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Abstract As it is well known, arbuscular mycorrhizal (AM)
colonization can be initiated from the following three types of
fungal propagules: spores, extraradical mycelium (ERM), and
mycorrhizal root fragments harboring intraradical fungal
structures. It has been shown that biomass allocation of AM
fungi (AMF) among these three propagule types varies be-
tween fungal taxa, as also differs the ability of the different
AMF propagule fractions to initiate new colonizations. In this
study, the composition of the AMF community in the roots of
rosemary (Rosmarinus officinalis L., a characteristic
Mediterranean shrub), inoculated with the three different
propagule types, was analyzed. Accordingly, cuttings from
this species were inoculated with either AMF spores, ERM,
or colonized roots extracted from a natural soil. The AMF
diversity within the rosemary roots was characterized using
terminal restriction fragment length polymorphism (T-RFLP)
of the small subunit (SSU) rDNA region. The AMF commu-
nity established in the rosemary plants was significantly dif-
ferent according to the type of propagule used as inoculum.
AMF taxa differed in their ability to initiate new colonizations
from each propagule type. Results suggest different coloniza-
tion strategies for the different AMF families involved,
Glomeraceae and Claroideoglomeraceae colonizing mainly
from colonized roots whereas Pacisporaceae and

Diversisporaceae from spores and ERM. This supports that
AMF taxa show contrasting life-history strategies in terms of
their ability to initiate new colonizations from the different
propagule types. Further research to fully understand the col-
onization and dispersal abilities of AMF is essential for their
rational use in ecosystem restoration programs.
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Introduction

The productivity and functioning of terrestrial ecosystems
largely depend on diversity and dynamics of plant communi-
ties (Grime et al. 1987; Lavorel et al. 2011). In turn, vegetation
dynamics are propelled by plant interactions with other organ-
isms. Particularly important are the interactions displayed be-
tween plants and soil microorganisms (Martiny et al. 2006;
van der Heijden et al. 2015). Among them, arbuscular mycor-
rhizal (AM) fungi, the most widely distributed group of plant
symbionts in nature, develop beneficial associations with
plants that play a key role in ecosystem functioning (van der
Heijden et al. 1998; Jeffries and Barea 2012). In general, it is
accepted that AM symbiosis provides important benefits to
the soil-plant system by enhancing plant growth and develop-
ment, increasing plant tolerance against biotic and abiotic
stressors, and improving soil quality and structure (Barea
et al. 2013).

Root colonization by AM fungi (AMF) takes place by hy-
phae spreading from the following three different types of
AMF propagules: spores, extraradical mycelium (ERM), or
intraradical mycelium (IRM) harbored in mycorrhizal root
fragments (Smith and Read 2008). Once within the root,
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AMF develop highly branched structures inside cortical cells,
the arbuscules, to facilitate the transfer of nutrients to the plant
(Gutjahr and Parniske 2013). Meanwhile, the fungus spreads
in the soil through the formation of a tridimensional hyphal
network, the ERM, responsible of water and nutrient uptake
(Smith and Smith 2011). Spores are mostly developed on the
ERM completing the life cycle of AMF.

The three AMF propagule fractions have been shown to
differ in their ability to initiate new colonizations among AMF
taxa. Such differences seem to have a taxonomic basis as
suggested by the study of the following three major AMF
groups: Glomus, Scutellospora/Gigaspora, and Acaulospora
genera. Glomus spp. preferentially colonize from AM root
fragments, rather than from soil propagules (i.e., spores or
ERM) (Biermann and Linderman 1983; Abbott et al. 1994;
Brundrett et al. 1999; Schalamuk and Cabello 2010). By con-
trast, Scutellospora and Gigaspora species have been ob-
served to colonize primarily from spores and less effectively
from root fragments (Biermann and Linderman 1983; Abbott
et al. 1994; Klironomos and Hart 2002). Acaulospora species
seem to follow an intermediate trend, being able to colonize
from both propagule fractions, colonized roots (Biermann and
Linderman 1983; Abbott et al. 1994; Klironomos and Hart
2002) and spores (Brundrett et al. 1999). The ERM coloniza-
tion potential has been poorly studied due to difficulties to
extract it from the soil. Regarding Glomus and Acaulospora,
ERM has been shown to produce effective root colonizations
(Klironomos and Hart 2002).

The biomass allocation of AMF among IRM, ERM, and
spores varies between fungal taxa (Hart and Reader 2002).
This fact has implications for their symbiotic functioning; in
general terms, high arbuscule abundance and large biomass in
ERM are linked to a more efficient nutrient flux (Jakobsen
2004; Mäder et al. 2000; Fitter 2005), while high vesicle and
spore production are related to storage functions (Smith and
Read 2008; Ijdo et al. 2010). Moreover, recent studies have
shown that propagule compartments harbor different AMF
communities (Hempel et al. 2007; López-García et al.
2014b; Saks et al. 2014; Varela-Cervero et al. 2015).

