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Abstract
Aims In the present study, we analysed the diversity
of indigenous arbuscular mycorrhizal fungi (AMF)
colonising both the roots and rhizosphere soil of an
annual herbaceous species, Bromus rubens, and a
perennial herbaceous species, Brachypodium retusum,
co-occurring in the same Mediterranean, semiarid
degraded area. The intention was to study whether
these two species promoted the diversity of AM fungi
in their rhizospheres differently and to ascertain
whether the AMF community harboured by an annual
plant species differed from that harboured by a
perennial species when both grew in the same place.
Methods The AMF large subunit ribosomal RNA
genes (LSU) were subjected to nested PCR, cloning,
sequencing and phylogenetic analysis.
Results Twenty AMF sequence types belonging to
Glomus group A, Glomus group B and Diversispora
were identified. The two plant species differed in the
AMF community composition in their roots, B. rubens
showing a higher diversity of AMF than B. retusum.

However the composition of the AMF communities
associated with the two rhizosphere soils was similar.
Conclusions These results suggest that the manage-
ment of these Mediterranean, semiarid degraded areas
should include the promotion of annual herbaceous
plant communities in order to maintain the sustain-
ability and productivity of these ecosystems.
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Introduction

Arbuscular mycorrhizal fungi (AMF) are one of the most
common types of symbiosis globally, and the majority of
known terrestrial plant species form relationships with
them. The AMF are beneficial microorganisms funda-
mental for the soil fertility of natural and agricultural
ecosystems (Smith and Read 2008), since they increase
plant growth and nutrient uptake, improve soil
structure (Caravaca et al. 2002; Wilson et al. 2009)
and improve plant tolerance to root pathogens and
drought (Martínez-Medina et al. 2009; Querejeta et al.
2007). All these beneficial effects imply that the plant
community structure and productivity in ecosystems
are influenced significantly by the AM fungal
diversity in the soil (van der Heijden et al. 1998).
The impact of AMF on plant community composition
and functioning has been the subject of many studies
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over recent years and this research has led to the
conclusion that the activity of AMF is a key
mechanism linking biodiversity and ecosystem func-
tioning (Read 1998). Because of the key role of AMF
in plant health and soil performance, they are crucial
for the reclamation and sustainability of degraded
ecosystems, such as those in semiarid Mediterranean
regions (Alguacil et al. 2005).

In the Mediterranean areas of southeast Spain, the
climatic conditions, characterised by long, dry and hot
summers with scarce and irregular rainfall, make
these ecosystems fragile and susceptible to degrada-
tion. Under these conditions, besides a loss of
vegetation cover and degeneration of physical, chem-
ical and biological soil properties, a reduction in the
amount, diversity and activity of AMF is produced
(Requena et al. 2001; Azcón-Aguilar et al. 2003). For
the adequate management of arid lands, it is of
interest to know the diversity of the AMF colonising
the natural plant community that develops in these
areas, as well as the distribution of the AM fungal
communities in relation to the host-plants.

Several studies have shown the effectiveness of
native AMF with regard to improving the establish-
ment and growth of autochthonous shrub species used
in revegetation programmes for Mediterranean, semi-
arid degraded soils (Caravaca et al. 2003, 2005; Ferrol
et al. 2004). Also, it has been shown that an increase
in the number of shrub species used to restore
degraded lands increases the AMF diversity in the
soil and thus the below-ground, positive interactions
(Alguacil et al. 2011). However, little is known of the
relationship between AMF and herbaceous plant
species growing in semiarid degraded areas. There-
fore, determination of the natural diversity of AMF
present in the soil and colonising the roots of these
plant species is essential for the improved manage-
ment, sustainability and productivity of these
ecosystems.

The aim of the present study was to assess the
diversity of the indigenous AM fungal communities
in both the rhizosphere and roots of an annual
herbaceous species, Bromus rubens, and to compare
it with that of a perennial herbaceous species,
Brachypodium retusum, co-occurring in the same
Mediterranean, semiarid area.

The objective was to see if these two plant species
promoted differently the diversity of AMF in the
rhizosphere and to ascertain whether the AMF

communities harboured by an annual plant species
differed from those harboured by a perennial species
when both grew in a degraded, semiarid area.

