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Summary

Arbuscular mycorrhizal fungi (AMF) are essential
constituents of most terrestrial ecosystems. AMF
species differ in terms of propagation strategies and
the major propagules they form. This study compared
the AMF community composition of different pro-
pagule fractions – colonized roots, spores and
extraradical mycelium (ERM) – associated with five
Mediterranean plant species in Sierra de Baza Natural
Park (Granada, Spain). AMF were identified using 454
pyrosequencing of the SSU rRNA gene. A total of 96
AMF phylogroups [virtual taxa (VT)] were detected in
the study site, including 31 novel VT. After per-sample
sequencing depth standardization, 71 VT were
recorded from plant roots, and 47 from each of the
spore and ERM fractions. AMF communities differed
significantly among the propagule fractions, and the
root-colonizing fraction differed among host plant
species. Indicator VT were detected for the root (13
Glomus VT), spore (Paraglomus VT281, VT336,
Pacispora VT284) and ERM (Diversispora VT62)
fractions. This study provides detailed evidence
from a natural system that AMF taxa are differentially
allocated among soil mycelium, soil spores and
colonized root propagules. This has important
implications for interpreting AMF diversity surveys
and designing applications of AMF in vegetation
restoration.

Introduction

Arbuscular mycorrhizal (AM) fungi are obligate symbionts
that establish mutualistic associations with the majority of
terrestrial plants. Following root colonization, AM fungi
(AMF) form an extensive extraradical mycelium (ERM)
network that grows in the soil as a three-dimensional
structure specialized in the uptake and transfer of nutri-
ents and water from the soil to host plants. In return, host
plants provide the fungi with carbon compounds from
photosynthesis (Smith and Read, 2008). As a conse-
quence of this mutual exchange of nutrients, AM plants
usually experience higher growth rates (Smith and Read,
2008) and increased tolerance to environmental stresses
(Barea et al., 2013). The symbiosis also improves soil
structure by favouring the formation of hydro-stable
aggregates (Rillig and Mummey, 2006).

The presence of diverse AMF communities has been
shown to play an important role in enhancing diversity and
productivity in natural ecosystems (van der Heijden et al.,
2008). This appears to occur, in part, because AMF taxa
differentially affect plant competitive ability and thus
promote more efficient nutrient uptake from soil (Fitter,
2005; Hodge and Fitter, 2013). In addition, AMF can
exhibit a considerable level of selectivity in their associa-
tions with different plant species or plant ecological
groups (Helgason and Fitter, 2009; Öpik et al., 2009;
Davison et al., 2011). As a consequence, sustainable
maintenance of plant communities can depend on the
maintenance of diverse AM fungal communities and vice
versa (Maherali and Klironomos, 2007; Zobel and Öpik,
2014).

AMF are also diverse in terms of life history, including
propagation strategies (Hart and Reader, 2002; Denison
and Kiers, 2011; López-García et al., 2014). Mycorrhizal
colonization can be initiated by AM fungal hyphae origi-
nating from three types of propagule: spores, mycorrhizal
roots and ERM in soil. Several studies have suggested
that the propagule forms exhibit different colonization
capabilities (Requena et al., 1996; Klironomos and Hart,
2002). In addition, it has been proposed that taxonomic
groups of AMF differ in terms of the main propagule forms
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they use to colonize new roots and in terms of allocation
of biomass to the root- and soil-based compartments of
the fungal body (Klironomos and Hart, 2002; Chagnon
et al., 2013). However, field evidence about these traits of
AMF remains scarce.

AMF diversity surveys commonly focus on a single
propagule compartment. Traditionally, this has been the
spore community in soil (Calvente et al., 2004; Ferrol
et al., 2004; Liu et al., 2013). With the spread of
sequence-based identification methods, many studies
have addressed AMF colonizing roots (Öpik et al., 2003;
Davison et al., 2011; Dumbrell et al., 2011) or soil samples
that include both ERM and spores (Mummey and Rillig,
2008; Hannula et al., 2010; Lankau, 2011; Davison et al.,
2012). Few studies have concurrently analysed AMF
diversity in different propagule types. By targeting spores
in soil versus AMF in roots (Clapp et al., 1995), roots
versus soil (i.e. not distinguishing spores and mycelium;
Torrecillas et al., 2012a; Saks et al., 2014) or roots versus
spores versus soil (the latter combining spores and myce-
lium since AMF spores were not removed before extract-
ing DNA from the soil; Hempel et al., 2007), earlier studies
have suggested that propagule compartments can
harbour very different AMF communities. However, no
explicit separation of soil spores, soil mycelium and AMF
structures in roots has yet been made.

AMF communities can be affected by host plant
identity (Öpik et al., 2009; Alguacil et al., 2011;
Torrecillas et al., 2012b), but how this influences the
compartmentalization of AMF diversity among different
propagule types is completely unknown. Further
research is needed to clarify this aspect of AMF biology,
which is fundamental for understanding biodiversity pat-
terns and the successional trajectories of AMF and their
impact on ecosystem functioning.

We hypothesize that in the semi-arid ecosystem chosen
for this study, the coexisting AMF taxa exhibit differing life
history strategies and that this is reflected in their different
compartmentalization among mycorrhizal propagules and
plant hosts. The present study aimed to determine (i) the
diversity of AMF taxa harboured in the different propagule
forms in and around the same plant individuals (ERM,
spores and mycorrhizal roots) in natural conditions, and
(ii) the impact of host plant species on the diversity and
distribution of AMF taxa among these three compart-
ments.

