
REGULAR ARTICLE

Spring to autumn changes in the arbuscular mycorrhizal
fungal community composition in the different propagule
types associated to a Mediterranean shrubland

Sara Varela-Cervero & Álvaro López-García & José M. Barea &

Concepción Azcón-Aguilar

Received: 19 November 2015 /Accepted: 2 May 2016 /Published online: 6 May 2016
# Springer International Publishing Switzerland 2016

Abstract
Background and aims Arbuscular mycorrhizal fungi
(AMF) appear differentially represented among propa-
gule forms [intraradical mycelium (IRM) in colonized
roots, spores and extraradical mycelium (ERM)]. How-
ever, spring to autumn changes in the AMF communi-
ties harboured in the different propagule forms has not
been studied, being this the aim of the present study.
Methods A terminal restriction fragment length poly-
morphism approach was used to monitor, in spring and
autumn, the AMF community composition present in
the three propagule types associated to five shrub spe-
cies in a semi-arid Mediterranean environment.
Results The AMF community composition in roots
was significantly different between spring and au-
tumn; however, no significant differences were de-
tected in soil propagules (spores and ERM). Differ-
ent trends were identified according to the preferen-
tial biomass allocation patterns of AMF phylotypes,
suggesting different life strategies: those allocating
mainly into IRM (belonging to the Glomeraceae),

ERM (Diversisporaceae and Gigasporaceae) or
spores (Pacisporaceae and Paraglomeraceae).
Conclusions Differences of AMF taxa in the biomass
allocation patterns among propagules are maintained
throughout the year. Progress in the knowledge of func-
tional features of AMF communities and their responses
to seasonal variations are important for the AMF appli-
cation in Mediterranean ecosystems.
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Introduction

Soil microbe-plant interactions have been increasingly
considered as key factors in the understanding of the
structure and functioning of plant communities (Bardgett
and van der Putten 2014). Nevertheless, the study of the
diversity and distribution of soil microbiota and their role
in ecosystem sustainability has received less attention
(Martiny et al. 2006; van der Heijden et al. 2008). This
situation has changed in the last decade due to the ad-
vances in molecular approaches which have allowed a
deeper study of microbial communities (Redford et al.
2010; Bates et al. 2012; Russo et al. 2012).

AMF form symbiotic associations with plants, being
present in most terrestrial ecosystems (Smith and Read
2008; van der Heijden et al. 2015). They colonize the
root system benefiting plant growth by increasing nutri-
ent and water uptake (Koide and Mosse 2004) and
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protecting them against biotic and abiotic stresses
(Smith et al. 2010; Jung et al. 2012; Pozo et al. 2015).
In turn, the fungi receive carbon compounds from pho-
tosynthesis. AMF also improve soil structure (Rillig and
Mummey 2006; Leifheit et al. 2014) and plant diversity
by modifying plant community structure (van der
Heijden et al. 1998a, b, 2015; Vogelsang et al. 2006).

AMF have traditionally been considered as generalist
with no plant-AMF species specificity (Öpik et al. 2008;
Sikes et al. 2014). However, some studies have found
preferences of certain host plants for certain fungal
species, indicating that the host partner can influence
the AMF community associated to it (Helgason et al.
2002; Vandenkoornhuyse et al. 2003; Li et al. 2010).
Nowadays, it is increasingly accepted that the mycor-
rhizal symbiotic assemblages are mainly driven by the
plant ecological group rather than by the plant species
identity (Öpik et al. 2009; Yang et al. 2012; López-
García et al. 2014a). In any case, the relationship be-
tween AMF and host plant species could be explained
by functional differences among AMF taxa, especially
in relation to the effect they have on their hosts
(Munkvold et al. 2004).

It is also known that AMF are diverse in terms of life-
history strategies (Hart and Reader 2002). Arbuscular
mycorrhizal colonization can be initiated from three dif-
ferent propagule forms [spores, intraradical mycelium
(IRM) frommycorrhizal roots and extraradical mycelium
(ERM)] (Smith and Read 2008). Several studies have
suggested different colonization ability among these three
propagule forms (Klironomos and Hart 2002; van der
Heijden et al. 2004) as well as a differentiation in the
propagule type more frequently formed by different
AMF taxa (Klironomos and Hart 2002). Previous studies
focusing on different propagule forms have concluded
that they differ in terms of the AMF diversity they
harbour: some phylotypes or even families are better
represented in some propagule forms than in others
(Hempel et al. 2007; López-García et al. 2014b; Varela-
Cervero et al. 2015). However, there is a lack of infor-
mation about the seasonal changes of AMF communities
in the different compartments in natural environments
and its relation with life-history strategies of AMF.

