence similarity for species in the Gigasporaceae
(top row), Rhizophagus (center row), and Claroideoglomus/Entrophospora
(bottom row), with each species in the group being represented by the
same color in both the gene tree and the heatmap. In the heatmap for
Claroideoglomus/Entrophospora, sequences from gene history 1 are marked
by pink circles and those from gene history 2 are marked by black squares.

AM fungal groups, but recent work has called it into question,
especially for the genus Claroideoglomus (28, 29).

Here we first evaluated the range of sequence variationwithin
isolates of AM fungi distributed across 21 morphologically de-
fined species by pyrosequencing the nuclear large subunit (LSU;
28S) rRNA gene from resting spores. This taxonomically broad
sampling allowed us to determine the extent to which the rRNA
gene tree based on few sequences (18) is representative of the
range of genetic diversity present in individual species of AM
fungi. We used a novel multidimensional scaling (MDS) method
that we developed (30, 31) to visualize the sequence variation
in the dataset and to compare it with evolutionary relationships
inferred by the gene tree. We then tested whether there are
taxonomic or phylogenetic patterns in the distribution of se-
quence variation across AM fungi. Finally, we used this range of
variation together with theMDS visualizationmethod to evaluate
how accurately the OTUs generated by four different sequence
clustering methods match the known species composition. These
methods represented three distinct types of clustering algorithms:
1) Greedy (or top-down: AbundantOTU (32) and UPARSE (33),
and 2) Hierarchical (or bottom-up: mothur (34)), algorithms that
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Fig. 3. Phylogenetic differences in nucleotide diversity (π; left) as well as
both rarefied OTU richness (middle) and OTU diversity (right) for each of
the four clustering methods: AbundantOTU (A), CROP (C), mothur (M), and
UPARSE (U) for all species and geographic isolates. The rooted phylogeny was
made using representative extended sequences (∼675 bp) from each species.
The leaves are colored by genus to match Fig. 1 and genera are abbrevi-
ated as follows: Par: Paraglomus, Amb: Ambispora, Arc: Archaeospora, Cla:
Claroideoglomus, Ent: Entrophospora, Rhi: Rhizophagus, Sep: Septoglomus,
Fun: Funneliformis, Scu: Scutellospora, Gig: Gigaspora, Den: Dentiscutata,
Cet: Cetraspora, Rac: Racocetra, Pac: Pacispora, Div: Diversispora,and Aca:
Acaulospora.

require a defined sequence similarity threshold, as well as 3) a
Bayesian clustering algorithm (CROP (35)) that does not.

Methods
Sequences were primarily obtained from resting spores of 21 species of AM
fungi from soil-based cultures. Four species were represented by multiple
geographic isolates, and eight species had multiple independent DNA ex-
tractions. Spore surfaces were cleaned before crushing, and spore contents
served as DNA template to amplify the phylogenetically informative D2
region of the LSU rRNA gene, which was then pyrosequenced (454, Roche).
Sequences were subjected to stringent quality screening and chimeric se-
quences were removed using UCHIME (36). These sequences were then sup-
plemented by sequences from GenBank and from the most comprehensive
AM fungal phylogeny to-date (18) to add taxonomic breadth for phylogeny
construction. We followed the consensus names for AM fungal genera
proposed by (14), except for Claroideoglomus and Entrophospora, which we
grouped together (see results and discussion). See the supplemental methods
and Table S1 for more detail about accessions and sequencing methods.

Sequence variation was directly visualized in three-dimensions using
a novel MDS visualization algorithm (30), with each sequence represented
by an individual point. To compare patterns of sequence similarity with
evolutionary relationships, we interpolated a maximum likelihood phyloge-
netic tree constructed using RAxML (37) into the MDS visualization using
a neighbor-joining algorithm we developed previously (31). To delineate
OTUs among the sequences, we clustered the dataset using AbundantOTU,
mothur, and UPARSE with 97% sequence similarity thresholds using default
settings, and using CROP with parameter values meant to approximate a
97% similarity threshold. To visually compare the extents of the resulting
OTUs, we color-coded the point representing each sequence in the MDS
visualization according to its OTU membership. We used the adjusted Rand
index to quantify how accurately the OTUs produced by each clustering
method compared to the known species composition.