For the study, we selected five representative plant
species growing in a well-conserved Mediterranean
shrub community. The different propagule fractions were
extracted directly from soil samples with forceps (roots) or
by using modified wet sieving and decanting techniques
(spores and ERM). AMF community composition was
determined using 454 pyrosequencing of the NS31-AML2
fragment of the SSU rRNA gene.

Results

454 sequencing data

A total of 86 432 quality-filtered SSU rRNA gene
sequences were recovered, including 36 720 Glome-
romycota sequences (see Experimental procedures
for further details). Among the remaining 49 712 454
reads, 28% received no match in the International
Nucleotide Sequence Database (INSD), 68% matched
a metazoa sequence, 1% a plant sequence, 1% an
unidentified eukaryota sequence and < 1% a non-
glomeromycotan fungal sequence at a sequence
similarity level of over 90%. The Glomeromycota reads
were assigned to a total of 96 AMF virtual taxa (VT),
including 31 novel VT (32% of VT) that accounted for
2338 reads (6% of reads; Table S1A): 2 Acaulosporaceae,
3 Archaeosporaceae, 3 Claroideoglomeraceae, 10
Diversisporaceae, 3 Gigasporaceae, 71 Glomeraceae, 2
Pacisporaceae and 2 Paraglomeraceae (the 31 novel VT
represented 1 Archaeospora, 6 Diversispora, 21 Glomus,
1 Pacispora and 2 Scutellospora; Fig. S1, Table S1A).

The non-root samples (spores and ERM) had substan-
tially lower sequencing depth than the root samples (Fig.
S2). Consequently, sequencing depth was standardized
prior to diversity pattern analysis. After standardization of
the data to the median number of reads per sample (324
pyrosequencing reads, Fig. S2), a total of 11 842 reads,
comprising 91 AMF VT, were retained for subsequent
analyses (Table S1B).

AMF diversity

Extrapolated richness (Chao2; calculated on non-
standardized data) for the entire study site was 106 VT.
This number does not greatly exceed the 96 observed VT,
suggesting that our dataset provides an adequate assess-
ment of AMF diversity in this Mediterranean environment.

After data standardization, the total number ofAMF VT per
propagule type was higher in root samples (71 VT) than in
spore (47 VT) or ERM samples (47 VT) (Fig. 1A). The
number of VT per sample differed significantly between
propagule types (negative binomial Generalized Linear
Models (GLM), χ2: 68.315, DF: 2, P < 0.001), but not
between host plant species (negative binomial GLM, χ2:
0.950, DF: 4, P = 0.917); however, there was a weak signifi-
cant interaction between plant species and propagule type
effects (χ2 = 16.925, DF = 8, P = 0.03) (Fig. 2). Tukey’s HSD
(Honest Significant Difference) test showed that the number
of AMF VT per sample differed between roots on the one
hand and the soil propagules on the other (spores and ERM)
but not between the spores and ERM. When samples from
different propagule types or plant species were analysed
separately, significant effects (P < 0.05) of propagule type
were detected for all plant species except Lavandula
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Fig. 1. Venn diagrams representing (A) the number of virtual taxa (VT) and (B) the counts of reads from VT unique to and shared between
the different types of propagule. Results obtained after standardization of the data to the median number of reads per sample.

Fig. 2. Number of AMF virtual taxa per sample in relation to propagule type and plant species. Results obtained after standardization of the
data to the median number of reads per sample.
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latifolia (P = 0.082), while the effects of plant species were
only significant for roots (P = 0.029), but not for spores
(P = 0.615) or ERM (P = 0.265).

VT shared by all three types of propagule (22 VT)
constituted the majority of reads in the standardized data
set (8967 sequences, 75.7% of total reads, Fig. 1B), while
VT that were only detected in a single propagule type
were infrequent: 22 VT (24% of VT/1.3% of reads) were
exclusively found in roots, 11 VT (12% of VT/1.6% of
reads) only in spores and 6 VT (6.6% of VT/0.9% of reads)
only in ERM (Fig. 1A and B). More VT and reads were
shared by roots and ERM than by roots and spores, and
only three very infrequent VT (3.3% of VT/0.1% of reads)
were shared only by spores and ERM.

PERMANOVA (Permutational Multivariate Analysis of
Variance) and non-metric multidimensional scaling (NMDS)
ordination indicated that there were generally large differ-
ences in the composition of AMF communities between
propagule types (Table 1A, Fig. 3). PERMANOVA models
including only pairs of propagule types indicated that AMF
communities associated with all propagule types differed
significantly from one another (all pairwise effects of
propagule type P < 0.05). However, root AMF communities
were more distinct from hyphal (propagule type R2 = 16%)
and spore (R2 = 18%) communities than these latter com-
munities were from each other (R2 = 5%). While there were
no large differences between plant species, the effect of
propagule type depended to some extent on the associated
plant species (Table 1A, Fig. 3). The differences in compo-
sition between propagule types appeared to reflect both
differences in multivariate location (analogous to different
average communities) and differences in multivariate disper-

sion (indicating differences in within-group community vari-
ability) (Fig. 3; Table 1A, Table S2). Communities from roots
had considerably lower dispersion than those of either spore
or ERM communities.

When samples from different propagule types were
considered in separate PERMANOVAs, a significant

Table 1. Variation in arbuscular mycorrhizal fungal community composition (PERMANOVA and multivariate dispersion analyses) in relation to the
different types of propagule (roots, spores and extraradical mycelium) and the plant species sampled at the Sierra de Baza Natural Park. Values
of Degrees of Freedom (DF), Sum of Squares (SS) and Mean Squares (MS) are shown.