Materials and methods

Study site

The experimental area was located in the natural
ecological park “Vicente Blanes” in Molina de
Segura, Province of Murcia (Southeastern Spain)
(coordinates 38°12′ N, 1°13′ W, 393 m altitude).
The climate is semiarid Mediterranean, with an
average annual rainfall lower than 270 mm and the
potential evapotranspiration (ETP) reaches approxi-
mately 1,000 mm. The mean annual temperature is
19.2°C with the absence of frost. The soil in the
experimental area is a Typic Torriorthent (SSS 2006),
very little developed with a low organic matter
content and a silty clay texture that facilitates the
degradation of soil structure. The vegetation in the
zone was dominated by Brachypodium retusum(Pers.)
P. Beauv., and some shrubs of Thymus vulgaris L. and
Rosmarinus officinalis L. growing with patchy
distribution.

Experimental design

The experiment was conducted using a factorial
design with four replication blocks (4×4 m) separated
20 m each other. Two plant species natural growing in
this area were selected: a perennial herbaceous
species, B. retusum (Pers.) P. Beauv. and an annual
herbaceous species, Bromus rubens L. B. rubens
germinates in autumn-winter with a flowering period
between March and June. The flowering period of B.
retusum is between April and June. These are similar
shaped plant species, both are well adapted to water
stress conditions and commonly distributed in Med-
iterranean semiarid disturbed lands. In the case of B.
rubens, its occurrence is linked to the rainfall period
during winter-spring, when it can be very abundant
depending on the amount of accumulated rainfall, but
always exceeding 10% of soil vegetation cover. The
plant cover for the permanent population of B.
retusum reaches 20%.
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Sampling

All samples were collected in the second half of April
2010. Four completely developed and flowered plants
(separated at least 50 cm each other) belonging to
each of the two selected species were sampled per
replication block (a total of 32 plants). Plants,
including root systems and rhizospheric soil at 5–
20 cm depth, were collected and placed in polyeth-
ylene bags for transport to the laboratory, where fine
roots were separated from the soil. Roots were then
briefly rinsed, quickly dried on paper and used for
molecular analysis. The soil samples were sieved
through 2-mm pores to eliminate large particles and
stored in plastic bags at −20°C until processed.

Root DNA extraction and PCR

All PCR experiments were run using DNA prepara-
tions consisting of pooled roots of individual plants or
soil extracts for each replication block. DNA extrac-
tions from 8 root samples (one root sample from each
replication block for each plant species) and 8 soil
samples were carried out.

For each sample, total DNAwas extracted from (0.1 g)
root material using a DNeasy plant mini Kit following the
manufacturer’s recommendations (Qiagen, Hilden, Ger-
many). The roots samples were placed into a 2-ml screw-
cap propylene tube together with two tungsten carbide
balls (3 mm) and ground (3 min, 13,000 r.p.m.) using a
mixer mill (MM 400, Retsch, Haan, Germany). The
extracted DNAwas resuspended in 20 μl of water.

For each of the eight soil samples, genomic DNA
was extracted from 0.5 g of soil using a FastDNATM

Spin kit for soil according to the recommendations of
the manufacturer (Q-BIOgene, Heidelberg, Germany).
DNA extracts were stored at −20°C.

Several dilutions of extracted DNA (1/10, 1/50, 1/
100) were prepared and 2 μl were used as template.
Two-microlitre samples of genomic DNAwere used for
the amplification of a partial large-subunit (LSU) rRNA
gene region. In order to enhance the efficiency of the
amplification and increase the amount of DNA available
for cloning, a heminested PCRwas carried out using the
primer pairs LR1 (van Tuinen et al. 1998) and FLR2
(Trouvelot et al. 1999) for the first amplification step
and LR1 and FLR4 (Gollotte et al. 2004) for the
second one. PCR reactions were carried out in a final
volume of 25 μl using the “ready to go” PCR beads

(Amersham Pharmacia Biotech, Buckinghamshire,
United Kingdom), and 0.5 μM of each primer (PCR
conditions: 30 cycles at 93°C for 1 min, 58°C for
1 min, and 72°C for 1 min, followed by a final
extension period at 72°C for 5 min).

