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Abstract Arbuscular mycorrhizal (AM) fungi have tradi-
tionally been considered generalist symbionts. However, an
increasing number of studies are pointing out the selectivity
potential of plant hosts. Plant life form, determined by plant
life history traits, seems to drive the AM fungal community
composition. The AM fungi also exhibit a wide diversity of
functional traits known to be responsible for their distribu-
tion in natural ecosystems. However, little is known about
the role of plant and fungal traits driving the resultant sym-
biotic assemblages. With the aim of testing the feedback
relationship between plant and fungal traits on the resulting
AM fungal community, we inoculated three different plant
life forms, i.e. annual herbs, perennial herbs and perennial
semi-woody plants, with AM fungal communities sampled
in different seasons. We hypothesized that the annual cli-
mate variation will induce changes in the mean traits of the
AM fungal communities present in the soil throughout the
year. Furthermore, the association of plants with different
life forms with AM fungi with contrasting life history traits
will show certain preferences according to reciprocal traits
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of the plants and fungi. We found changes in the AM fun-
gal community throughout the year, which were differen-
tially disrupted by disturbance and altered by plant growth
form and plant biomass. Both plant and fungal traits clearly
contributed to the resultant AM fungal communities. The
revealed process can have implications for the functioning
of ecosystems since changes in dominant plant life forms
or climatic variables could influence the traits of AM fun-
gal communities in soil and hence ecosystem processes.

Keywords Life history traits - Terminal restriction
fragment length polymorphism - Symbiosis assembly -
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Introduction

Arbuscular mycorrhizas are the most ancient and wide-
spread symbiotic association in nature (Brachmann and
Parniske 2006; Schiifller and Walker 2011). Eighty percent
of land plants are able to establish a mutualistic association
with arbuscular mycorrhizal (AM) fungi (Brundrett 2009).
In the AM symbiosis, the microscopic fungus colonizes
plant roots and develops an extraradical mycelium which
contributes to an increase in water and nutrient availability
to the plant, which, in turn, supplies a part of its C com-
pounds from photosynthesis to the fungus (Koide and
Mosse 2004). Additionally fungi provide other benefits to
plants such as protection against biotic and abiotic stress
factors, and improved soil structure (Barea et al. 2013).
There is some support for AM fungi promoting plant diver-
sity and, by extension, affecting ecosystem properties, but
this is not a universal phenomenon (Grime et al. 1987; van
der Heijden et al. 1998, 2006; Vogelsang et al. 2006; Bever
et al. 2010). Such an ecosystem role of AM fungi depends
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on the degree of mycorrhizal dependency of the plants pre-
sent in each ecosystem (Urcelay and Diaz 2003).

Both abiotic and biotic factors have been found to drive
the distribution of AM fungi in nature (Opik et al. 2010).
Abiotic factors, such as soil properties (Jansa et al. 2014)
or the degree of disturbance (Lépez-Garcia et al. 2013),
have been found to influence AM fungal communities. The
variety of life history strategies exhibited by AM fungi has
been proposed to explain these patterns (Chagnon et al.
2013). Since some traits are phylogenetically conserved
in AM fungi (Powell et al. 2009) it has been possible to
trace ecological patterns as a function of the presence of
taxonomic families in different environments. For example,
Jansa et al. (2003) found a dominance of Glomeraceae in
disturbed environments, Acaulosporaceae have been com-
monly found in low-pH soils (Oehl et al. 2010), while
Gigasporaceae increase their presence in P-limited soils
(Johnson et al. 2003). These patterns have been attributed
to differences in the production of resistant structures, i.e.
sporulating vs. non-sporulating AM fungi (Denison and
Kiers 2011), or differences in the investment in extra- vs.
intraradical mycelium (Hart and Reader 2002).