Model/parameter DF SS MS PseudoF/F R2 P

(A) All propagules
PERMANOVA
Plant species 4 1.44 0.36 1.21 0.08 0.148
Propagule type 2 3.28 1.64 5.54 0.17 0.001
Plant species × propagule type 8 3.02 0.38 1.28 0.16 0.039
Residuals 38 11.24 0.30 0.59
Total 52 18.97 1.00

Multivariate dispersion
Propagule type 2 0.31 0.15 18.51 < 0.001
Residuals 50 0.41 0.01

(B) Roots
PERMANOVA
Plant species 4 1.19 0.30 1.63 0.30 0.034
Residuals 15 2.74 0.18 0.70
Total 19 3.94 1.00

Multivariate dispersion
Plant species 4 0.03 0.01 0.24 0.910
Residuals 15 0.40 0.03

Results shown are based on the data standardized to the median number of reads per sample.

Fig. 3. Non-metric multidimensional scaling (NMDS) plot showing
relationships between the arbuscular mycorrhizal fungal
communities detected in different types of propagule and five target
plant species (k = 3, stress = 0.162). Lines show dispersion ellipses
(1 standard deviation) around groups of samples. G: Genista
cinerea, L: Lavandula latifolia, M: Thymus mastichina, R:
Rosmarinus officinalis, T: Thymus zygis. Results obtained after
standardization of the data to the median number of reads per
sample.

AMF community composition of mycorrhizal propagules 2885

© 2015 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 17, 2882–2895



effect of host plant species on AMF community composi-
tion was detected only among root samples (Table 1B,
Fig. S3). This effect was mainly due to differences in
multivariate location since there were no significant differ-
ences in multivariate dispersion between communities
from different plant species. The most similar AMF com-
munities were detected in Thymus zygis and Thymus
mastichina, two species belonging to the same genus,
and the most distinct in L. latifolia.

To test whether data standardization produced important
changes in patterns of AMF community composition, the
analyses were repeated with non-standardized data. These
analyses yielded similar patterns in AMF community compo-
sition to analyses using standardized data (Table S3).

AMF distribution among propagule types and
plant species

In general, Glomus phylotypes were mainly detected in
roots, while Paraglomus and Pacispora were more fre-
quently present in spores and Scutellospora in the ERM
(Fig. S4). Diversispora and Claroideoglomus phylotypes
were more abundant in the spore and ERM fractions than
in roots, while the infrequent Archaeospora phylotypes
were detected mainly in roots and spores, but almost
absent from the ERM (Fig. S4).

Seven VT were present with a relative abundance
greater than 10% in at least one propagule type (Fig. 4A).
Scutellospora VT49 (related to Scutellospora calospora
and Scutellospora dipurpurescens) and Paraglomus
VT281 (related to Paraglomus laccatum) were rarely
detected in roots, but while Paraglomus VT281 was only
found in spores, Scutellospora VT49 was found both in
spores and ERM. Some Glomus VT were mostly detected
in roots (Glomus BG3, BG5, VT105, VT153, VT214,
VT247 and VT301), and Glomus VT67 (related to Glomus
coronatum and Glomus mosseae) only in the ERM (Table
S1). Pacispora VT284 (related to Pacispora scintillans)
and Diversispora VT62 were also unevenly distributed,
being infrequent in roots, but relatively abundant in ERM
(Diversispora VT62) or spores (Pacispora VT284). Most
Glomus VT were not detected, or were very infrequently
detected in the spore compartment, although some
(Glomus VT64 and VT166) were quite common in all
propagule fractions (Fig. 4A, Table S1). Indicator species
analysis showed that there was a single indicator VT for
ERM samples (Diversispora VT62), 13 for root samples
(all Glomus) and 3 for spores (Paraglomus VT281 and
VT336, and Pacispora VT284) (Table 2).

Eight VT occurred with a relative abundance greater
than 10% in at least one study plant species (Fig. 4B). It
is noteworthy that Diversispora VT54 was detected
almost exclusively in all compartments of Genista
cinerea or in the spore compartment of L. latifolia

(Fig. 4B and Table S1). Glomus VT63 and VT130 also
exhibited a distinctive distribution, being exclusively
found in the root and ERM compartments of G. cinerea
and T. zygis respectively.

Discussion

This study compared the taxonomic composition of AMF
communities present in different AMF propagule forms –
soil hyphae, spores and colonized roots – associated with
five plant species in a semiarid Mediterranean ecosystem.
We detected clear differences in AMF community compo-
sition among the different mycorrhizal compartments, a
host effect on the root (but not rhizosphere) AMF commu-
nities and an overall high level of AMF diversity at the
study site.

Distinct AMF communities in soil mycelium, spores
and roots

AMF communities differed significantly between the
studied propagule fractions: spores and ERM in soil,
and AMF structures in roots. Similar findings have been
reported by earlier sequence-based data comparing root
and soil samples (wherein ERM and spores are com-
bined) from a temperate grassland (Hempel et al., 2007),
temperate agricultural fields (Mirás-Avalos et al., 2011)
and a Mediterranean shrub community (Sánchez-Castro
et al., 2012a; Torrecillas et al., 2012a). However, the
current data are the first to separate spore and ERM
fractions in soil, thereby clarifying the respective variation
in AMF community composition.

AMF richness was similar in roots (71 VT) and soil (69,
including both spores and ERM), but a high proportion of
the AMF detected in roots (24% VT) were not found in the

Table 2. Significant indicator virtual taxa for the different types of
AMF propagule in this study.