Previous studies in the research group have pointed out
some taxonomic trends regarding the production and function
of different propagule forms. López-García et al. (2014b)
showed that the pool of drought-resistant propagules versus
those more sensitive ones colonized plant roots to develop
communities that differed in their taxonomic composition.
Later, Varela-Cervero et al. (2015) highlighted that AMF taxa
present as IRM, spores (both considered to be more resistant
propagules by López-García et al. 2014b), and ERM in the
same soil-root system were different. However, neither the
study by López-García et al. (2014b), that lacks a differentia-
tion between propagule forms, nor Varela-Cervero et al.
(2015), that did not measure the infectivity of the different
propagule forms, determined the relative importance of each

propagule form for the spreading of each taxonomic group of
AMF.

Most of the conclusions about the colonization potential of
the AMF propagules have been obtained using morphological
methods and, as indicated above, without considering the
ERM fraction and its functioning in natural environments.
The hypothesis of this study is that the three AMF propagule
types differ in their ability to initiate new colonizations and
that this variation is related to the different life-history strate-
gies followed by the AMF taxa involved. To get insights into
this question, the present study aimed to determine (a) the
ability of different types of AMF propagules to start new col-
onization events and (b) the AMF taxa involved in root colo-
nization when different types of propagules were used as in-
oculum. For that, the different AMF propagule types (colo-
nized roots or IRM, spores, and ERM) were extracted from a
natural soil collected in a representative Mediterranean eco-
system where the target plant species, Rosmarinus officinalis,
grows naturally. Non-colonized cuttings were inoculated
using the different AMF propagule types separately. The
AMF community composition colonizing R. officinalis roots
was determined 6 months later using terminal restriction frag-
ment length polymorphism (T-RFLP) of the AML1-AML2
fragment of the small subunit (SSU) rRNA gene.

Materials and methods

Mycorrhizal propagule source

Soil was collected in spring from a well-preserved and homo-
geneous area of around 2000 m2 (2° 50′W, 37° 24′N) located
in Sierra de Baza Natural Park (Granada, Spain). The vegeta-
tion in the area is composed by a Mediterranean
sclerophyllous shrubland with Genista cinerea (Vill.) DC.,
Lavandula latifolia Medik., R. officinalis L., Thymus
mastichina L., and Thymus zygis L. associated with herba-
ceous, annual, plant species. The soil was collected at a depth
of ca. 5–30 cm, and then, it was sieved through a 5-mm screen
and homogenized. Roots retained in the sieve were picked up
and homogeneously mixed with the sieved soil. A part of the
soil was steam-sterilized and another part was used to extract
the AMF propagules.

Roots and ERMwere extracted from 50 g of soil following
the wet sieving and decanting method (Gerdemann and
Nicolson 1963). During the wet sieving, roots were collected
from the 250- and 100-μm pore size sieves, while ERM was
collected from the sieves with 100, 50, and 25 μm pore size
following Varela-Cervero et al. (2015). Small root pieces and
spores were carefully removed from the ERM fraction under
the stereoscopic microscope by using forceps. Another wet
sieving followed by sucrose centrifugation (Sieverding
1991) was used to extract glomeromycotan spores from 50 g
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of homogenized soil. The spores were collected from the
sieves with 100, 50, and 25 μm pore sizes. Small root pieces
and remaining ERM were removed under the stereoscopic
microscope with forceps.

Experimental design

The study was carried out in pots (300 ml), using rosemary
(R. officinalis L.) as host plant and the different AMF propa-
gule types isolated from the natural soil as inoculum.
Rosemary plantlets were produced by rooting cuttings in ster-
ile vermiculite. After 3 weeks, those plantlets exhibiting sim-
ilar size were chosen to set up the experiment. A single plant-
let was established per pot (300 ml) and grown in each one of
the following substrates: (a) 250 g of sterile soil (control treat-
ment), (b) 50 g of natural soil mixed with 200 g of sterile soil
(soil), (c) roots extracted from 50 g of natural soil mixed with
250 g of sterile soil (roots), (d) spores extracted from 50 g of
natural soil mixed with 250 g of sterile soil (spores), and (e)
ERM extracted from 50 g of natural soil mixed with 250 g of
sterile soil (ERM). Each pot received 5ml of a bacterial filtrate
(<20 μm) from the natural soil. Twelve replicate rosemary
plants per treatment were grown under controlled greenhouse
conditions (16/8-h day-night light, 24–18 °C) during a total of
6 months, from June to December. Plants were watered when
required and fed once a week with 10 ml of a modified Long
Ashton nutrient solution (Hewitt 1952) at one-fourth phos-
phorus strength.