Several studies have demonstrated that the host plant
is a biotic driver of AM fungal communities, either as a
function of plant species identity (Vandenkoornhuyse et al.
2003; Martinez-Garcia and Pugnaire 2011; Sanchez-Cas-
tro et al. 2012a, b) or as a function of the functional or
ecological group to which the plant belongs (Scheublin
et al. 2004; Opik et al. 2009; Davison et al. 2011). Some
studies have focused on the influence of plant traits—
mostly life form—on AM fungal communities. Plant life
form is the most common and simplest criterion for clas-
sifying plants and is based on morphological features
that are easy to determine (Schulze 1982) and which can
be used to separate plants into trees, shrubs or forbs with
different life cycles (Raunkier 1934). In this manner,
Cakan and Karatas (2006) established the relationship
between the presence of plants having different life forms
in dune succession and the extent of AM fungal coloniza-
tion. Conversely, Urcelay et al. (2009) did not find differ-
ences between AM fungal-spore communities in a removal
experiment of plant functional groups. A more recent
global meta-analysis by Yang et al. (2012) found a high
level of host specificity for AM fungi at different scales,
including plant functional type, selected on the basis of
their life forms, i.e. grasses, forbs and woody plants. In a
more applied study, Lekberg et al. (2013) proposed that
invasion-mediated shifts in AM fungal abundance can be
estimated based on changes in forb/grass ratios. However,
despite such clues, little is known about AM fungal traits
interacting with plant traits to drive AM fungal communi-
ties, which is an emerging field in soil microbial ecology
research (Powell et al. 2013).
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The main difficulty of this kind of research arises from
a cultivation bias of AM fungal isolates, which results in a
dominance of pure cultures by r-strategist fungi (Sykorova
et al. 2011), e.g. heavily sporulating AM fungi. To over-
come this limitation, natural soil inoculum can be used to
increase the functional diversity of the AM fungi. As dif-
ferent AM fungal taxa exhibit a wide range of rates and
timing of sporulation (Oehl et al. 2009), turnover in the
composition and traits of AM fungal community can occur
throughout the year. Thus, temporal samplings covering a
whole year have to be designed to include a wide range of
functionally different AM fungal communities. The use of
contrasting AM fungal communities to inoculate different
plant life forms is expected to reveal different associative
patterns between AM fungal and plant traits.

Taking into account these considerations, the aim of this
study was to assess the feedback relationship between plant
and fungal traits in the resulting community of symbiotic
fungi. As an initial hypothesis we assume that: (1) annual
Mediterranean climate variation will induce changes in the
mean trait values of the AM fungal community present in
the soil throughout the year. A novel approach was used to
measure the AM fungal resistance to disturbance, as a func-
tion of the production of spore and other resistant prop-
agules, to characterize AM fungal communities. Variation
in the survival capacity of the AM fungal community will
be reflective of differences in fungal life history strategies
and will be related to a certain turnover of AM fungal spe-
cies composition throughout the year, as has been previ-
ously observed (Merryweather and Fitter 1998; Dumbrell
et al. 2011; Sanchez-Castro et al. 2012b; Lépez-Garcia
et al. (2014). (2) Finally, and never previously observed, it
is also hypothesized that the association of plants of differ-
ent life forms with AM fungi with contrasting life history
strategies will show certain preferences according to their
reciprocal traits.

Materials and methods
Study site and sampling

The study site was located in the Sierra de Baza Natural
Park, at 1,500 m a.s.l. An area of 15,000 m? was selected
using ArcGIS 9.3 (ESRI, Redlands, CA) keeping a constant
slope (15-20 %) and orientation (east). The soil is a Cal-
caric Cambisol. The vegetation is an open autochthonous
Mediterranean forest combined with naturalized pines from
restoration plans. Components of both Supramediterranean
and Mesomediterranean bioclimatic zones are well repre-
sented in the area, and include Quercus ilex subsp. ballota
(Desf.) Samp., Pinus sp., Juniperus oxycedrus L., Ros-
marinus officinalis L., Berberis vulgaris subsp. australis
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Fig. 1 Schematic diagram of the experimental design

(Boiss.) Heywood or Rosa sp. associated with herbaceous,
annual, plant species. The climatic conditions are charac-
terized by low and irregular precipitation with an annual
mean of 385 mm, and a temperature of 25 °C in summer
and 6 °C in winter, on average.

A representative AM fungal soil inoculum was obtained
by sampling 20 randomly selected points in the target area.
After removing the first soil layer, approximately 7 L of soil
was collected between 2- and 20-cm depth. All soil sam-
ples were pooled and mixed in a concrete mixer. The sam-
pling was repeated at the end of each climatic season, i.e.
mid-December, mid-March, mid-June and mid-September.