Source Indicator value Probability

Diversispora VT62 ERM 0.4654 0.006
Glomus VT105 Roots 0.7150 0.001
Glomus VT153 Roots 0.6735 0.001
Glomus VT312 Roots 0.6730 0.001
Glomus VT313 Roots 0.6559 0.001
Glomus VT247 Roots 0.6500 0.001
Glomus BG5 Roots 0.5670 0.001
Glomus VT108 Roots 0.4209 0.006
Glomus VT156 Roots 0.4122 0.003
Glomus VT166 Roots 0.4002 0.038
Glomus BG3 Roots 0.3448 0.004
Glomus VT214 Roots 0.3442 0.005
Glomus VT304 Roots 0.3437 0.012
Glomus VT301 Roots 0.3000 0.004
Paraglomus VT281 Spores 0.6461 0.001
Pacispora VT284 Spores 0.4170 0.002
Paraglomus VT336 Spores 0.3339 0.047
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Fig. 4. Bar plots showing the relative abundance of dominant AMF virtual taxa that constituted over 10% of reads in: (A) at least one of the
three types of propagule: ERM, roots and spores; and (B) at least one of the five plant species sampled: G (Genista cinerea), L (Lavandula
latifolia), M (Thymus mastichina), R (Rosmarinus officinalis) and T (Thymus zygis). Results obtained after standardization of the data to the
median number of reads per sample.
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spore or ERM fractions. In general, soil AMF are consid-
ered to represent a pool of species from which plants only
recruit a fraction at any time, reflecting patterns in host
selectivity (Johnson et al., 2003; Davison et al., 2011).
Therefore, unless sampling of plants is exhaustive, a
higher total number of AMF might be expected in soil.
Contrary to this expectation, lower soil than root AMF
richness has been reported (Saks et al., 2014). This has
mainly been attributed to the lower AMF biomass and
DNA concentrations in soil as compared with plant roots,
generating an artefactual difference, thus warranting
larger soil sample volumes for comparable capture of
AMF diversity from roots and soils. However, this does not
seem to be the case in our study because we detected
some VT in spores, ERM or spores and ERM that were
not detected in roots. It is also worth noting that ERM and
spores in our study were extracted from 50 g of soil, which
is considerably more than commonly used sample
volumes for soil DNA extraction (< 1 g) and therefore
should permit more complete sampling of AMF diversity
from the soil compartment.

The large discrepancy between root, ERM and spore
AMF communities can have a number of mutually non-
exclusive explanations mainly based on the different life
history strategies of AMF (Hart and Reader, 2002;
Denison and Kiers, 2011). First, some AMF colonizing
roots might sporulate infrequently or not at all (Clapp
et al., 1995; Oehl et al., 2004). On the other hand, some
AMF spores could be in a dormant state, being unable
to germinate and initiate root colonization at a given
time (Tommerup, 1983; McGee et al., 1997; An et al.,
1998). Second, AMF differ in the seasonal dynamics of
sporulation (An et al., 1993; Pringle and Bever, 2002;
Oehl et al., 2009). Since the current study addressed
only a single time point in spring, it is possible that some
of the AMF colonizing roots had not yet formed new
spores.

Third, differences in AMF biomass allocation patterns
into intraradical versus ERM might also explain the
results. Some AMF, mainly belonging to the Glomerales,
have been shown to produce high root colonization but
little ERM; Gigasporaceae show the opposite trend
whereas members of family Acaulosporaceae can have
low root and soil colonization (Smith et al., 2000; Hart
and Reader, 2002). These patterns match the findings of
our study since Glomus VT were detected mainly in
roots and Scutellospora VT mainly in the ERM, while
Acaulospora VT were virtually undetectable in any
compartment [although this might also be due to the
preference of Acaulospora spp. for soils with lower pH
(Clark, 1997)]. Since AMF are obligate symbionts of
plants, those AMF exclusively found as ERM or spores
must have colonized plant roots at a level below the
detection limit of the method, or at a different place in

space or time than sampled in our study. It is also impor-
tant to bear in mind that the AMF detected exclusively in
specific compartments in this study were infrequent
(Fig. 1). This could indicate undersampling, but these
fungi could also represent true rare species with scat-
tered distributions.

Finally, it has been proposed that some AMF detected
in soil but not in roots might have the ability to grow
independently of plants (Hempel et al., 2007). Further
studies, carefully designed to avoid undersampling and to
account for spatiotemporal variation in AMF community
structure, are needed to test this hypothesis.

AMF families show distinct
compartmentalization patterns

A clear pattern of AMF distribution between the different
propagule forms was detected, and this distribution
showed a taxonomic basis at the level of family. Glomus
VT constituted the most abundant and heterogeneous
group. With some exceptions, they were very abundant in
roots, at intermediate abundance in ERM, and scarcely
found in spores. High colonization of roots but low colo-
nization of soil by Glomeraceae has been previously
described on the basis of cultures (Hart and Reader,
2002) and sequence-based data (Hempel et al., 2007;
Torrecillas et al., 2012a). Conversely, Pacispora and
Paraglomus VT were mainly detected in the spore fraction
and only scarcely in roots. Hempel and colleagues (2007)
also found Paraglomeraceae in soil samples, but not in
root samples.

The most abundant Gigasporaceae VT detected in our
study (Scutellospora VT49, related to S. calospora/
S. dipurpurescens) was mainly located in the ERM and
spore fractions, with very few reads obtained from
roots, in agreement with earlier results showing that
Gigasporaceae can be poor root colonizers (Hart and
Reader, 2002; Hempel et al., 2007).