Plants growing in stressful environments have devel-
oped different life-history adaptations for survival in such
harsh conditions (Grabherr et al. 2003). Therefore, we
postulate that the associated AMF communities can re-
spond similarly, as suggested by Chagnon et al. (2013).
Seasonal dynamics have often been observed in plant

root morphology (Mayr and Godoy 1989; Mandyam
and Jumpponen 2008) and molecular analyses carried
out in AMF communities harboured in roots have also
revealed a seasonal effect (Liu et al. 2009; Dumbrell et al.
2011; Sánchez-Castro et al. 2012). By contrast, other
studies have shown that the AMF community composi-
tion either in colonized roots (Öpik et al. 2008; Santos-
González et al. 2007) or soil (Davison et al. 2012) is not
affected by seasonality. Temporal dynamics in soil has
been mainly analyzed by morphological approaches, of-
ten focused on the spore community (Oehl et al. 2009;
Sivakumar 2013; Zangaro et al. 2013). Molecular tech-
niques have promoted an increased knowledge about
AMF diversity and distribution (Öpik et al. 2006, 2009;
Lumini et al. 2010). However, at the molecular level,
AMF seasonal dynamics in soil has been poorly studied
and there are no reports including the simultaneous char-
acterization of the AMF community in the three different
forms of propagules. Studies on this topic are needed
because the lack of information combining a complete
characterization of the AMF community, and its seasonal
changes, can drive to erroneous conclusions and misin-
terpretation of AMF ecology.

In the current study we aimed: (i) to compare spring
and autumn AMF communities in the three AMF prop-
agule forms: mycorrhizal roots, spores and extraradical
mycelium; (ii) to study the distribution of AMF taxa
within the three different propagule forms in natural
conditions and (iii) to evaluate the influence of the host
plant on AMF community changes. Terminal Restric-
tion Fragment Length Polymorphism (TRFLP) of genes
coding for ribosomal RNA provides a high throughput
and reproducible profiling of samples containing com-
plex microbial communities (Cotton et al. 2014). Thus,
TRFLP was used to examine AMF diversity in the
different propagule forms associated to five representa-
tive plants of a Mediterranean ecosystem of Southeast
Spain. Additionally, the results from the TRFLP analy-
ses were compared with those obtained in a previous
study (Varela-Cervero et al. 2015) using 454 pyrose-
quencing, as some samples were analysed in both stud-
ies. This will allow us to compare the reliability of both
approaches in AMF diversity analyses.

We hypothesized that seasonality and host plant
identity will differentially affect AMF-taxa and
consequently their distribution throughout the dif-
ferent propagule forms. In addition, it is expected
that these differences could be related to the tax-
onomic position of the AMF taxa.
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Materials and methods

Study site and sampling procedure

The study site is located in a protected area of the
Mediterranean region in Southern Spain, the Sierra
de Baza Natural Park (Granada, Andalucía). A
2000 m2 homogeneous plot was chosen for sampling
(2° 50′ W, 37° 24′ N). The climatic conditions are
characterized by low and irregular precipitations with
an annual mean rainfall of 385 mm, with average
summer and winter temperatures of 25 °C and 6 °C
respectively. The soils are Calcaric Regosols with a
loam texture (45.5 % sand, 33.5 % silt and 21 %
clay). Potential native vegetation in this area would
be dominated by sclerophyllus woody trees but sev-
eral disturbance processes have promoted a serial
shrubland, including our target species: Genista
cinerea (Vill.) DC. in Lam. & DC., Lavandula
latifolia Medik., Rosmarinus officinalis L., Thymus
mastichina (L.) L. and Thymus zygis subsp. gracilis
(Boiss.) R. Morales, five of the most common species
in the target area (Allen 2009). Six individuals of
each plant species, 5–8 m apart, were sampled in
spring (16th May) and autumn (30th November) of
2011. All plant species were flowering at the spring
sampling time, but only R. officinalis was also
flowering in the autumn. Approximately 2 g (fresh
wt) of fine roots of each plant were collected by
carefully tracing them from the stems, and about
1 kg of the adjacent soil was also excavated from a
depth of 5–25 cm. Samples were placed in polyeth-
ylene bags and transferred in iceboxes to the labora-
tory. Root samples were immediately processed and
soil samples were stored at 4 °C for further physico-
chemical analyses and spore and extraradical mycelia
extraction in the next 7 days.

Soil samples for physico-chemical properties determi-
nation was air-dried, sieved (2 mm) and ground. Total soil
nutrients were determined after microwave digestion in
65 % HNO3 using inductively coupled plasma-optical
emission spectrometry (ICP-OES, model ICAP 6500
DUO THERMO, Thermo Scientific, Wilmington, DE,
USA) by the Servicio de Ionómica of Centro de
Edafología y Biología Aplicada del Segura (CSIC). Or-
ganic C (after HCl addition for carbonate elimination) and
total N were measured on a LECO TruSpec C/N/S auto-
matic elemental analyser. Soil pH was determined in a
1:2.5 (w/v) suspension of sieved soil in deionized water.

Propagule isolation

Root samples were washed under running tap water and
dried with absorbent paper. The roots of each sample were
cut in 1 cm pieces and thoroughly mixed. Aliquots of
200 mg were immediately frozen in liquid nitrogen and
stored at −80 °C until DNA extraction. Approximately
500 mg of the roots of each sample were stained with
trypan blue (Phillips and Hayman 1970) and examined
under a compound light microscope to determine the
percentage of mycorrhizal colonization following the
magnified intersection method (McGonigle et al. 1990).