Characterization of the AM fungal soil inoculum

Our aim was to characterize the AM fungal community
composition and the survival/resistance capacity against
disturbance of the AM fungal inoculum pool throughout
the year.

As previously demonstrated, soil sieving has a high
impact on AM fungal inoculum potential (Jasper et al.
1989), mainly due to a disruption of hyphal networks.
Although the soil could have suffered a major impact dur-
ing mixing in the concrete mixer, soil aggregates bigger

than 5 cm could still be maintained. These aggregates usu-
ally harbour intact hyphal networks which are able to colo-
nize new plants. It was thought that a major reduction of
the AM fungal colonization potential (hereafter ‘survival
capacity’) would result from the sieving treatment of the
soil, as previously described by Lépez-Garcia et al. (2014).
The relative change in survival capacity of the soil inocu-
lum was measured by comparing the colonization poten-
tial in natural and sieved soil (through a 5-mm sieve) for
each sampling date. The colonization potential was quanti-
fied by following the protocol of the infection unit method
described by Franson and Bethlenfalvay (1989). This tech-
nique is based on the quantification of the infection units
established by AM fungi in the roots of a bait plant (Sor-
ghum vulgare Pers.) during 2 weeks of growth. The sche-
matic diagram of the experimental design is shown in
Fig. 1. To get a community mean value of survival capac-
ity of the AM fungal inoculum for each sampling date, the
difference between the mean natural and the mean sieved
inoculum potential was calculated as a percentage.
Additionally, a comparison between the AM fungal
community composition of natural and sieved soil was car-
ried out. For that purpose, a bioassay based on a bait-plant
system, modified from that by Johnson et al. (2004), was
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used to ‘capture’ the different AM fungal taxa. To ensure
that community composition data were fully related to
mycorrhizal potential assessment, the same plant spe-
cies (S. vulgare) and timing (2 weeks) as in the infection
unit method were used in a first stage. However, a further
growth period was needed to allow AM fungal coloniza-
tion to progress and expand in sorghum roots. Accordingly
the experiments included two distinct steps (Fig. 1): plants
were grown for 2 weeks in the target soils to allow their
AM fungi to colonize the sorghum roots, plants were trans-
ferred to sterile soil to allow AM fungi to extend coloniza-
tion of the root system to levels detectable by the molecu-
lar analysis (8 weeks). Thus, 150-ml pots were filled with
natural or sieved soil, from samples taken at each sam-
pling date. One sorghum plant per pot was grown under
controlled greenhouse conditions (16/8-h day-night light,
24-18 °C). After 2 weeks, plants were removed from the
pots, their root system thoroughly cleaned by hand with
tap water and then transferred to steam-sterilized soil. This
was designed to avoid root colonization by other AM fun-
gal taxa not considered in the colonization-potential assess-
ments. After a further 8-week-period, plants were harvested
and their roots cut into 1-cm pieces, mixed and kept in 200-
mg aliquots at —80 °C for the molecular characterization of
their AM fungal symbiotic assemblages.

Feedback between plant life form and AM fungal
community

The aim of this experiment was to evaluate the effect of
plants with different life forms on the AM fungal commu-
nity composition when they were inoculated with function-
ally contrasting AM fungal communities.

Six different species belonging to two different botanical
families with distinct life forms were selected in order to
consider both taxonomic distance and life form character-
istics (Table 1). The chosen plant species were present in
the study area or very close to it, thus share habitat with the
AM fungal community living in the target area and can be
naturally colonized by these fungi.

The previously characterized soil was used as AM fun-
gal inoculum to set up these experiments at each sampling
date. A pre-germinated seedling belonging to each of the
selected plant species was sown per pot (1 L), filled with
the natural soil. Eight replicates per target plant species

were established. Seeds were provided by Real Jardin
Botéanico (CSIC, Madrid) and Banco de Germoplasma
Vegetal Andaluz (Junta de Andalucia, Cérdoba). One week
before each sampling date, the seeds were germinated in a
growth chamber on sterile and wet filter paper, following
the protocol described by Kew Royal Botanical Gardens
(www.kew.org). Plants were exposed to similar cultiva-
tion conditions in the greenhouse (16/8-h day-night light,
24-18 °C) at different sampling dates to try to eliminate
factors other than the inoculum type in the experiment.
After a growth period of 6 months under controlled condi-
tions plants were harvested. The entire soil-plant system
was extracted from the pot and the root system was sepa-
rated by hand in an attempt to minimize the disruption of
soil aggregates. The soil was mixed by hand to be analysed
using the same bioassay described in the previous sec-
tion (“Characterization of the AM fungal soil inoculum”).
Plant shoot biomass was measured after drying for 48 h at
65 °C.