For each 454 barcode, which represents sequences from different
species, geographic isolates, or replicate DNA extractions, we calculated: per-
site nucleotide diversity (π), and as well as both the number of OTUs in
which sequences from each barcode appeared, standardized by sequence
number (rarefied OTU richness), and the Shannon diversity index of the
number of sequences from each barcode contained in each OTU (OTU
diversity) repeated for each clustering method. We used mixed models to
determine how these three metrics varied across taxonomic groups, and
tested for phylogenetic signal in them by adapting a linear regression-based
approach developed to estimate the heritability using genetic markers (38)
(See supplemental methods).

Results
rRNA gene tree closely corresponds to the MDS visualization

The gene tree from a representative set of consensus se-
quences generally assigned sequences from each genus to a single
monophyletic group with the exception of Rhizophagus (Fig. 1A).
Genus-level clades on the gene tree closely matched the MDS
visualization of variation among all sequences due to the tree
topology connecting clusters of sequences from the same genus
with branches derived from relatively shallow nodes close to the
leaves (Fig. 1B and C). In both the MDS visualization and the
gene tree, sequences from Entrophospora infrequens and those
from Claroideoglomus species were indistinguishable from each
other, and we therefore consider them to be in the same genus.

Test of monophyly of rRNA sequences within species
For the Gigasporaceae (genera Scutellospora, Racocetra, Gi-

gaspora, Cetraspora, and Dentiscutata), sequences from each
species consistently formed monophyletic groups (Fig. 2A). This
pattern of monophyly was also evident in the heatmap of pairwise
sequence divergence between randomly selected sequences that
was calculated independently of the phylogeny: sequences from
the same species (triangular tiles on the diagonal), were most
similar to each other, followed by sequences from closely related
species (square tiles near the diagonal) (Fig. 2B). This pattern was
also apparent for species in the genus Rhizophagus (family Glom-
eraceae) despite the larger amount of intraspecific sequence
variation in this group indicated by less consistent blocks of color
in the heatmap (Fig. 2C-D).

In contrast, sequences from species in Claroideoglomus and
Entrophospora did not always form monophyletic groups on the
gene tree (Fig. 2E). All sequences from C. etunicatum (green)
and C. luteum (yellow), as well as a subset of sequences from C.
claroideum (light orange: Arizona isolate; dark orange: Indiana
isolate) and E. infrequens (light blue: Arizona isolate; medium
blue: California isolate; dark blue: Indiana isolate) that group
most centrally in the MDS visualization (Fig. S1) form a clade on
the gene tree (referred to here as ‘Gene history 1’; Fig. 2E top).
Sequences from C. claroideum (excluding the Arizona isolate)
and E. infrequens that are more peripheral in the MDS visual-
ization (Fig. S1) also branch basally on the gene tree (referred
to here as ‘Gene history 2’; Fig. 2E bottom). The checkerboard
pattern in the heatmap of pairwise sequence divergence for these
two species indicates sequences from the same gene history are
more similar to each other than to sequences from the alternate
gene history regardless of the geographic isolate in which they
are found (Fig. 2F). In this group there is also more sequence
homogeneity within species, geographic isolate, or gene history
compared to within species in the Gigasporaceae or Rhizophagus
as indicated bymore solid blocks of color in the heatmap (Fig. 2B,
D, andF). Interestingly, sequences fromE. infrequens consistently
shared a single nucleotide polymorphism (SNP) compared to C.
claroideum across all gene histories and geographic isolates.

Distribution of rRNA sequence variation across the phylogeny
There were substantial differences in nucleotide diversity (π)

for species across the AM fungal phylogeny (Fig. 3), and those
differences were correlated with observed rarefied OTU richness
(number of OTUs) and OTU diversity (equality of sequence
numbers among OTUs) (Fig. S2). The phylogenetic patterns in
OTU characteristics were usually consistent regardless of cluster-
ing method, although AbundantOTU and CROP generally gave
significantly lower values of both rarefied OTU richness (F3,204
= 10.61, p < 0.0001) and OTU diversity (F3,204 = 8.03, p <
0.0001) per species compared to mothur or UPARSE, except for
the comparison between AbundantOTU and UPARSE for OTU
richness (Tukey’s HSD p = 0.21).