Two microlitres, from the first PCR, were used as
template DNA in a second PCR reaction under the same
PCR conditions. Positive and negative controls using
PCR positive products and sterile water respectively
were also included in all amplifications. All the PCR
reactions were run on a Perkin Elmer Cetus DNA
Thermal Cycler. Reactions yields were estimated by
using a 1.2% agarose gel containing GelRed™ (Bio-
tium, Hayward, California).

Cloning and sequencing

The PCR products were purified using a Gel extraction
Kit (Qiagen) cloned into pGEM-T Easy (Promega,
Madison, Wisconsin, USA) and transformed into
Escherichia coli (XL2-Blue). Thirty two positive
transformants were screened in each resulting LSU
rRNA gene library, using 0.8 units of RedTaq DNA
polymerase (Sigma-Aldrich, St. Louis, Missouri,
USA) and a re-amplification with LR1 and FLR4
primers with the same conditions described above.
Product quality and size were checked in agarose gels
as described above. All clones having inserts of the
correct size in each library were sequenced.

Clones were grown in liquid culture and the plasmid
extracted using the QIAprep Spin Miniprep Kit (Qia-
gen). The sequencing was done by Laboratory of
Sistemas Genómicos (Valencia, Spain) using the uni-
versal primers SP6 and T7. Sequence editing was done
using the program Sequencher version 4.1.4 (Gene
Codes Corporation). 83 representative sequences of the
clones generated in this study have been deposited at the
National Centre for Biotechnology Information (NCBI)
GenBank (http://www.ncbi.nlm.nih.gov) under the
accession numbers FR871313-FR871395.

A search for chimeric sequences was performed
using the program CHIMERA_Check 2.7 of the
Ribosomal Database Project (httpt:// rdp.cme.msu.
edu/html/analyses.html) (Maidak et al. 2001).

Phylogenetical analysis

Sequence similarities were determined using the
Basic Local Alignment Search Tool (BLASTn)
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sequence similarity search tool (Altschul et al. 1997)
provided by GenBank. Phylogenetic analysis was
carried out on the sequences obtained in this study
and those corresponding to the closest matches from
GenBank. Sequences were aligned with other pub-
lished glomeralean sequences using the program
ClustalX (Thompson et al. 1997) and the alignment
was adjusted manually in GeneDoc (Nicholas and
Nicholas 1997). Neighbour-joining (NJ) and maxi-
mum parsimony (MP) phylogenetic analyses (Saitou
and Nei 1987) were performed with the program
PAUP4.08b (Swofford 2002) and using the default
parameters. Mortierella polycephala Coem, was used
as the out-group.

Statistical analysis

Multivariate analyses were used in order to
investigate the influence of environmental factors
(two plant species and their rhizospheres) on the
AMF community distribution. Ordination analyses
were conducted in CANOCO for Windows, ver-
sion 4.5 (ter Braak and Smilauer 2004), using the
presence/absence data for each root/soil sample.
Initial detrended correspondence analysis suggested
a unimodal character of the data response to the
sample origin (the lengths of gradients were ≥4);
therefore, canonical-correspondence analysis (CCA)
was used. The statistical significance of the environ-
mental variables was evaluated by manual forward
selection using a Monte Carlo permutation test with
499 permutations.

The presence or absence of AMF phylotypes in each
root and soil sample was used to construct the sampling
effort curves (with 95% confidence intervals) using the
software EstimateS 8.00 (Colwell 2005). The sample
order was randomized by 100 replications.

The Shannon-Weaver (H’) index was calculated as
an additional measure of diversity, as it combines two
components of diversity, i.e., species richness and
evenness. It is calculated from the equation
H_ ¼ �P

pi ln pið Þ, where pi is the proportion of
individuals found in the ith species (in a sample, the
true value of pi is unknown but is estimated as ni/N,
[here and throughout, ni is the number of individuals
in the ith species]).

One-way ANOVAs were used to compare the
AMF diversity indices among roots and soil from
different plant species. Statistical procedures were

carried out with the software package SPSS 19.0 for
Windows.