Molecular analysis

Terminal restriction fragment length polymorphism
(T-RFLP) was used to fingerprint AM fungal communi-
ties by analysing gene polymorphism in a ca. 800-base
pairs (bp) section of the small subunit (SSU) rDNA. For
this purpose, DNA from 200 mg of roots per sample was
extracted using a DNeasy plant mini-kit (Qiagen, Craw-
ley, UK) and eluted in 75 pl double-distilled H,O. A par-
tial ribosomal SSU DNA fragment was amplified using a
nested polymerase chain reaction (PCR). First, an initial
reaction with the universal eukaryotic primers NS1 and
NS4 amplified a ca. 1,000-bp region. PCR were carried
out using the illustra Pure-Taq Ready-To-Go PCR beads
(GE Healthcare UK, Buckinghamshire, UK) and 5 uM of
each primer. As a template, 1 pl of extracted DNA was
used in all reactions in a final volume of 25 pl. The pro-
gram was: an initial denaturation at 94 °C for 3 min, fol-
lowed 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.

The resulting amplicons were used to carry out the
nested PCR. The primer set used was AML1-AML2
(Lee et al. 2008), a specific pair of primers for AM fun-
gal DNA amplification. This primer set has been found

Table 1 Selection of plant

. Life form Family
species in terms of growth form,
life cycle and plant family Growth form Life cycle Asteraceae Fabaceae
Herbaceous Annual Xeranthemum inapertum (L.) Mill. Trifolium angustifolium L.
Herbaceous Perennial Inula montana L. Medicago sativa L.
Semi-woody Perennial Santolina canescens Lag. Ononis natrix L.
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to be very specific in previous studies of our research
group, thus avoids amplifications of other fungal groups
or even plant sequences (Lépez-Garcia et al. 2014). For
these amplifications the conditions defined by Lee et al.
(2008) were modified as follows: 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. Since T-RFLP profiles were analysed in multiplex,
two independent and analogous reactions were done for
each sample, one with 6-carboxy-fluorescein (6-FAM)-
labelled AML1 primer, and the other with hexachloro-
6-carboxy-fluorescein (HEX)-labelled AMLI1 primer.
One microlitre of the product of the universal PCR previ-
ously diluted 1/10 was used as template. The PCR was
carried out using the illustra Pure-Taq Ready-To-Go PCR
beads (GE Healthcare UK) and 5 pM of primer in the
6-FAM reactions and 20 pM of primer in the HEX reac-
tions. This difference in the protocol was based on a dif-
ferential amplification capacity of both reactions. Using
these conditions both reactions produced a similar final
concentration of DNA. Afterwards, PCR products were
cleaned using illustra GFX PCR DNA and Gel Band
Purification Kit (GE Healthcare Life Sciences, Freiburg,
Germany).

PCR products were digested using 1.5 units of Mbol (for
6-FAM labelled products) and Hinfl (for HEX) restriction
enzymes. Both have been widely used in T-RFLP analysis
of AM fungi (Dickie and FitzJohn 2007). After a in silico
analysis, the combination of the products of the digestion
with Mbol and Hinfl were found to have similar TRF size
variability in the 800-bp rDNA fragment (AML1-AML2)
as found for a typically used 550-bp fragment (NS31-
AM1) (data not shown). Both digestions used 40 ng of
PCR product and were mixed and cleaned together (illustra
GFX PCR DNA and Gel Band Purification Kit; GE Health-
care Life Sciences). TRF size determination was carried
out in the Unidad de Gendmica y Sintesis de DNA, Insti-
tuto de Biomedicina y Parasitologia Lépez Neyra (Gra-
nada, Spain). Profiles were processed using GeneMapper
software version 3.7 (Applied Biosystems).