Except for the Glomeraceae (Glomus sensu lato), VT
from the same genus had a similar distribution between
compartments. As Glomus s.l. is a large genus, and has
been split into several genera (Schüßler and Walker,
2011; Oehl et al., 2011), it is most probable that it contains
fungi with widely differing strategies with respect to
biomass allocation among propagule types. Our evidence
about differences in the distribution of AMF between
propagule fractions in a natural environment support
earlier, mostly culture-based predictions for such patterns,
which probably reflect differences in dispersal ability and
life history strategies among AMF taxonomic groups
(Denison and Kiers, 2011; Chagnon et al., 2013). The
results suggest marked niche preferences among AMF
and this is probably one important factor regulating AMF
community composition.
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AMF richness and host effects in the study site

This study detected a high total number of AMF from a
single study site (96 VT), which to the best of our knowl-
edge makes the study site the most AMF taxon-rich
location sampled to date. Furthermore, about one third
(31) of the total number of VT detected were new. This is
not surprising because the southern Iberian Peninsula is
rich in biological diversity and rare endemic plants
(Melendo et al., 2003). Specifically, several new species
of Glomeromycota have been described from the
rhizospheres of endemic plants in these environments
(Palenzuela et al., 2008; 2010; 2013). Our results
highlight that this region is among the ecosystems
that may still harbour large numbers of undescribed
Glomeromycota (Öpik et al., 2013).

An influence of host plant was only apparent in the AMF
communities colonizing roots. This is consistent with the
premise that the host plant is able to select AMF (Bever,
2002; Bever et al., 2009) from the available pool of
species. In addition, the results corroborate those of pre-
vious studies in Mediterranean environments demonstrat-
ing AMF community composition differences among plant
species (Alguacil et al., 2009; 2012; Sánchez-Castro
et al., 2012a; Torrecillas et al., 2012b), but not among the
associated rhizosphere soils (Torrecillas et al., 2012a).
The most similar AMF communities in our study were
those associated with T. zygis and T. mastichina, the two
herbaceous plant species studied. These results are con-
sistent with the idea that plant life form (e.g. herbaceous
versus woody) is an important factor in determining AMF
community composition (López-García et al., 2014). Host
preference was detected for some VT (e.g. Glomus VT63
and VT130) that were only detected in the root and ERM
compartments of G. cinerea and T. zygis, respectively, as
previously found for other plant species (Torrecillas et al.,
2012b).

In general, AMF communities detected in root samples
were more similar to each other than those in ERM and
spore fractions, which were more variable. This sug-
gests that root ‘habitat’ may act as a filter, selecting and
amplifying specific AMF available in the surrounding
soil. This is consistent with results of Saks et al. (2014)
who found root-colonizing AMF to represent a phylo-
genetically clustered subset of those available in soil.
Since our target plant species are slow-growing peren-
nial herbs and shrubs growing in a seral shrubland,
it is possible that such plants have a degree of prefer-
ence for fungal symbionts with specific traits. In this
context, our results provide evidence for niche prefer-
ences acting on the plant-associated AMF communities
but to a lesser extent, or not at all, on AMF communities
in soil. As indicated above, depending on host proper-
ties, the root habitat may constitute a complex filter

selecting for different subsets of locally available AMF
to suit plants belonging to different functional types
or exhibiting distinct ecological strategies (e.g.
habitat ranges, annuals versus perennials or different
growth forms) (Öpik et al., 2009; Davison et al., 2011;
López-García et al., 2014).

Methodological concerns

Next-generation sequencing techniques allow the com-
position of microbial communities, including AMF, to be
estimated from environmental samples with high resolu-
tion (Öpik et al., 2009). However, there is the potential
for bias if diversity patterns are determined on the basis
of samples with strongly differing sequencing depth.
Nevertheless, variation in sequence numbers per
sample can have a biological basis. If one draws the
analogy with sampling plant communities, sampling a
fixed size plot or a fixed number of individuals can yield
similar patterns of community composition (Zobel and
Liira, 1997), and the same has been found in an analy-
sis of fixed size root samples with variable numbers of
sequences or standardized numbers of sequences in a
survey of AM fungal communities (Hiiesalu et al., 2014).
In our case, the non-root samples (spores and ERM)
had substantially lower sequencing depth than root
samples. This is most probably due to variation in the
quantity of DNA in the source material because it is dif-
ficult to sample comparable quantities of root-, spore-
and ERM-originating AMF. Furthermore, the distribution
of nuclei within the AMF mycelium can be extremely
uneven (Gamper et al., 2008), which can be an addi-
tional source of DNA content variation among sample
types. To avoid potential quantitative bias, the sequenc-
ing depth of samples was standardized prior to diversity
pattern analyses. However, we also conducted parallel
analyses with non-standardized samples and obtained
similar AMF diversity patterns.

Two additional points should be considered when
interpreting our results. First, since AMF were detected
by DNA sequencing, the sampling units are nuclei, not
biomass. As DNA quantity is not correlated with biomass
in AMF (Gamper et al., 2008), the data describe patterns
in the presence and abundance of nuclei, not biomass
per se, from the detected VT. Hence, it is necessary to
be cautious when interpreting these results in terms of
the biomass allocation patterns of different VT. For
example, AMF with large spores containing many nuclei,
such as Scutellospora and Gigaspora species, might
contain the majority of their nuclei within the spores and
very few nuclei in intraradical mycelium or ERM, which
may lead to infrequent detection in the latter propagules.
A connected concern when taking composite samples,
such as soil containing both mycelium and spores
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(separated in our study), is that the occurrence of
a few large spores (i.e. hundreds or thousands of nuclei)
could artificially bias the DNA-based community patterns
towards a predominance of such species at the expense
of mostly mycelial species (i.e. represented with fewer
nuclei). Experimental approaches combined with direct
biomass and nuclear detection methods, e.g. in situ fluo-
rescence visualization (Vagi et al., 2014), have the
potential to provide further evidence about differential
biomass and nuclear allocation between propagule
types in AMF genera and families.