Results

PCR and sequence analysis

All the root and soil samples extracted were
amplified successfully by nested PCR and generat-
ed PCR products of the expected band, of approx-
imately 720 bp, which were used for cloning and
creating a clone library. From the 16 clone libraries,
a total of 512 clones were screened by PCR (on
average, 32 clones were analysed per library); out
of these, a total of 488 clones contained an LSU
rDNA fragment and subsequently all clones were
sequenced. The BLAST search revealed that 355
sequences (72.7%) had a high degree of similarity
to sequences from taxa belonging to the phylum
Glomeromycota. The rest of the sequences (133) were
erroneous sequences.

Phylogenetic analysis of AMF groups

An alignment between 355 glomalean sequences
obtained in this study from root and soil samples
and 46 sequences downloaded from GenBank was
conducted: 83 clones that produced the same se-
quence were represented just once in the Neighbour-
joining (NJ) tree and the 272 remaining identical
clones were described in the supplemental material
(see supplemental material for a detailed description
of the clone groups with identical sequences). The
pairwise sequence similarities within the clades
ranged from 98 to 100%. Both the sequence similar-
ities and Neighbour-joining analyses made possible
the recognition of 20 sequence groups or phylotypes,
on the basis of bootstrap values ≥80%. Of all the
AMF sequence types, 13 belonged to Glomus group
A, five to Glomus group B and two to Diversispora
(Fig. 1). Four AMF sequence types, G. claroideum
(group Glomus G1), G. viscosum (group Glomus G6),
G. intraradices (group Glomus G17) and G. ebur-
neum (group Diversispora 1) sequences, clustered
with previously identified AMF sequences.

There were other groups that did not seem to be
related to any sequences of AMF in the database,
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such as Glomus G4, Glomus G9, Glomus G10,
Glomus G11, Glomus G14 and Glomus G16.

Although a recent systematic reorganization of the
Glomeromycota phylum published by Schüβler and

Walker (2010) has been done we have adopted the
traditional terminology and only the most representative
known sequences of AMF species has been represented
in the phylogenetic tree (Fig. 1) for clarity.
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To determine if the number of clones sequenced
was sufficient to represent the AMF diversity in the
soil and in the roots, sampling effort curves were
constructed (Fig. 2). The results indicate that the
number of sequences analysed per sample was
sufficient to provide coverage of the AM fungal
diversity in the soil and roots from the two plant
species studied. In fact, all the curves reached the
plateau.

Distribution of AMF sequence types

The Shannon diversity index was calculated in order
to compare the degree of richness of AMF in soil and
in plant roots. The numbers of AMF sequence types
found in soils (13 phylotypes in B. retusum soil and

13 in B. rubens soil.) were higher than in plant roots
(7 phylotypes in B. retusum roots and 12 in B. rubens
roots). Also, the Shannon diversity index for soils
corresponded to a higher level of AMF diversity than
for plant roots (HBROS=2.21, HBRAS=2.14, HBROR=
1.89 and HBRAR=1.21) (Table 1).

The most abundant phylotypes in this study were
Glomus G17 (with 32.11% of the clones belonging to
this group) and Glomus G15 (17.46%), which
occurred in the two species of plants in both the
roots and the soil, followed by Glomus G4 (8.45%),
Glomus G1 (7.88%), Glomus G6 (7%) and Glomus
G7 (5.9%) (Fig. 3). The abundance of Glomus G17 in
roots of B. rubens was almost twice that in soil
samples. The same occurred in the second biggest
group, Glomus G15, which was five times more
abundant in roots of B. retusum than in the soil. The
groups Glomus G2, Glomus G3, Glomus G9, Glomus
G10 and Glomus G16 were found only in soil
samples, while Glomus G5, Glomus G14, Glomus
G18 and Diversispora 2 occurred exclusively in roots.
With regard to differences between the two plant
species, four groups (Diversispora 2, Glomus G3,
Glomus G14 and Glomus G16) were found exclu-
sively in B. retusum, while four other groups (Glomus
G5, Glomus G10, Glomus G12 and Glomus G13)
appeared only in B. rubens. The CCA biplot diagram
(Fig. 4) shows clearly these differences in the
composition of the AMF community between the
plant species, as the differing distributions of the
AMF sequence types. Thus, the symbols representing
different plant species are distant to each other, which
demonstrate that they hosted distinct AMF. In fact,
the influence of the host plant was statistically
significant according to the Monte Carlo permutation