Peaks were filtered by setting the minimal cut-off height
under 100 fluorescence units. TRFs smaller than 50 bp and
bigger than 800 bp were not considered. TRFs occurring in
only one sample were considered artifacts of the T-RFLP
procedure and were also excluded. Although a similar fluo-
rescence level was found in each sample, peak areas were
normalized as the percentage of the total fluorescence in
each sample and those which contributed less than 1 % to
the total peak area were excluded. The diversity and com-
position of the AM fungal community of each sample were
estimated from the TRF abundance.

The use of peak area as a measure of relative abun-
dance is controversial due to the bias caused by the PCR

(Dickie and FitzJohn 2007). However, a quantitatively
based T-RFLP approach is appropriate in some circum-
stances (e.g. Mummey et al. 2005; Mummey and Rillig
2008; Martinez-Garcia and Pugnaire 2011). To the extent
of our knowledge, no studies have addressed the corre-
spondence between the abundance of AM fungi in roots
and their TRF profiles; however, empirical data have shown
a correlation between the TRF peak area and the number of
root tips colonized by ectomycorrhizal fungi (Burke et al.
2006).

Data analysis

Differences in colonization potential of the AM fungi for
each treatment and dry shoot biomass of different life
forms at different sampling dates were tested by two-way
ANOVA. The data met ANOVA assumptions of normality
and equality of variance. A Tukey post hoc test was used to
analyse the detected differences.

The effects of the experimental variables on the AM fun-
gal community composition were investigated by permuta-
tional multivariate ANOVA (PERMANOVA) (McArdle and
Anderson 2001), using Bray-Curtis distance as a measure of
community dissimilarity. The effect of plant species in such
an analysis was taken into account by nesting within the
plant family level. To ensure that the detected effects were
not a consequence of differences in multivariate dispersion
rather than compositional change, a P-dispersion analy-
sis were carried out within and between groups (Anderson
et al. 2006). The Bray-Curtis similarity matrix was used to
perform a non-metric multidimensional scaling (NMDS)
ordination for both data sets to graphically visualize com-
munity composition patterns. The same matrix was used to
perform two-way analysis of similarity (ANOSIM) pairwise
comparisons to test for significant differences in AM fungal
community composition associated with the different treat-
ments (Clarke 1993). P-values were subsequently adjusted
using Bonferroni correction. A regression analysis was
performed to look at the relation of AM fungal community
composition (NMDS axes) and plant dry shoot biomass.

Dufréne-Legendre indicator species analysis (Dufréne
and Legendre 1997) was carried out to identify AM fungal
operational taxonomic units (OTUs) tied to specific levels
of the tested variables that could serve as indicator species.

All functions used to develop these analyses are
found in the vegan 2.0-5 and labdsv 1.6-1 packages
(R project 2.15.2, Oksanen et al. 2011, http://CRAN.R-
project.org/package=vegan; and Roberts 2010, http://cran.
r-project.org/web/packages/labdsv). Data concerning each
set of experiments (see sections “Characterization of the
AM fungal soil inoculum” and “Feedback between plant
life form and AM fungal community”), were analysed
separately.
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Results
Characterization of the AM fungal soil inoculum

As expected for a Mediterranean area, the contrasting con-
ditions of the different climatic seasons caused significant
differences in the AM fungal colonization potential of the
soil (date of sampling, F = 7.391, P < 0.001) (Fig. 2).
Sieving had also an effect on the colonization potential
(F =22.862, P <0.001), as well as the interaction between
sieving treatment and date of sampling (F = 5.041,
P < 0.01) (Fig. 2). The colonization potential tended to
increase from September onwards to reach a maximum in
June (Fig. 2). It seems that summer conditions, with scarce
rainfall and high temperatures, could have been responsi-
ble for the highest reduction in the AM fungal coloniza-
tion potential of the natural soil in September. In the sieved
treatment, however, the AM fungal colonization potential
did not change significantly throughout the year (Fig. 2).

The mycorrhizal potential was similar for both natu-
ral and sieved soils in September. This suggests that
most of the AM fungal propagules present in the soil at
the end of summer survived after soil sieving (85.7 %
of survival; Fig. 2). From December, however, the colo-
nization potential of the natural soil was progressively
more affected by the sieving treatment. Thus, it seems
that at the end of the Mediterranean summer (September)
the more resistant AM fungi dominated, while the more
sensitive AM fungi dominated at the end of the spring
(June; only 46.4 % survival), with intermediate levels in
December and March.