Second, the current study only addressed a single time
point in spring. AMF communities can display strong sea-
sonal and interannual patterns (Dumbrell et al., 2011;
Sánchez-Castro et al., 2012b; López-García et al., 2014;
Cotton et al., 2015). Therefore, we cannot infer that
similar AMF communities and/or distribution patterns
among VT would be found at different time points. Time-
course studies as well as more general data about the
autecology and natural history of AMF species (cf. Peay,
2014) are necessary to clarify these aspects.

Conclusion

This study shows that at a given time, AMF communities
are highly compartmentalized among root-colonizing and
soil-dwelling (mycelial and spore) fractions, with some
taxa predominant in roots (Glomus) and others in
soil as hyphae (Diversispora) or spores (Pacispora,
Paraglomus). While there remains the remote possibility
that some AMF live exclusively in soil or in roots, these
data represent the first comprehensive evidence that
AMF survey data, if derived exclusively from root or soil
(or spore) samples, may represent just one fraction of
the full diversity present locally. Therefore, our current
understanding of global AMF diversity, which is largely
informed by root-based studies, probably overestimates
the importance of the best root colonizing VT and under-
estimates those taxa that allocate the majority of their
biomass (or nuclei) in soil. Indeed, the global meta-
analyses are dominated by Glomeraceae, as are
most root-based studies of AMF (Öpik et al., 2010;
2013; Kivlin et al., 2011). Finally, the dispersal and
recolonization ability of AMF propagule pools needs to
be further determined. Recent evidence suggests that
only Glomus might be capable of wind dispersal (Egan
et al., 2014), but a comprehensive understanding about
the importance of different dispersal vectors (including
water and animals) for various AMF groups is missing.
These traits have important implications for understand-
ing AMF community assembly in natural conditions,
as well as during restoration of degraded ecosystems
through the production and application of effective
inoculants. These inoculants should provide functional

and life history diversity to facilitate AMF stability and
persistence in the environment.

Experimental procedures

Study site and sampling

The study site is located in the Sierra de Baza Natural Park
(Granada province, Southeast Spain), a protected area with a
Mediterranean semi-arid climate. The area is characterized
by low and irregular rainfall, with a mean annual rainfall of
385 mm, and high climatic variability throughout the year,
with average summer and winter temperatures of 25°C and
6°C respectively. Soils are mainly calcareous cambisols.
Potential native vegetation in this area would be sclerophyll
woodland with evergreen trees (Blanca and Morales, 1991),
but various degradation processes have conditioned the
current vegetation, which is dominated by slow-growing
shrubs. The five most common plant species in the target
area – G. cinerea (Vill.) DC., L. latifolia Medik., Rosmarinus
officinalis L., Thymus mastichina L. and Thymus zygis L –
were selected for this study. All sampled plants are perenni-
als: the first three woody and the two Thymus species her-
baceous. A well-preserved and homogeneous area of around
2000 m2 (2°50′W, 37°24′N) was chosen for sampling. Four
similar-sized individuals of each plant species, 5–8 m apart,
were sampled in May 2011. Approximately 500 mg (fresh
weight) of fine roots from the 5–25 cm layer of the soil were
collected by tracing them from the stem of the plant. About
1 kg of adjacent soil was also collected from a depth of
5–25 cm for extracting mycelium and spores. Samples were
placed in polyethylene bags and transferred in iceboxes to
the laboratory for further processing. All samples were pro-
cessed immediately.

Propagule extraction

Root samples were washed under running tap water and
excess moisture was removed using absorbent paper. Roots
were frozen in liquid nitrogen and stored at −80°C until DNA
extraction.

Soil samples were stored at 4°C prior to spore and ERM
extraction. Glomeromycotan spores were extracted from 50 g
of homogenized soil using the wet sieving and decanting
method followed by sucrose centrifugation (Brundrett et al.,
1994). Material retained in the different sieves was thor-
oughly washed under running tap water. AMF spores were
collected from the sieves with 250, 100, 50 and 25 μm pore
sizes. Small root pieces and remaining ERM were removed
with forceps.

ERM was extracted from a separate 50 g of soil using the
wet sieving and decanting method, but without sucrose cen-
trifugation (Gerdemann and Nicolson, 1963). ERM was col-
lected from the sieves with 100, 50 and 25 μm pore size and
placed in watch glasses containing sterile water. The watch
glasses containing the ERM were placed in Petri dishes and
left overnight to rotate at 50 r.p.m. in an orbital shaker (OS-
20, Boeco, Germany) at 4°C. The ERM concentrated in the
centre of the watch glass was collected with tweezers and
possible remains of spores and small roots were removed
under a dissecting microscope. Spore and ERM samples
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were placed in Eppendorf tubes, dried at 62°C for 4 h, frozen
in liquid nitrogen and stored at −80°C until DNA extraction.