Fig. 1 Neighbour-Joining (NJ) phylogenetic tree showing AM
fungal sequences isolated from roots and rhizosphere soil of
Brachypodium retusum and Bromus rubens, and reference
sequences from GeneBank. Numbers above the branches
indicate the bootstrap values (above 80%, 1000 replicates) of
the NJ analysis; numbers below the branches indicate the
bootstrap values of the maximum parsimony analysis. Sequen-
ces obtained in the present study are shown in bold type. They
are labelled with the host plant or rhizosphere soil from which
they were obtained (BROR=Roots of B. rubens; BROS=Rhizo-
sphere soil of B. rubens; BRAR=Roots of B. retusum;
BRAS=Rhizosphere soil of B. retusum) and the clone identity
number. (See the supplemental material for a detailed descrip-
tion of the clones identified in this study and included in each
group). Group identifiers (for example Glo G1) are AM fungal
sequences types found in our study. Mortierella polycephala
were used as out-group

�

Fig. 2 Sampling effort curves for the AM fungal community in
the roots and rhizosphere soil of B. rubens and B. retusum. The
sample order was randomised by 100 replications in EstimateS,
version 8.0 (Colwell 2005)

Table 1 Shannon diversity indices for AMF communities from
roots and rhizosphere soil of B. rubens and B. retusum (n=4)

Means ± SE Totalb

B. retusum roots 0.79±0.05a 1.21

B. retusum soil 1.76±0.03bc 2.14

B. rubens root 1.36±0.01b 1.89

B. rubens soil 2.09±0.17c 2.21

a Values in columns followed by the same letter do not differ
significantly (P<0.05) as determined by the Duncan’s test
b The total Shannon diversity index was calculated by pooling
data from four replicate samples
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test (F=2.21; P=0.022). The diagram also shows the
AMF sequence types found exclusively in each plant

or soil sample. The variable rizosphere was found to
be non-significant (F=1.06; P=0.368).

Discussion

This study compared the composition of the commu-
nity of arbuscular mycorrhizal fungi in roots and soil
from an annual herbaceous species with that from a
perennial herbaceous species co-occurring in a Med-
iterranean degraded, semiarid area.

As expected, our results clearly show that the two
plant species within the same habitat were colonised
by different AMF communities. For each plant
species, there was a specific community, as shown
clearly by the CCA analysis (Fig. 4). This behaviour
pattern is consistent with the results of previous
studies in different habitats (Vandenkoornhuyse et al.
2002, 2003; Opik et al. 2003; Gollotte et al. 2004;
Scheublin et al. 2004; Sýkorová et al. 2007; Alguacil
et al. 2009, 2011; Li et al. 2010). Moreover, differing
abundances of the shared AM fungal types in the
roots of the two plant species were detected, indicat-
ing that some AMF types showed a preference for the
host-plant species (Vandenkoornhuyse et al. 2002;
Gustafson and Casper 2006; Li et al. 2010). These
differences in the AMF community composition
between the two plant species could be due in part
to the differences in plant life cycle, phenology and
physiology shown by B. rubens and B. retusum. The
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Fig. 3 Bar plot showing the
number of clones detected
for each AM fungal se-
quence type in the roots
and rhizosphere soil of B.
rubens and B. retusum
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two species normally differ in the timing and extent of
their activity during the year. B. rubens germinates in
winter and is highly dependent on the periods of
rainfall. In a study carried out in California, based on
uptake of 15N-labelled ammonium, annual plant roots
appeared to be active earlier than standing perennial
roots (Hooper and Vitousek 1998). Thus, if roots of B.
rubens are active earlier in the season than those of B.
retusum, they may associate with and promote
specific groups of AMF. On the other hand, besides
differences in life cycle between these two plant
species, factors such as plant developmental stage
might affect the development of AMF communities in
roots. In previous studies (Caravaca et al. 2003, 2005;
Alguacil et al. 2011), it was found that AMF-
inoculated shrub species showed their most signifi-
cant increases in growth during the first stages of
plant development. In our study, B. rubens roots
showed higher AMF diversity than B. retusum roots.
Thus, more AMF species might be helping to improve
the growth and development of this annual herba-
ceous plant. It is also of note that B. retusum roots
showed the lowest number of AMF sequence types,
actually one AMF type (Glo G15) represented 50% of
all the AMF sequences obtained in this perennial
herbaceous species. Glo G15 appears to be very
invasive in B. retusum roots and this AMF sequence
type might prevent colonisation by other AM fungal
species. Moreover, once a hyphal network is estab-
lished, these fungi could have priority access to
perennial plant roots and could thus dominate them
(Vierheilig et al. 2000; Vierheilig 2004).