Spores and ERM were extracted from 50 g of soil
samples, as described in Varela-Cervero et al. (2015).
Briefly, the wet sieving and decanting method
(Gerdemann and Nicolson 1963) was used for ERM
extraction and it was followed by sucrose centrifugation
(Brundrett et al. 1994) for spore extraction. The
collected spores were examined and counted in nema-
tode counting dishes (Doncaster 1962) and small root
fragments and remaining ERM were removed with
tweezers. The mycelium obtained was placed in Petri
dishes containing sterile water, collected with sterile
forceps and possible remains of spores or roots with
the mycelium were removed under a dissecting micro-
scope. After weighing ERM samples (dry wt) all sam-
ples were frozen in liquid nitrogen and stored at −80 °C
until DNA extraction.

DNA extraction and amplification of 18S rDNA gene
sequences

Individual samples were manually crushed in sterile
mortar and pestle (root samples) or sterile microtube
andmicro pestle (spores and ERM samples) using liquid
nitrogen. Genomic DNA extraction was performed
using the DNeasy Plant Mini Kit (Qiagen Inc., Missis-
sauga, ON, Canada), following manufacturer’s instruc-
tions. As a template, one μl of each DNA extraction was
used to carry out the PCR amplifications. An initial PCR
was carried out using the universal primers NS1-NS4
(94 °C for 3 min, followed by 30 cycles at 94 °C for
30 s, 40 °C for 1 min, 72 °C for 1 min, followed by a
final extension period at 72 °C for 10 min), followed by
a subsequent nested PCR using 1 μl of the previous
PCR product and the AMF specific primers AML1-
AML2 (1 min at 94 °C, 30 cycles at 94 °C for 1 min,
62 °C for 1 min, and 72 °C for 1 min, followed by a final
extension period at 72 °C for 5 min). These
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Glomeromycota-specific primers amplify a region of
795 bp of the 18S gene of rDNA, covering all known
families of AMF (Lee et al. 2008). The first PCR am-
plification was carried out using the commercial product
Illustra PuReTaq Ready-To-Go™ PCR Beads (GE
Healthcare UK Limited, Buckinghamshire, UK), while
for the nested PCR the GoTaq Green Master Mix poly-
merase (Promega Corporation, Madison, USA) was
used. The PCR amplifications were performed in an
automatic thermocycler (C1000 Thermal Cycler, Bio-
Rad). Nested PCR products were purified using Illustra
GFX ™ PCR DNA and Gel Band Purification Kit (GE
Healthcare UKLimited, Buckinghamshire, UK) accord-
ing to manufacturer’s instructions.

Clone library construction

Clone library was constructed from samples corre-
sponding to the spring sampling time (90 samples).
The complete approach that we used to study the AMF
communities present in the system, i.e. studying every
propagule form that AMF can produce, allowed us to be
sure that we covered the major part of AMF taxa in the
system even when analyzing only one season. An
equimolecular mix (10 ng per sample) of the corre-
sponding purified PCR products was cloned using the
TA Cloning® Kit (Invitrogen Life Technologies,
Karslruhe, Germany) where ligation was performed into
pCR®2.1 vector and transformed into One Shot®
TOP10F’ Chemically Competent E. coli cells
(Invitrogen Life Technologies, Karslruhe, Germany).
To avoid sequencing of clones with identical inserts,
the transformed cells were screened by Single Strand
Conformation Polymorphism (SSCP) of a 230 bp highly
variable region amplified with the primer set NS31-
Glo1 (Simon et al. 1992; Cornejo et al. 2004). For that
purpose, PCR products from clones were run in an
acrylamide gel as described by Kjøller and Rosendahl
(2000). Samples were prepared by mixing 4 μl of PCR
product and 4 μl of loading buffer (95 % formamide,
0.05 % bromo phenol blue, 0.05 % xylene cyanol FF,
20 mM EDTA). Samples were then denatured for 5 min
at 95 °C and placed on ice before loading. Electropho-
resis was performed during 3 h at 20 °C (gel tempera-
ture) in the Dual Adjustable Mega-Gel unit (C.B.S.
Scientific company Del Mar, CA). Samples were sepa-
rated in discontinuous 50 cm×22 cm×0.7 mm gels
with 25 % (w:v) MDE acrylamide, 5 % glycerol,
0.05 % ammonium persulfate (APS), 0.0125 % N-

Tetramethylethylenediamine (TEMED) and 0.5 × TBE
buffer (separation gel) and 75 % (w:v) formamide, 6 %
acrylamide (19:1), 0.15 % APS, 0.1 % TEMED and 0.2
× TBE buffer (stacking gel), using 0.5 × TBE as running
buffer. Bands were visualized by silver staining (Bio-
Rad Silver Stain, California, USA). InfoQuest software
was used to identify different SSCP-profiles. To ensure
a good coverage of the AMF diversity, the AML1-
AML2 fragment of around 50% of the clones exhibiting
the same SSCP profile was sequenced by the sequenc-
ing services of the Estación Experimental del Zaidín
(Granada, Spain) using the primers M13F and M13R.
A rarefaction analysis of the DNA sequences, as indi-
cated by their SSCP profiles, was carried out using the
Analytic Rarefaction freeware program (Holland 2008)
to verify that the major part of AMF phylotypes in the
study site were recorded.