PERMANOVA showed a significant influence of the
sampling date and an interaction of date with the soil treat-
ment on AM fungal community composition (R* = 0.454,
P < 0.001 and R* = 0.125, P < 0.001, respectively). As
revealed by ANOSIM pairwise comparison, the AM fun-
gal community composition in September was not affected
by the sieving treatment (Fig. 3). However, the AM fun-
gal communities of December (R = 0.5884, P < 0.05) and
March (R = 0.5884, P < 0.05) differed between the sieved
and natural treatments. Since p-dispersion analysis showed
significant differences among treatments (F = 8.1271,
P < 0.001), it could have biased the result of the PER-
MANOVA. However, the post hoc comparisons revealed
differences in B-diversity among soil treatments exclusively
for June (P < 0.001), although no differences in composi-
tion were shown by the ANOSIM for that date.

Feedback between plant life form and AM fungal
community

PERMANOVA evidenced a clear influence of the survival
capacity of the initial AM fungal community on the AM
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fungal community at the end of the experiment (Table 2).
Part of this variation was explained by differences in the
B-dispersion (F = 8.8096, P < 0.001), which showed sig-
nificantly less dispersion of the community composition in
September than for the rest of the sampling dates (data not
shown). The variables related to host traits (taxonomy and
plant life form traits) only showed significant differences in
the comparison of plant growth form, i.e. semi-woody vs.
herbaceous plants (Table 2). These differences could not be
attributed to the dispersion patterns since no differences in
B-dispersion were detected among life form treatments. At
the plant species level only partial significant differences
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Table 2 Summary of results df SS MS F model R? P-value

of permutational multivariate

ANOVA AM fungal survival 1 2.188 2.188 9.480 0.062 0.001%#*
Plant shoot biomass 1 1.073 1.073 4.647 0.030 0.001%%**
Plant growth form 1 0.670 0.670 2.903 0.019 0.016%*
Plant life cycle 1 0.264 0.264 1.145 0.007 0.333
Plant family:species 2 0.810 0.405 1.755 0.023 0.057

) Plant family 1 0.379 0.379 1.641 0.011 0.145

AM Arbuscular mycorrhizal Residuals 130 30.004 0.231 0.848

* P<0.05, ** P<0.01,

£x5 o 0001 Total 137 35.388 1

were found (Table 2). Finally, plant biomass showed a clear ~ Discussion

influence on the final AM fungal community composition
(Table 2). The regression of plant biomass against NMDS
axes showed low RZ-values (Online Resource 1); how-
ever, in March the relation was greater between variables
(R* =0.1578).

ANOSIM pairwise comparison showed no significant
differences between AM fungal communities associated
with plants with different life forms except for the March
sampling (R = 0.2878, P < 0.001). At this sampling time,
the resulting AM fungal community appears to be rather
different in perennial semi-woody plants and the two her-
baceous plant life forms (P < 0.026 for both comparisons),
in agreement with results of PERMANOVA. ANOSIM also
showed that AM fungal communities promoted by each
plant life form had different trends throughout the year.
For example, the AM fungal community associated with
semi-woody plants showed wider differences among sea-
sons, having a particular composition at every sampling
date except in June (Fig. 4). By contrast, the AM fungal
communities associated with herbaceous annual and her-
baceous perennial plants were more constant between sam-
pling dates, showing only two different community compo-
sitions (Fig. 4).

ANOVA of plant shoot biomass data revealed a
clear influence of the sampling date (F = 34.3700,
P < 0.001). Plant life form was also found to be significant
(F = 14.8748, P < 0.001) as well as the interaction of both
variables (F = 5.7828, P < 0.001). The three analysed plant
life forms showed a similar trend throughout the year, with
some exceptions (Fig. 5), for example in December.

Indicator species analysis showed particular OTUs
associated with specific traits and sampling dates (see
Online Resource 2 for more complete information). How-
ever, the most interesting patterns can be seen in Table 3
where results from both experiments are crossed. Most of
the semi-woody and perennial indicator OTUs were also
indicative of March and June sampling dates and of natural,
unsieved, soil. Conversely, those OTUs more frequent in
September and December were primarily associated with
annual and herbaceous plants.