A large and statistically significant amount of the variance
in both nucleotide diversity and rarified OTU richness was ex-
plained by genus regardless of clustering method used (Table 1).
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Table 1. Amount of variance in nucleotide diversity (π) and rarefied OTU richness explained by genus and species, as well as the
variance explained by all phylogenetic relationships across each of the four clustering methods. Total variance is the sum of s2

Genus,
s2

Species, and the variance explained by geographic isolate within species (s2
Isolate; not shown). The percentage of s2

Total explained by
genus and species is noted, as is the phylogenetic heritability, h2. Values in bold are significant at the α<=0.05 level.

Total Genus Species Phylogeny

s2 s2 % s2 % s2 h2

π 4.19×10-4 (1.73× 10-4) 3.36×10-4 (1.67×10-4) 80 0.0 0 2.76×10-6 0.07
OTU richness AbundantOTU 2.199 (0.882) 1.922 (0.863) 87 0.0 0 0.312 0.14

CROP 1.714 (0.711) 1.493 (0.697) 87 0.0 0 0.226 0.13
mothur 5.551 (2.436) 4.362 (2.121) 79 0.057 (0.874) 1 0.600 0.11
UPARSE 1.983 (0.867) 1.506 (0.821) 76 0.0 0 0.396 0.20

However genus only explained a significant amount of the vari-
ance in OTU diversity when the sequences were clustered with
AbundantOTU or mothur (Table S1). A significant though small
proportion of the total variance inOTU richness and diversity was
explained by phylogeny regardless of clustering method, but this
was not the case for nucleotide diversity (Table 1 and S1).

Comparison of clustering methods
Although sequences from each species in the Gigasporaceae

and Rhizophagus generally grouped separately in the MDS visu-
alization (Fig. 4A and F), the increased intraspecific variation in
Rhizophagus (Fig. 2D) is evident in the wider spread of sequences
from each species. For these groups, none of the four sequence
clustering methods consistently gave a single OTU for each AM
fungal species (Fig. 4). We observed both ways in which OTUs
can fail to correspond to species-level groups of sequences: 1)
Sequences from a single species were split into multiple OTUs,
particularly for the three Rhizophagus species (Fig. 4 F-J), and
2) sequences from two different species were combined into a
single OTU, especially for sequences from D. erythropus and
D. heterogama in the Gigasporaceae, colored orange and red
respectively (Fig. 4A) that were assigned to the same OTU by
AbundantOTU and CROP (Fig. 4B and C). OTUs that lumped
sequences from different species together also occurred in the
Claroideoglomus/Entrophospora group (Fig. S1) as expected given
that rRNA sequences in these species are not monophyletic (Fig.
2E).

Generally, we found closer visual correspondence between
OTU delineations (Fig. 4B-E and G-J) and species boundaries
(Fig. 4A and F) in the Gigasporaceae than in Rhizophagus, and
this was corroborated by the adjusted Rand index of clustering
fit for each clustering method being substantially higher for the
Gigasporaceae than for Rhizophagus (Fig. 4). AbundantOTU
and CROP each gave similar correspondence between OTUs
and species boundaries, and both clustering methods were more
accurate compared to either mothur or UPARSE for both AM
fungal groups (Fig. 4).

Discussion
Sequence variation in AM fungi is generally monophyletic

The novel use of MDS to visualize sequence differences in
large datasets from multiple species allows visual comparisons
to be made between the range of sequence variation and both
projected phylogenies and OTU delineations determined using
various sequence clustering methods. Our gene tree, made using
a large amount of the sequence variation contained in the 21
species we surveyed (Fig. 1A), generally agreed with the current
consensus genus-level phylogeny of AM fungi (14) and the most
current AM fungal rRNA gene tree (18). Furthermore, the over-
all concordance between our AM fungal rRNA gene tree and
the MDS visualization of all sequences (Fig. 1B) is consistent
with the fact that sequence variation within both species and

genera is generally monophyletic regardless of the magnitude of
that variation (Fig. 2A-F). The notable exception to this general
agreement between the MDS visualization and the phylogeny is
the Claroideoglomus/Entrophospora clade.