Phylogenetic analysis

Alignment of sequences was performed using MAFFT
version 7 after removing chimeric sequences. The phy-
logenetic analysis was carried out using Mega 5.1 soft-
ware (Tamura et al. 2007) using the neighbour-joining
algorithm with Kimura-2 parameter as substitution
model and 1000 replications to obtain bootstrap values.
Phylotypes were defined according to a high bootstrap
support and a pairwise similarity higher than 98 %.
Sequences from different phylotypes were submitted
to a blast against the MaarjAM database (Öpik et al.
2010) to identify and name them (the code number of
each phylotype corresponds to the Virtual Taxa number
of MaarjAM database). Up to two sequences by AMF
phylotype, clustered with 99 % similarity, were selected
to display the final neighbor-joining tree.

TRFLP analyses

A total of 180 samples (5 plant species × 6 individuals ×
3 propagule forms × 2 sampling seasons) were analyzed
by using TRFLP. Based on the clone library and the
defined phylotypes, a set of four enzymes that allow
discriminating between the found phylotypes were se-
lected using the REPK online software (Collins and
Rocap 2007). These enzymes were: HinfI, MboI, AvaII
and BstXI (New England Biolabs). PCR amplifications
were carried out as described above with the exception
that after the first amplification using the universal
primers NS1-NS4, two nested PCRs using AML1-
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AML2 were made in parallel, one using the fluorescent
label 6-FAM and another with HEX, both attached to
the forward primer AML1. Forty ng of each PCR prod-
uct were digested individually with 1.5 U of each en-
zyme for 2 h at 37 °C. HEXPCR products were digested
with HinfI and AvaII and 6-FAM PCR products with
MboI and BstXI. The Illustra GFX ™ PCR DNA and
Gel Band Purification Kit (GE Healthcare) was used to
purify digestions. TRF determination was carried out in
multiplex, mixing digestions as follows: HEX PCR
products digested with HinfI in combination with 6-
FAM PCR products digested with MboI, and, on the
other hand, the combination of the other two digestions
(BstXI and AvaII). Determination of the TRFs was
carried out by the Unidad de Genómica y Síntesis de
DNA, Instituto de Biomedicina y Parasitología López
Neyra (Granada, Spain). Data were processed using the
GeneMapper software version 3.7 (Applied Biosystems,
2004). In order to get the empirical TRFLP profiles of
the detected sequences in the database, the clones se-
lected for the gene library construction were re-ampli-
fied, digested and analyzed in the same way as ex-
plained for the samples. Package TRAMPR (FitzJohn
and Dickie 2007) from the R software (R Development
Core Team 2010) was used for matching TRFLP pro-
files of the samples with those corresponding to the
sequences of the gene library. This allowed us to allocate
the phylotypes present in the different samples.

Statistical data analysis

Shapiro-Wilk (Royston and Remark 1995) and Levene
tests were performed to check for normality and homo-
scedasticity of the data relative to soil analyses, root
colonization, spore number and ERMweight. The effect
of season and plant species was checked by two-way
ANOVA analyses for root colonization data, while non
parametric U Mann–Whitney tests were carried out for
spore number and ERM weight. When appropriate,
Tukey HSD and Student’s t tests or a Wilcoxon rank
sum test (when data were non-normal) were performed
to detect significant differences between the levels of
explanatory factors. Similar analyses were performed to
study seasonal variation for each plant species or prop-
agule type separately.

The effect of season, host plant species and propagule
form on AMF community composition was analyzed by
using the adonis () function from the R package vegan
(Oksanen et al. 2015) which performs a non-parametric

permutational multivariate analysis of variance
(PERMANOVA, McArdle and Anderson 2001). The
function betadisper() was used to study differences in
multivariate dispersion. Jaccard dissimilarity was used
as a measure of distance between AMF communities.
The significance of effects was assessed via comparison
with 999 randomised data sets. A Non-metric Multidi-
mensional Scaling (NMDS) ordination was carried out
to reduce AMF community composition variability to
two axes and easily visualize community distribution
patterns. Samples were grouped by AMF propagule
type or season, and ellipses representing one standard
deviation around group centroids were defined using the
ordiellipse() function from the R package vegan.

Some DNA templates (4 samples by propagule type
and plant species corresponding to the spring sampling
time) had been previously analyzed by using 454-
pyrosequencing (Varela-Cervero et al. 2015). To ensure
the reliability of our data, the correlation between the
obtained presence/absence matrices using both molecu-
lar approaches, 454-pyrosequencing and TRFLP, was
checked by using a Mantel test approach (mantel ()
function from R package vegan). For that, Jaccard dis-
similarities were used as measure of distances among
AMF communities. Additionally, PERMANOVA and
multivariate dispersion analyses were arranged using the
same subset of TRFLP samples to test whether the
found ecological trends are similar using both molecular
approaches.

Variations in frequencies of detection of each phylo-
type between two sampling times were examined by
Fisher’s test within each propagule form. Additionally,
to detect AMF phylotypes indicators of different prop-
agule forms or different seasons the Pearson’s phi coef-
ficient of association (Chytrý et al. 2002), followed by
correction of phi coefficient (Tichý and Chytrý 2006),
was calculated using the multipatt () function embebed
in the R package indicspecies (de Cáceres and Legendre
2009).