With the aim of gaining insight into the interaction of
plant and AM fungal traits, an experimental approach was
designed to check for the resultant AM fungal community
when different plant life forms are inoculated with AM fun-
gal communities differing in fundamental traits. We docu-
mented changes throughout the year in the AM fungal com-
munity, which was differentially disrupted by disturbance
and altered by plant growth form and plant biomass. Both
plant and fungal traits clearly contributed to the AM fungal
communities we observed in the field at any given time.

We measured the AM fungal survival capacity of the
initial inoculum, as an indicator of the ability to produce
resistant structures, and found that AM fungal communi-
ties exhibiting extreme values of this trait, i.e. AM fungal
communities very sensitive (June) or very resistant to dis-
turbance (September), did not respond differentially to the
presence of different plant life forms. By contrast, inocu-
lating with AM fungal communities with intermediate val-
ues (March sampling date) resulted in the promotion of
different OTU composition by plant life forms. This result
clearly suggests that plants with different life forms have
the ability to promote distinct AM fungal communities
when the latter are functionally heterogeneous.

We found that annual herbaceous plants promoted
more similar AM fungal communities over time than
semi-woody plants, suggesting a higher capacity of their
preferred symbionts to persist in the soil throughout the
year. In addition, annual herbaceous plants were associ-
ated with AM fungal OTUs present in soil in September
and December, i.e. the sampling dates with AM fungal
communities showing the highest survival ability. A higher
ability to persist has been suggested for sporulating AM
fungi (Schnoor et al. 2011) and is considered a ruderal trait
(Chagnon et al. 2013). Since annual herbs are classified
usually as ruderal strategists (Grime 1977), this finding
links both plant and fungal life history traits, as previously
hypothesized by Chagnon et al. (2013). By contrast, per-
ennial vegetation has been suggested to be associated with
AM fungi not primarily dispersed by spores but by hyphal
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Fig. 4a—c Non-metric multidimensional scaling ordination (k = 2,
stress = 0.196) of the AMF communities promoted in different sea-
sons by different plant species, grouped according to plant life form.
a Herbaceous annuals [Trifolium angustifolium (Ta), Xeranthemum
inapertum (Xi)]; b herbaceous perennials [Medicago sativa (Ms),
Inula montana (Im)]; ¢ semi-woody perennials [Ononis natrix (On),
Santolina canescens (Sc)]. Different letters indicate significant differ-
ences in the community composition as found by analysis of similar-
ity pairwise comparisons. DEC December, MAR March, JUN June,
SEP September

networks (Rosendahl and Stukenbrock 2004). The lack of
resistant structures would increase the sensitivity of AM
fungi to environmental changes and consequently would
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Fig. 5 Dry shoot biomass of plant life forms at the end of the feed-
back experiment in soil from different sampling dates. Different
letters indicate significant differences (P < 0.05) according to the
Tukey’s post hoc test. Bars denote mean £ SE. For abbreviations, see
Fig. 4

imply a wider turnover in terms of the presence and com-
position of the AM fungal community in the soil through-
out the year. This trend was found for the AM fungal com-
munity associated with semi-woody perennial plants in
the current study. Indeed, the indicator OTUs promoted
by semi-woody perennials corresponded with those pre-
sent mainly in March and June, which can be considered
the most favourable period in the Mediterranean climate
(Lépez-Bermiidez et al. 1990) and showed the lowest sur-
vival values for the AM fungal community. In other words,
semi-woody plants seem to be associated with the most
sensitive fungal components.

Previous findings have documented changes in AM
fungal traits between seasons, for example differential
sporulation dynamics (Oehl et al. 2009). Furthermore, our
group has also recently highlighted the seasonal replace-
ment of AM fungal phylogenetic groups in individual roots
(Lopez-Garcia et al. 2014), which, due to the phylogenetic
trait conservatism of AM fungi (Powell et al. 2009), can
be understood as a change in their fungal traits. However,
the controversy in the literature regarding the existence of
seasonal changes in AM fungal community composition
(Dumbrell et al. 2011; Sanchez-Castro et al. 2012a, b; Ben-
net et al. 2013) or its lack (Santos-Gonzilez et al. 2007,
Davison et al. 2011, 2012) must be addressed in order to
examine to what extent functional seasonal changes in
the AM fungal community can play a role in ecosystem
functioning.