Claroideoglomus and Entrophospora form one group that con-
tains incomplete lineage sorting of rRNA gene sequence variation

Sequences from species in both Claroideoglomus and En-
trophospora did not correspond to separate clades on the gene
tree, and because of this we identify both genera as a single
group. Species within this group aremorphologically well defined.
For example, asexually produced spores of E. infrequens have a
different developmental sequence and a unique wall structure
compared to spores from Claroideoglomus species. However,
species in this group show little genetic differentiation over the
portion of the LSU rRNA gene used here (Fig. 2E and F), and
there is less background variation within species compared to the
Gigasporaceae or Rhizophagus (Fig. 2B,D, and F). Previous stud-
ies have also documented a lack of genetic distinction between
Claroideoglomus species (28, 29), but have not included E. infre-
quens in their analysis, nor has themost comprehensive phylogeny
of AM fungi published to-date (18). Within Claroideoglomus
species, previous work has also demonstrated the presence of two
evolutionary lineages in rRNA gene sequences (‘L’ and ‘S’ vari-
ants) (29). The PCR primer set used in this study only amplified
the ‘L’ sequence variants due to primer site mismatches with ‘S’
variants. Most ‘L’ variant sequences from (29) represent ‘Gene
history 1’, but 9% (17 of 195) of sequences represent ‘Gene history
2’, including five sequences fromC. luteum, suggesting this species
is subject to the same incomplete lineage sorting of sequence
variants that we observed for E. infrequens and C. claroideum
(Fig. 2E and S1). The stronger similarity of sequences from each
gene history in E. infrequens and C. claroideum compared to
sequences from the same geographic isolate (Fig. 2F) suggests
that this pattern of incomplete lineage sorting is due to the stable
coexistence of both sequence types in these species. Despite this,
E. infrequens is likely to have a single origin as indicated by a SNP
that differs from all Claroideoglomus species in our dataset and
all but six sequences of C. etunicatum from (29), and this allows
its sequences to be differentiated from those of other species in
the group.

Sequence variation differs across genera and the phylogeny
We find strong evidence that the amount of genetic variation

in AM fungi varies at the genus level, as indicated by patterns
of nucleotide diversity, OTU richness, and OTU evenness (Fig.
3, Table 1). The fact that genus account for more variation in
nucleotide diversity and both of the OTU metrics than the full
structure of the phylogeny is perhaps surprising, but can be clearly
illustrated with the genus Rhizophagus. Species in Rhizophagus
have high nucleotide diversity, OTU richness, and OTU diversity
(Fig.s 2, 3), while species from the sister clade of Septoglomus
and Funneliformis have markedly lower variation in all three
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Fig. 4. MDS visualizations of OTU clusters for: left column – species in the
family Gigasporaceae and right column – species in the genus Rhizophagus;
for both columns the sequences (points) in the top row are colored by the
species they were isolated from (the same colors are used as in Fig. 2), and the
remaining rows (top to bottom) show the same sequences colored by OTU
(with >10 sequences) for each of the four clustering methods: AbundantOTU
(second row), CROP (third row), mothur (fourth row), and UPARSE (fifth row).
The adjusted Rand index values that in the bottom right-hand corner of each
OTU panel quantify the fit of the OTU delineations compared to the known
species attribution for each sequence. Larger adjusted Rand index values
indicate that sequences originating from the same AM fungal species were
more accurately grouped together into the same OTU: all four clustering
methods had greater accuracy for the Gigasporaceae with its smaller amount
of intraspecific variation compared to Rhizophagus, but AbundantOTU and
CROP were consistently more accurate than mothur or UPARSE for either
group.

metrics (Fig. 3). The lower predictive power of the full phylogeny
compared to genus indicates that sequence variation is a trait that

evolves quickly relative to the deep history represented by theAM
fungal phylogeny.

Comparison of Clustering Methodologies
The relationship between rarefied OTU richness and actual

species richness varied across genera. Given the generally large
amount of intraspecific sequence variation present among AM
fungal species (10, 11) (Fig. 2B andD), we expected the clustering
methods to generate multiple OTUs for each biological species.
This was generally the pattern we found, with sequences from the
same species placed into multiple OTUs, especially for Rhizoph-
agus with its increased amount of intraspecific variation (Fig. 2B
and Fig. 4G-J). Compared to species of Rhizophagus, species in
theGigasporaceae contained less intraspecific variation (Fig. 2B),
and their OTUs better matched species-level groups, as indicated
by a combination of lower OTU richness (Fig. 3A), lower OTU
diversity (Fig. 3B), and higher adjusted Rand index values (Fig.
4B-E).