Results

Soil nutrient content and AMF propagule abundance

No significant differences were detected in pH, organic
carbon or N and P content among the rhizosphere soils
of the different plant species. However, some differ-
ences were detected between the two sampling times.
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Soil pH (Df=28, t =−5.060, P<0.001) and organic C
(W=900, P<0.001) were significantly higher in au-
tumn (Table 1).

On average, mycorrhizal colonization significantly
differed among host plant species (Df=4, F=5.375,
P < 0.001), between seasons (Df = 1, F = 4.459,
P=0.012) and a weak interaction was detected among
the two factors (Df=4, F=2.011, P=0.049). At each
sampling time, mycorrhizal colonization significantly
differed among host plant species (Spring: Df = 4,
F = 7.694, P < 0.001; Autumn: Df = 4, F = 3.850,
P=0.015), being the highest for R. officinalis in spring
and T. mastichina in autumn and the lowest T. zygis in
spring and L. latifolia in autumn. By the contrary, the
number of spores did not significantly change among
plant species or seasons, while the amount of ERM
differed between seasons (W= 3150, P < 0.001, U
Mann–Whitney test) (Table 2).

The abundance of mycorrhizal propagules, analyzed
by plant species, tended to increase from spring to
autunm, except for the amount of spores and ERM in
the rhizosphere ofR. officinalis and T. zygis respectively.
This trend to increase in autumnwas particularly evident
for the root colonization level of G. cinerea (Df=10,
t =−3.215, P=0.009) and T. zygis (Df=10, t =−3.045,
P=0.012) and for the amount of ERM in the rhizo-
sphere of R. officinalis (W=126, P=0.002), L. latifolia
(Df=10, t =−2.851, P=0.017) (Table 2).

AMF community composition

A total of 78 clones obtained from the gene library were
sequenced. The rarefaction analysis, based on the SSCP
profile of 153 clones, allowed us to verify that we had
achieved the total number of phylotypes present in the
mix of all PCR products (Fig. 1). It would have been

necessary to screen more than 1000 additional clones to
get an additional phylotype.

The 78 sequences were classified into 13 phylotypes,
all of them belonging to the phylum Glomeromycota:
eight phylotypes included in the Glomerales (seven
belonging to the Glomeraceae family and one to the
Claroideoglomeraceae), four in the Diversisporales
(two in the Diversisporaceae family, one in the
Gigasporaceae and one in the Pacisporaceae) and anoth-
er phylotype included in the Paraglomerales (Fig. S1).
The sequences were deposited in EMBL database with
the following accession numbers: HG329634-
HG329645, HG329647-HG329667, HG329669-
HG329699, HG329701-HG329714.

The AMF community composition varied among
different propagule forms due to both differences in
multivariate location and dispersion (Table 3). This is
also graphically illustrated in the Non-metric Multidi-
mensional Scaling (NMDS) ordination shown in
Fig. 2a. However, it was not significantly affected by
the host plant, and only marginally influenced by the
sampling time (P=0.059, Table 3). Since there was also
a significant interaction among propagule type, season
and plant species (Table 3) the effect of each factor was
analyzed separately.

Within different propagule types, a seasonal effect on
the AMF community composition was only detected in
colonized roots, but not in spores or ERM (Roots:
Df = 1, F = 2.345, P=0.034). The NMDS confirmed
the seasonal effect on AMF community composition
in roots samples (Fig. 2b). Within seasons, no signifi-
cant differences in the AMF community composition
were detected among plant species but they were con-
firmed for the different propagule types (Spring: Df=2,
F = 11.164, P < 0.001; Autumn: Df = 2, F = 8.683,
P<0.001). Finally, when plant species were separately
analysed significant differences among propagule type
were detected for all of them (R. officinalis: Df = 2,
F = 7.344, P < 0.001; G. cinerea: Df = 2, F = 3.650,
P<0.001; L. latifolia: Df=2, F=3.817, P=0.002; T.
mastichina: Df = 2, F = 2.689, P < 0.001; T. zygis:
Df=2, F=7.265, P<0.001).

The reliability of our TRFLP molecular approach
was supported by the positive correlation found between
the distance matrices based on the community compo-
sition data generated by 454-pyrosequencing and
TRFLP (Mantel test r = 0.180, P=0.007). Moreover,
both analyses showed significant differences in the
AMF community composition among the different

Table 1 Soil physico-chemical characteristics

Spring Autumn

pH 7.91 (±0.05) a 8.22 (±0.04) b

Organic C (%) 3.99 (±0.05) a 4.34 (±0.05) b

N (%) 0.34 (±0.02) a 0.33 (±0.01) a

P (%) 0.04 (±0.001) a 0.04 (±0.002) a

Values (mean ± SE, n= 15) not sharing a letter in common differ
significantly between spring and autumn according to the Stu-
dent’s t test (P> 0.05)
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propagule types (TRFLP: Df=2, F=8.232, P=0.001;
454 pyrosequencing: Df=2, F=4.738, P=0.001). Sim-
ilarly, significant differences in multivariate dispersion
were detected within propagule types using both meth-
odologies (454 pyrosequencing: Df = 2, F = 22.071,
P=< 0.001; TRFLP: Df=2, F=6.420, P=0.003).