Plant shoot biomass, as an intra-species plant trait vari-
able, was also found to drive AM fungal communities.
Although temperature and light period were constant in the
greenhouse during the whole experiment, the variability of
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Table 3 Indicator species analysis: columns show indicator opera-
tional taxonomic units (OTUs) of the plant life form feedback experi-
ment, corresponding to growth form and life cycle; rows show indi-

cator OTUs of the characterization of the AM fungal soil inoculum
experiment, corresponding to sampling date and soil treatment

Inoculum characterisation Plant life form feedback

Semi-woody

Perennial Herbaceous Annual

September—December
March—June Hinfl 228
Hinfl_323
Hinfl_506
Hinfl_754
Mbol_673
Mbol_241
Natural soil Mbol_535

Sieved soil

Mbol_184
Mbol_537

Mbol _513
Mbol_408
Mbol_228

Mbol_535

Only OTUs found as indicators in both experiments are shown. Only significant values >0.20 were considered and shown as indicators

external sunlight could cause differences in photosynthetic
rates and consequently differences in the plant growth and
C supplied to the fungus, inducing a change in the AM fun-
gal community, as suggested by Heinemeyer et al. (2003)
and Dumbrell et al. (2011). We did not find that plant tax-
onomy was a driver of the AM fungal community assem-
blage. This contrasts with some studies that found a differ-
ential AM fungal community for legumes with respect to
other plant species/families (Scheublin et al. 2004; Konig
et al. 2010). However, the AM fungal community compo-
sition by plant life form found in the present study is in
agreement with previous findings (see the meta-analysis by
Yang et al. 2012). Another interesting line of research has
pointed out the relation of generalist and specialist AM fun-
gal species with similar ecological plant groups (Opik et al.
2009; Davison et al. 2011; Torrecillas et al. 2014). Unfortu-
nately, quantifying the role of plant traits in these studies is
difficult since they focus on single plant life forms. In the
context of invasion biology this duality, i.e. generalist/spe-
cialist, is closely related to the exotic-native classification
of AM fungi (Kivlin and Hawkes 2011; Moora et al. 2011).
In this regard, it is noteworthy that some studies which
examine invasive processes have appealed for the use of
trait-based approaches for an understanding of the ecology
of AM fungi in these processes (Lekberg et al. 2013).

It is important to note that the only moment in which
plants with different life forms could promote distinct AM
fungal communities was in the March sampling, which is
the beginning of the growing season in a Mediterranean
climate and when plant seeds are expected to germinate.
Despite small differences in phenology of the plant spe-
cies used in the study, all of them have a typical Mediter-
ranean life cycle, i.e. they flower in spring (March—June)

(Blanca et al. 2009) and, although we have no data, they
supposedly germinate a little bit earlier, also in the spring,
when there is water availability and temperatures are mod-
erate (Lopez-Bermudez et al. 1990). This would allow the
maintenance of plant and AM fungal assemblages since
new seedlings could be associated with their better-adapted
symbionts. Nevertheless, although we found clear trends in
AM symbiosis ecology in the present study, these should be
carefully interpreted due to the experimental method. For
example, the short time span in which trap plants were colo-
nized, which could be shown for only the fastest AM fun-
gal colonizers; and also the tracking for only 1 year, or the
focus on only two plant families. Nevertheless, the agree-
ment of our results with the preliminary hypotheses and the
existing literature is noteworthy.

In summary, our results add new insights to the under-
standing of processes in plant and AM fungal assemblages.
Also of importance is the capacity of plant functional traits
to affect ecosystem properties by changing the soil dynam-
ics, e.g. by rhizodeposition (Hirsch et al. 2013), by con-
trolling litter decomposition (Cornwell et al. 2008) or by
changing the soil C content (Gill and Burke 1999); and, as
demonstrated, by impacting on the AM fungal community
composition and, even more importantly, on relationships
with the life history traits of the AM fungi. These feedback
interactions will determine the assemblage of the symbiotic
fungal community and consequently can alter ecosystem
properties with a role in important processes such as bio-
logical invasions.
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