Molecular analysis

Individual samples containing spores or ERM (obtained from
50 g soil samples) or roots (100 mg fresh wt) from each plant
individual (five target plant species; 60 samples in total) were
manually crushed using liquid nitrogen. Genomic DNA was
extracted from each sample with the DNeasy Plant Mini Kit
(Qiagen, Mississauga, ON, Canada), following the manufac-
turer’s instructions. Glomeromycota sequences were ampli-
fied using the nuclear SSU rRNA gene primers NS31 and
AML2 (Simon et al., 1992; Lee et al., 2008), linked to 454
sequencing primers A and B, respectively, and an 8 bp
barcode as previously described (Davison et al., 2012; Öpik
et al., 2013). Polymerase chain reaction (PCR) was con-
ducted in two steps to ensure proper amplification of long
primer sequences. In the first PCR reaction, PCR primers
were linked to barcodes and partial 454 sequencing adaptors
A and B; in the second reaction, the full A and B adaptors
were used as PCR primers, completing the full 454
adaptor + Barcode + PCR primer construct as previously
described (Davison et al., 2012; Öpik et al., 2013). The total
reaction volume was 10 μl that contained 1 μl of template
DNA, primers with 0.2 μM final concentrations and Smart-Taq
Hot Red 2x PCR Mix (0.1 U μl−1 Smart Taq Hot Red
Thermostable DNA Polymerase, 4 mM MgCl2, 0.4 mM dATP,
0.4 mM dCTP, 0.4 mM dGTP, 0.4 mM dTTP; Naxo OU,
Estonia). The reactions were run on a thermal cycler 2720
(Applied Biosystems) following the conditions in Davison and
colleagues (2012). PCR products were separated by electro-
phoresis through a 1.5% agarose gel in 0.5× TBE, and the
PCR products were purified from the gel using the Qiagen
QIAquick Gel Extraction kit (Qiagen Gmbh, Germany) and
further purified with Agencourt AMPure XP PCR purification
system (Agencourt Bioscience, Beverly, MA, USA). A total of
1.8 μg of DNA was sequenced on a Genome Sequencer FLX
System, using Titanium Series reagents (Roche Applied
Science) at GATC Biotech (Constanz, Germany). Prepara-
tory procedures for 454 sequencing (barcoded PCRs and
PCR product purification) were performed by BiotaP LLC
(Tallinn, Estonia).

Bioinformatic analyses

Bioinformatic analysis was mainly implemented following
Davison and colleagues (2012). Sequence reads were
included in the analysis only if they carried the correct forward
primer sequence, a barcode matching one used in this study;
were ≥170 nucleotides in length (excluding the barcode and
primer sequences); and had an average quality score ≥ 25.
As most reads were of approximately full amplicon length
(between 500 and 550 bp long), we trimmed reads to 520
nucleotides to exclude any reverse primer sequences. We
obtained 87 672 sequences, among which 1240 potentially
chimeric sequences were detected using UCHIME (Edgar
et al., 2011) in reference database mode and removed.

To carry out taxonomic identification of reads, we used an
open-reference operational taxonomic unit picking approach
(Bik et al., 2012). After stripping barcode and primer

sequences, we used the MaarjAM database of published
Glomeromycota SSU rRNA gene sequences (Öpik et al.,
2010; accessed November 2012) to identify obtained reads.
The MaarjAM database contains representative sequences
covering the NS31/AML2 amplicon from ecological and taxo-
nomic publications. In November 2012, it contained a total of
3169 records that could be associated with 308 SSU
sequence-based taxa, or so-called VT. Sequence reads were
assigned to VT via BLAST against the MaarjAM database
with the following criteria: sequence similarity ≥ 97%; the
alignment length not differing from the length of the shorter of
the query (pyrosequencing read) and subject (reference
database sequence) sequences by more than 50
nucleotides; and a BLAST e-value < 1e-50.

A first BLAST against the MaarjAM database using these
criteria found a match for 39% of the obtained reads (34 382
reads). The remaining reads were then subjected to a further
BLAST search against the INSD non-redundant nucleotide
database with the same criteria, except that the sequence
similarity threshold was set to ≥ 90%. We identified 5878
further sequences matching Glomeromycota in the INSD with
these relaxed BLAST conditions. In order to confirm whether
these sequences constituted novel VT, we performed a
phylogenetic analysis including the 308 VT type sequences
from the MaarjAM database and 73 previously published
sequences from our study site (Sánchez-Castro et al.,
2012a,b). The 5878 potential Glomeromycota sequences
were clustered with 99% similarity using BLASTclust (Altschul
et al., 1990), resulting in 83 non-singleton clusters. Up to four
sequences from each cluster were aligned together with the
VT type sequences and previously recorded sequences from
the study site (664 sequences in total) using MAFFT multiple
sequence alignment web service implemented in JALVIEW
version 2.8 (Waterhouse et al., 2009). Neighbour-joining
phylogenetic analysis was implemented in TOPALi v2.5
(Milne et al., 2009). The longest high-quality sequence (con-
taining no ambiguous nucleotides) of each novel VT was
chosen as the representative and added to the reference
sequence dataset, which was then used to conduct a second
BLAST search. This yielded a total of 36 720 reads matching
AMF VT. The Glomeromycota nomenclature used here
follows Redecker and colleagues (2013) except that genus
Glomus is treated sensu lato for the reasons provided in Öpik
and colleagues (2013). Representative sequences of VT
detected from each type of propagule and each plant species
were deposited in the EMBL database under Accession Nos.
HF567948–HF568777 (Table S4).

Read filtering, removal of primer and barcode sequences
and parsing of BLAST output was carried out using a series
of Python and Java scripts developed at the Department of
Botany, University of Tartu (Davison et al., 2012). This work
was carried out in part in the High Performance Computing
Center of University of Tartu.