AMF phylotypes distribution

Differences in the detection frequency of phylotypes
among the different propagule forms were found
(Fig. 3). Three main trends were detected: (i) Seven
phylotypes, those belonging to the Glomeraceae family,
were mainly found in the roots (IRM), at intermediate
levels in the ERM and scarcely in the spores. In autumn,

the detection frequency in the ERM of most of these
phylotypes decreased, although such change was only
statistically significant for Glo153 (P=0.01, Fisher’s
test). Some of these phylotypes (Glo166, Glo143,
Glo064) were not detected in the spore fraction in au-
tumn (Fig. 3). (ii) Phylotypes preferably harboured in
the ERM during both seasons that were less frequently
detected during the autumn. They belong to the
D ive r s i spo r a cea e (D iv060b , D iv060 ) and
Gigasporaceae (Scu049) families. (iii) Phylotypes main-
ly located in the spores during both seasons, belonging
to the Pacisporaceae (Pac284) and Paraglomeraceae
(Par336) families. The phylotype Pac284 was not de-
tected colonizing the roots in the spring survey. The
phylotype belonging to the Claroideoglomeraceae fam-
ily (Cla193) could not be assigned to any specific trend.
As phylotypes belonging to the Diversisporaceae and
Gigasporaceae, it was mainly detected in the ERM
during both seasons but, similarly to some of the
Glomeraceae phylotypes, its detection frequency in the
roots increased in the autumn survey.

The trends described above were supported by the
Pearson’s phi coefficient of association, that indicates
the propagules and/or seasons where the phylotypes
were preferably found, inferring from there their pre-
ferred ecological distribution (Table 4).

Discussion

In this study we analysed spring to autumn changes in
the AMF community harboured in the roots, spores and
extraradical mycel ium associated with f ive

Table 2 Mycorrhizal colonization of the target plant species and total number of spores and extraradical mycelium (ERM) biomass
collected from their rhizosphere soil in the different seasons

Plant species/ Season Mycorrhizal
colonization (%)

Number of spores /100 g soil ERM Dry weight
(mg/100 g soil)

Spring Autumn Spring Autumn Spring Autumn

R. officinalis 45.0 (±6.5) Aa 40.5 (±1.0) Aab 260.3 (±36.2) Aa 146.7 (±15.7) Ba 5.4 (±0.9) Aa 35.4 (±11.7) Ba

G. cinerea 23.5 (±5.0) Ab 43.8 (±4.0) Ba 224.7 (±57.7) Aa 239.6 (±15.6) Aa 10.3 (±1.9) Aa 15.1 (±3.7) Aa

L. latifolia 20.2 (±3.5) Ab 17.8 (±4.1) Ab 168.3 (±40.8) Aa 208.0 (±41.2) Aa 3.6 (±0.8) Aa 13.6 (±3.4) Ba

T. mastichina 40.7 (±5.3) Aa 45.3 (±6.4) Aa 203.7 (±60.4) Aa 238.3 (±60.4) Aa 6.5 (±1.0) Aa 18.0 (±6.0) Aa

T. zygis 13.2 (±3.2) Ab 31.3 (±5.1) Bab 191.3 (±36.9) Aa 246.0 (±47.2) Aa 11.1 (±2.7) Aa 6.6 (±2.1) Ba

Average 28.5 (±3.1) A 35.8 (±2.7) B 209.7 (±20.6) A 215.7 (±15.8) A 7.4 (±0.9) A 17.7 (±3.2) B

Standard errors are shown in brackets. Means not sharing an letter in common differ significantly between seasons (uppercase) according to
the Student’s t test (P< 0.05) and among plant species (lowercase) according to the Tukey’s Honest Significant Difference test (P< 0.05)

Fig. 1 Rarefaction analysis performed on the 18S rDNA sequence
data of arbuscular mycorrhizal fungi (AMF) obtained from the
clone library of the target plant species
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Mediterranean plant species. Previous studies have
analysed the seasonal dynamics of AMF communities
within colonized roots or in soil samples including both
spores and ERM (Dumbrell et al. 2011; Davison et al.
2012). However, as far as we know, this is the first study
analysing the seasonal changes of AMF harboured in
the three mycorrhizal propagule types separately.

Additionally, we analysed differences in AMF coloni-
zation of these plant species as well as the abundance of
AMF spores and ERM in their rhizosphere soil.

The percentage of mycorrhizal colonization did not
change between spring and autumn for some species
(R. officinalis, L. latifolia and T. mastichina), but signif-
icantly increased in others (G. cinerea and T. zygis).