The diversity of AMF associated with B. rubens
and B. retusum rhizosphere soil was similar: 13 AMF
sequence types were found in both, of which 10 were
common and only three AMF sequence types,
represented by a low number of clones, were specific
for each rhizosphere soil. The Shannon diversity
index also revealed higher AMF diversity in the
rhizosphere soil from both plant species than in their
roots. In the case of the perennial species, B. retusum,
its roots showed the lowest AMF diversity index (H’=
1.21) and harboured four AMF sequence types out of
13 AMF sequence types found in the rhizosphere soil.
This low overlap in the composition of the AM fungal
community between the root and soil fractions of the
perennial plant species is in accordance with the
findings of different studies (Clapp et al. 1995;
Renker et al. 2005; Hempel et al. 2007; Cesaro et

al. 2008). Here, we show the efficiency of an annual
species (B. rubens) with respect to harbouring most of
the AMF diversity present in the soil.

Only three AMF sequence types (Glo G1, Glo
G15 and Glo G17) out of 20 detected in the
whole study were found in both the community
of the functionally active AMF within the roots
and in the rhizosphere soil of B. rubens and B.
retusum. Of these, Glo G17, that showed very high
similarity (99% identity) with the described species
G. intraradices, was the dominant taxa in our study
(32% of sequences). Thus, the cosmopolitan nature of
this AM fungal species is confirmed once again
(Husband et al. 2002; Öpik et al. 2003; Wirsel 2004;
Hijri et al. 2006; Sýkorová et al. 2007; Lekberg et al.
2007; Cesaro et al. 2008).

The AMF sequence type represented by the second
highest number of clones was Glo G15, which was
related previously with “unknown” sequences
detected in roots from Medicago laciniata (Pivato et
al. 2007). Finally, Glo G1, represented by only 7.9%
of the sequences, showed 98% similarity with
sequences of Glomus claroideum strain BEG14
(Turnau et al. 2001).

Three AMF sequences types (Div2, Glo G5 and
Glo G14) were found in roots but not in rizosphere
soil. Hempel et al. (2007) also observed this fact in a
molecular study of AMF communities in a grassland
ecosystem. They suggested that some AMF groups
extend short distances in soils relative to its abun-
dance in roots. Also, Hart and Reader (2002)
documented major differences in the internal and
external mycelium among different AMF species.

In the present study, we obtained 20 AMF
sequence types, more than were detected by Gollotte
et al. (2004), Cesaro et al. (2008) or Pivato et al.
(2007), who identified 10, eight and 12 AMF
sequence types, respectively, using our set of primers
and molecular methods. Also, in a recent revegetation
study of AMF diversity based on SSU rDNA with
four shrub species, carried out in the same study area,
we detected only eight AMF sequence types
14 months after plant establishment (Alguacil et al.
2011). Thus, the data obtained in the present research
suggest that the AMF biodiversity in these Mediter-
ranean, semiarid areas may be considerably higher
than previously reported in spite of the primers used
in our experiment do not give a complete AMF
taxonomic coverage, since FRL4 primer discriminates
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above all Diversisporales, Archaeosporales and Para-
glomerales orders (Gamper et al. 2009).

In conclusion, these data provide evidence in
favour of the preferential selection of specific AMF
sequence types by a given plant species. The annual
herbaceous species, B. rubens, showed higher AMF
diversity than the perennial herbaceous species, B.
retusum. Whether this fact can be attributable to the
differences in plant phenology is not clear and more
studies focusing in more diverse habitats with higher
number of both perennial and annual gramineous
species could be necessary. Management of these
Mediterranean, semiarid degraded areas should also
promote annual herbaceous plant communities in
order to maintain the sustainability and productivity
of these ecosystems.
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