However for genera with both little intra- and interspecific
variation, sequences from each species were not always assigned
to separate OTUs. Although sequences from D. erythropus and
D. heterogama (colored orange and red, respectively in Fig. 2
and 4A) formed monophyletic groups (Fig. 2B and C), sequences
from both species were lumped into the same OTU by Abundan-
tOTU andCROP, the two clusteringmethods that were otherwise
the most accurate (Fig. 4B and C). Sequences from separate
species in the Claroideoglomus/Entrophospora group were also
lumped together into the same OTU (Fig. S1) due to a com-
bination of low interspecific sequence variation (Fig. 2F) and
incomplete lineage sorting (Fig. 2E), with sequences from each
evolutionary group (gene history) clustered together regardless of
species identity (Fig. S1). An essential assumption of all sequence
clustering methods is that sequences from each species form a
monophyletic group on the gene tree, and therefore no clustering
method will be able to accurately create species-level OTUs in
the presence of incomplete lineage sorting. We demonstrate that
the number of OTUs cannot reliably estimate the number of
AM fungal species contained in any given sample because not
all sequences from known species of AM fungi were consistently
grouped together into the sameOTU. Furthermore, the direction
of this bias in OTU-based estimates of species richness was not
consistent across AM fungal genera.

While no clustering method created OTUs that reliably ac-
commodated the genus-specific differences in sequence variation,
AbundantOTUandCROPperformed nearly identically andwere
substantially more accurate than either mothur or UPARSE both
across the AM fungal phylogeny (Fig. 3) as well as across a
range of intraspecific sequence variation in the Gigasporaceae
and Rhizophagus (Fig. 4). With the exception of D. erythropus and
D. heterogama discussed above, OTUs from AbundantOTU and
CROP also bettermatched the range of sequence variation within
each species compared to those from mothur and UPARSE as
determined from visual comparisons and their larger adjusted
Rand index values (Fig. 4). CROP was the only method tested
here that uses Bayesian inference to delineate OTUs instead of a
fixed sequence similarity cutoff (35) and it is therefore surprising
that its results were largely indistinguishable from those of Abun-
dantOTU using a 97% sequence similarity threshold.

Implications for environmental sequencing
Interpretations of environmental sequence data should be

guided by knowledge of how AM fungal sequence variation is
distributed across taxonomic groups, and how different clustering
methods delineate OTUs based on that variation. Several eval-
uations and guidelines for determining AM fungal community
composition from environmental samples have recently been
published (39-41), but they do not accommodate systematic dif-
ferences in the amount of intraspecific sequence variation across
the sampled taxonomic groups. Caution should also be exer-
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cised when assigning taxonomic attributions to environmental
sequences using phylogenetic differentiation such as the GMYC
(26) and PTP (42) methods, or using entities like the virtual
taxa that are represented by voucher sequences in the MaarjAM
database (21, 27, 43) on the basis of phylogenetic monophyly and
high sequence similarity (26). For example, these methods would
consistently under-represent the diversity of groups like the Gi-
gasporaceae that has both low intra- and interspecific sequence
variation (Fig. 2B), and Claroideoglomus/Entrophospora that has
incomplete lineage sorting of sequence variation (Fig. 2E-F).
Indeed for recent estimates of global AM fungal endemism, when
taxa were defined instead using OTUs that represented more of
the inherent sequence variation compared to phylogenetically-
defined virtual taxa, the estimated endemism increased by an
order of magnitude (43). Conversely, for AM fungal groups with
a large amount of intraspecific sequence variation, like species
in Rhizophagus, we show that all four of the clustering methods
tested split the sequence variation froma single species intomulti-
pleOTUs (Fig. 4G-J). This phenomenonmay partly underlie field
observations of phylogenetic aggregation in AM fungal commu-
nities over short distances (meters) (22) as this aggregation may
represent sequences from a single organism that were assigned
to several OTUs instead of the presence of multiple, functionally
similar species.

Conclusions
Identifying putative AM fungal species in environmental samples
typically uses rRNA gene sequences. We find that the level of se-
quence variation in the rRNAgene consistently differs across AM
fungal genera, and that this sequence variation is also subject to
incomplete lineage sorting in the Claroideoglomus/Entrophospora
group. The lack of consistency in the level of rRNA sequence
variation that occurs across both taxonomic groups and the full
phylogeny presents genuine problems in using OTU richness to
estimate species richness for AM fungi. The MDS visualization
we demonstrate here can assist as a diagnostic tool to identify
groups that may be especially affected by differences in rRNA
sequence variation, but no current method of sequence-based
species identification is able to overcome this problem.
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