Table 3 Results of PERMANOVA and Multivariate dispersion analyses for AMF community composition in relation to season, plant
species, propagule form and their interaction

Model/ Parameter DF SS MS PseudoF/ F R2 P

PERMANOVA

Season 1 0.40 0.40 1.94 0.01 0.059

Species 4 0.90 0.23 1.10 0.02 0.322

Propagules 2 7.64 3.82 18.72 0.20 0.001

Season*Species 4 0.89 0.22 1.09 0.02 0.315

Season*Propagules 2 0.42 0.21 1.03 0.01 0.432

Species*Propagules 8 1.82 0.23 1.12 0.05 0.271

Season*Species*Propagules 8 2.24 0.28 1.32 0.06 0.042

Residuals 119 24.27 0.20 0.63

Total 148 38.57 1.00

Multivariate dispersion

Season 1 0.07 0.07 1.50 0.22

Residuals 147 6.70 0.05

Propagule type 2 1.41 0.71 24.30 <0.001

Residuals 146 4.24 0.03

Values of Degrees of Freedom (DF), Sum of Squares (SS), Mean Squares (MS) and F value by permutation (PseudoF) are shown

Fig. 2 Two-dimensional non-metric multi-dimensional scaling
(NMDS) showing: a the AMF communities present in the three
propagule forms analyzed considering the two sampling times
(spring and autumn, k = 2, stress value = 0.162). b Effect of season

on the AMF communities colonizing roots (k = 2, stress val-
ue = 0.169). Lines represent dispersion ellipses (one standard de-
viation) around group centroids
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Both trends, increases in mycorrhizal colonization in
autumn and no changes, have been previously described
in semi-arid Mediterranean environments (Díaz and
Honrubia 1994; Sánchez-Castro et al. 2012). Changes
in mycorrhization level along the year have been hy-
pothesized to be related more with the physiological
status of the plant rather than with the sampling time
(López-Sánchez and Honrubia 1992). The increase in
mycorrhizal colonization found in our study could be
consequence of the increase of certain phylotypes,
be longing main ly to the Glomeraceae and
Claroideoglomeraceae families, whose detection fre-
quency in roots increased during autumn.

The AMF spore density did not change between sea-
sons except for R. officinalis. In general, no correlation
between mycorrhizal colonization and spore production
has been found (Hetrick and Bloom 1986; Rodríguez-
Echeverría et al. 2008). It has been suggested that maxi-
mum spore production coincides with the end of the

growing season, after the host plant’s flowering period
has finished (López-Sánchez and Honrubia 1992;
Rodríguez-Echeverría et al. 2008). This could explain
our results, since R. officinalis was the only species that
was flowering in November and is the only one that
decreased the number of spores. This suggests that the
spores lost during the hot and dry summer period had not
yet been compensated with the production of new spores.

The amount of ERM was higher in autumn than in
spring. It has been shown that ERM of AMF (or at least
of some AMF species) are able to survive the summer
conditions of Mediterranean climate, remaining infec-
tive to produce new colonizations (Brito et al. 2011). In
our study, the increased amount of ERM in the autumn
sampling is probably the result of the ERM growing
from the new roots produced with the autumn rain,
together with the ERM surviving the summer condi-
tions. Additionally, during the autumn, soil physico-
chemical properties were slighly different from those

Fig. 3 Bar plot representing the frequency of detection of the
arbuscular mycorrhizal fungi (AMF) phylotypes detected in the
different propagule forms (R: roots, S: spores, ERM: extraradical

mycelium) in the two studied seasons. Differences in detection
between seasons for each propagule was calculated by the Fisher’s
test (B*^ P< 0.05)
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during spring, with slightly higher organic C content.
Soil organic C is known to be beneficial for AMF
growth and colonization (Joner and Jakobsen 1995;
Gryndler et al. 2009) and may also have favoured
ERM development. It is not clear if the increase in
organic C is the cause or the effect of the increase in
ERM in soil, although recent studies indicate that a
significant proportion of plant photosynthates are deliv-
ered into soil through AMF hyphae (Kaiser et al. 2015).

In general seasonal changes were less pronounced
when analyzed at the community level than at individual
phylotype level. Indeed, no significant differences were
found in the AMF community composition of soil-
based propagules (spores and ERM), but they were
found at the root level. Variations in the AMF commu-
nity composition colonizing the root system have been
generally explained by the interaction among different
factors, such as the availability of temporal resources
and host phenology (Liu et al. 2009; Dumbrell et al.
2011; Bennett et al. 2013). Both reasons can explain the
results obtained in the present study. Except for
R. officinalis, which was flowering at both sampling
times, the other plant species were at different

phenological stage (flowering in spring vs. vegetative
growth in autumn). Additionally, some seasonal chang-
es in pH and organic carbon were detected in the rhizo-
sphere soils. Moreover, as suggested by Martínez-
García et al. (2011), summer drought can also explain
some of the changes in the root AMF community com-
position in Mediterranean environments, according to
the different requirements in water and nutrients of the
host plant.

There are few studies focussing on soil-based prop-
agules, but our results agree with those of Davison et al.
(2012), who did not find a seasonal trend in the AMF
community composition in forest soil. However they
found seasonal patterns associated with individual phy-
lotypes. Similarly, we also detected a higher frequency
of certain phylotypes in spring than in autumn, as it is
the case with Glo153. As in previous studies (Hempel
et al. 2007; Varela-Cervero et al. 2015), consistent dif-
ferences were found among the AMF communities
harboured in different propagule forms. In spite of this,
all phylotypes were detected in all propagule forms in at
least one sampling time. This means that the lack of
detection of certain phylotypes in some of the propa-
gules fractions described in these studies, where only
one time point was addressed, should be attributed to the
seasonal dynamic of individual phylotypes more than to
the inability to produce them.