Statistical data analysis

Glomeromycota sequences were not detected in two spore
samples and one ERM sample so these were not considered
in further analyses. Ten singleton VT and four samples with
< 10 sequences were also removed, leaving 53 samples in
the final data matrix.
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In order to investigate taxon accumulation as a function of
sequencing depth per sample, rarefaction curves were con-
structed using the function rarefy() from the R package vegan
(Oksanen et al., 2013). Because there was high variability in
the number of sequences per sample (Fig. S2), samples
were standardized by retaining a random selection of reads in
each sample, where the number retained corresponded to
the median read count across all samples (de Cárcer et al.,
2011; samples with fewer reads than the median remained
unchanged).

A generalized linear model with a negative binomial error
structure (function glm.nb() from R package MASS; Ripley
et al., 2014) was used to model variation in VT richness per
sample in relation to host species identity and propagule
type. Tukey’s HSD tests were used to detect significant dif-
ferences between the levels of explanatory factors.

True total AMF richness was predicted by calculating the
Chao2 index, a non-parametric estimator that extrapolates
total richness by adding a correction factor to the observed
number of VT, taking into account the singleton and
doubleton species (Chao, 1984; Chao and Lee, 1994).
Chao2 was calculated on the unstandardized data using the
specpool() function from R package vegan (Oksanen et al.,
2013).

To analyse AMF community composition patterns, a data
matrix of VT relative abundances per sample was used.
PERMANOVA was used to partition variation in AMF commu-
nity composition in relation to host species and propagule
type (using the function adonis() from the R package vegan).
Bray–Curtis dissimilarity was used as a measure of distance
between communities, and the significance of effects was
assessed through comparison with 999 permuted data sets.
PERMANOVA is sensitive both to differences in multivariate
location (analogous to the average community composition of
a group) and dispersion (within-group variability), so the func-
tion betadisper() from the R package vegan was used to
directly assess differences in multivariate dispersion.
Pairwise PERMANOVA was used to investigate differences
between factor levels. NMDS (function metaMDS() from R
package vegan) was used to represent AMF community vari-
ation on the first two axes of a three-dimensional solution.
Samples were grouped by AMF propagule type or plant
species, and ellipses representing one standard deviation
around group centroids were defined using the ordiellipse()
function from the R package vegan.

Dufrêne–Legendre indicator species analysis (Dufrêne and
Legendre, 1997) was used to identify indicator AMF species
for the three propagule types, implemented with the indval()
function from the R package labdsv (Roberts, 2014).
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Fig. S1. Neighbour-joining tree of the central fragment of the
small subunit rRNA gene showing phylogenetic relationships
between the arbuscular mycorrhizal fungal (AMF) sequences
detected in this study, including novel virtual taxa (VT) and
type sequences of AMF VT from the MaarjAM database of
Glomeromycota. Bootstrap support values higher than 50%
are shown. Glomeromycota nomenclature follows the con-
sensus classification proposed by Redecker and colleagues
(2013), except that genus Glomus is treated as sensu lato.
Novel VT detected in this study are shown in bold type, coded
as BX, where B refers to the geographical provenance (Sierra
de Baza) and X designates the genus followed by the new
phylotype number within it. Accession numbers of sequences
from this study are followed by the name of the genus, the
virtual taxon number and the origin of the sequence (plant

species and mycorrhizal propagule). Type sequences of
existing VT are indicated with ‘TYPE’. Two sequences for VT
detected in each propagule type and plant species were
aligned using MAFFT multiple sequence alignment web
service implemented in JALVIEW version 2.8 (Waterhouse
et al., 2009). The tree was implemented using Topali v2.5
(Milne et al., 2009).
Fig. S2. Rarefaction analyses of arbuscular mycorrhizal
fungal propagule (roots, spores and extraradical mycelium)
samples associated with five plant species from Sierra de
Baza Natural Park. The dashed line shows the median
number of reads recovered from samples. For analysis of
community patterns, samples were standardized by ran-
domly retaining a number of reads in each sample that cor-
responded to the median read count in the dataset.
Fig. S3. Non-metric multidimensional scaling (NMDS; func-
tion metaMDS() from R package vegan) plot showing the
arbuscular mycorrhizal fungal communities present in the
roots of the five target plant species (k = 2, stress = 0.149).
Lines show dispersion ellipses (1 standard deviation) around
sample group centroids. These were defined using the
ordiellipse() function from the R package vegan. G: Genista
cinerea, L: Lavandula latifolia, M: Thymus mastichina, R:
Rosmarinus officinalis, T: Thymus zygis. Results obtained
after standardization of the data to the median number of
reads per sample.
Fig. S4. Bar plots showing the distribution of AMF genera
among the three types of propagule – ERM, roots and spores
– after standardization of the data to the median number of
reads per sample. Note the different scales used on the y
axes.
Table S1. AMF virtual taxa detected in the different types of
propagule and plant species. Cells in the table show cumu-
lative read counts from sample replicates (A) before and (B)
after standardization.
Table S2. Analysis of multivariate dispersion in the commu-
nity composition of arbuscular mycorrhizal fungi in different
types of propagule. Results of Tukey’s HSD test are shown.
Table S3. Variation in arbuscular mycorrhizal fungal commu-
nity composition (PERMANOVA and multivariate dispersion
analyses) in relation to the type of propagule (roots, spores
and extraradical mycelium) and the plant species sampled at
the Sierra de Baza Natural Park. Results shown are based on
the data excluding virtual taxa singletons and samples with
fewer than 10 reads, but not standardized to the median
number of reads per sample.
Table S4. Sequence reads deposited in the EMBL
nucleotide collection, indicating propagule type and plant
species of provenance.

AMF community composition of mycorrhizal propagules 2895

© 2015 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 17, 2882–2895