Concerning methodological considerations, although
454-pyrosequencing unquestionably offers a higher res-
olution method than TRFLP for the studies of microbial
diversity in natural environments, the main conclusions
regarding the AMF community composition in the pres-
ent study using TRFLP were similar to those obtained
using 454-pyrosequencing in Varela-Cervero et al.
(2015). Therefore, in agreement with Martínez-García
et al. (2015), our results confirm the congruence of
TRFLP and pyrosequencing results as well the validity
of the TRFLP as an easy, cheap and fast method to study
AMF communities which can be used as an alternative
to complex deep sequencing technologies.

From the last decade, AMF are increasingly being
classified by their life-history strategies (Hart et al.
2001; Denison and Kiers 2011). Experimental studies
suggest that these differences are based on the coloni-
zation strategies that these fungi can follow and support
a clear taxonomic basis (Hart and Reader 2002; Powell
et al. 2009). In agreement with these authors, we found
the Glomeraceae phylotypes allocating most of their
biomass inside roots, contrary to the Gigasporaceae

Table 4 Pearson’s phi coefficient of association (Chytrý et al.
2002) shows representative arbuscular mycorrhizal fungi (AMF)
phylotypes in the different propagule forms (Roots, spores and
extraradical mycelium (ERM)) in a) spring and b) autumn

AMF VT Source Phi Pearson

a) Season: Spring

Glo166 Roots 0.51***

Glo064 Roots 0.49***

Pac284 Spores 0.46***

Div060 ERM 0.45**

Scu049 ERM 0.33**

Glo143 ERM + Roots 0.56***

Glo153 ERM + Roots 0.54***

b) Season: Autumn

Glo166 Roots 0.59***

Glo105 Roots 0.48**

Glo153 Roots 0.44**

Glo063 Roots 0.31*

Div060b ERM 0.45**

Glo064 ERM + Roots 0.59***

Glo143 ERM + Roots 0.58***

Pac284 ERM + Spores 0.32*

Signif. codes: ‘*’ P≤ 0.05; ‘**’ P ≤ 0.01; ‘***’ P ≤ 0.001
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phylotypes which distributed the majority of their bio-
mass in the soil-based propagules. In a previous study in
the same natural park (Varela-Cervero et al. 2015) it was
shown that AMF taxa are differentially allocated among
the different mycorrhizal propagule types. The present
study confirms clear differences among the AMF com-
munities harboured in different propagule forms and,
additionally, shows that these differences are maintained
at different seasons. Our data suggest three major trends
in the strategies related to the preferential biomass allo-
cation patterns during the year:

(i) Root allocators. Phylotypes belonging to the family
Glomeraceae intensively colonize roots, according
to the observed overdominance of Glomus (sensu
lato) in high carbon supply conditions described by
Dumbrell et al. (2011). These phylotypes develop
ERM networks constituted by fragile hyphae quite
vulnerable to summer climatic conditions.

(ii) ERM allocators. Phylotypes belonging to the fam-
ilies Diversisporaceae and Gigasporaceae are like-
ly to invest more in producing mycelial networks
in the soil. Probably due to the thick and robust
hyphae they produce (de Souza and Declerck
2003), their ERM networks can withstand the ad-
verse summer conditions.

(iii) Spore allocators. Phylotypes belonging to the family
Pacisporaceae and Paraglomeraceae primarily invest
in producing resistant spores in both seasons while
having a low level of root colonization.

Our results confirm the hypothesis by Hart and Reader
(2002) in terms of the preferential location of AMF fam-
ilies. According to these authors, Glomeraceae phylotypes
were mainly located inside roots while Gigasporaceae
phylotypes in soil-based propagules, more specifically in
the ERM. With a lesser degree of certainty because few
phylotypes were found, other families have been detected
in our study to bemainly located in soil-based propagules,
keeping low levels of root colonization: Diversisporaceae,
mainly in the ERM and Pacisporaceae and
Paraglomeraceae in the spores. This biomass distribution
pattern seems to be an inherent characteristic of the fungi,
because it was detected at both studied seasons, with very
contrasting environmental conditions.

No significant differences among the AMF communi-
ties associatedwith different host plantswere found.At this
regard, several authors have suggested a certain preference
and selection capacity of the host plant to AMF

communities (Bever et al. 2009). In contrast some others
have highlighted low specificity between the symbiotic
partners (Martínez-García et al. 2011). The fact that the
five target plant species, chosen because they are the most
common at the study site, have similar functional charac-
teristics could minimize the differences in terms of AMF
community composition in agreement with previous stud-
ies (Yang et al. 2012). A host plant effect could have been
more easily detected if a group of more ecologically dis-
similar plants had been selected, according to other studies
developed in the same area (López-García et al. 2014a).

Due to the high climatic variability and fragility of
Mediterranean environments, AMF have been repeated-
ly proposed as bioenhancers in restoration programs
(Barea et al. 2011). However, very little is still known
about the genetic and functional diversity of AMF in
natural environments. Research aimed at evaluating the
presence, colonization potential and survival capacity of
the different AMF and the propagules they form will be
helpful to assess on more effective uses of these wide-
spread group of microorganisms. Progress in the knowl-
edge of functional features of AMF communities and
their responses to climatic variations can represent an
important step forwards in AMF application in effective
restoration programs for degraded ecosystems.
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