Plant and mycorrhizal determinations

Rosemary plants were carefully extracted without disrupting
the root system. Shoot length and fresh and dry weights were
determined. Roots were washed under running tap water. Root
fresh weights were determined after discarding excess mois-
ture using absorbent paper. The entire root system was cut in
1-cm pieces and thoroughly mixed. Aliquots of 200 mg of
roots were immediately frozen in liquid nitrogen and stored
at −80 °C until use for molecular analyses. Approximately
500 mg of the roots of each individual sample were stained
with trypan blue (Phillips and Hayman 1970) and examined
under a compound light microscope to determine mycorrhizal
root colonization (McGonigle et al. 1990).

Molecular identification of AMF communities

The gene library performed by López-García et al. (2014b)
was used to characterize the AMF community composition
using the T-RFLP database approach (see Dickie and
Fitzjohn 2007). This gene library contained a major part of
the glomeromycotan sequences associated to R. officinalis
grown in the same natural ecosystem grouped by phylotypes.
Sequences can be found in the EMBL nucleotide collection

under accession numbers KC665640–KC665707, and a list of
the taxa represented by the identified phylotypes is included in
Table S1. Phylotypes are named following the closest
virtual taxa code of MaarjAM database (Öpik et al.
2010). The prefix corresponds to the Glomeromycota
family, following the consensus classification proposed
by Redecker et al. (2013), Glo-Glomeraceae, Cla-
Claroideoglomeraceae, Div-Diversisporaceae, Pac-
Pacisporaceae, and Par-Paraglomeraceae.

Five rosemary replicates per treatment were chosen for the
T-RFLP analyses. Rosemary root samples were manually
crushed in sterile mortar and pestle using liquid nitrogen.
Genomic DNA extraction was performed using the DNeasy
Plant Mini Kit (Qiagen Inc., Mississauga, ON, Canada), fol-
lowing manufacturer’s instructions. Approximately an 800-bp
fragment belonging to the small subunit of ribosomal DNA
was amplified with the glomeromycotan-specific primer pair
AML1-AML2 (Lee et al. 2008). As a template, 1 μl of each
DNA extraction was used to carry out the polymerase chain
reaction (PCR) amplifications.

As done by López-García et al. (2014b), two parallel
PCRs were carried out, one with AML1 labeled with the
fluorescent 6-carboxyfluorescein (6-FAM) and the other
on e w i t h AML1 l ab e l e d w i t h h ex a ch l o r o - 6 -
carboxyfluorescein (HEX). PCRs were carried out in a
final volume of 25 μl using the Illustra Pure-Taq
Ready-To-Go PCR beads (GE Healthcare UK Limited,
Buckinghamshire, UK) and 20 μM of each primer.
PCR conditions were an initial minute 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. HinfI, MboI, AvaII, and BstXI (New
England Biolabs) restriction enzymes were used to dis-
criminate between AMF phylotypes according to the pro-
tocol by López-García et al. (2014b). Forty nanogram of
each PCR product was digested individually with 1.5 U
of each enzyme for 2 h at 37 °C. HEX PCR products
were digested separately with HinfI and AvaII and 6-
FAM PCR products with MboI and BstXI. Digestions
were purified with Illustra GFX™ PCR DNA and Gel
Band Purification Kits (GE Healthcare). TRF determina-
tion was carried out in Multiplex by the Unidad de
Genómica y Síntesis de DNA, Instituto de Biomedicina
y Parasitología López Neyra (Granada, Spain). HEX
PCR products digested with HinfI were pooled with 6-
FAM PCR products digested with MboI and HEX PCR
products digested with AvaII with 6-FAM PCR products
digested with BstXI. The GeneMapper software version
3.7 (Applied Biosystems 2004) was used to examine the
data and the TRAMPR package (Dickie and FitzJohn
2007) from R software for matching T-RFLP profiles of
the samples with those corresponding to the sequences of
the gene library.
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Statistical analyses

The effects of the different inoculation treatments on plant
traits (length and biomass) were analyzed by performing gen-
eralized linear models with Gaussian error structure (function
glm() from R package MASS; Ripley et al. 2014). Tukey’s
honest significant difference (HSD) tests were carried out to
determine significant differences among treatments. In order
to analyze differences in the AMF community composition of
roots colonized from the different propagule types, the relative
frequency of detection of the different phylotypes was calcu-
lated as the percentage of replicates containing them per treat-
ment. The influence of the type of propagule used as inoculum
on AMF community composition in roots was analyzed using
non-parametric permutational multivariate analysis of vari-
ance (PERMANOVA; McArdle and Anderson 2001). This
was implemented using the adonis() function from the R pack-
age vegan (Oksanen et al. 2015), considering Jaccard dissim-
ilarity as a measure of distance between AMF communities.
The statistical significance was assessed via comparison with
999 randomized data sets. Since results of PERMANOVA can
be affected by a differential multivariate dispersion between
treatments, differences in multivariate dispersion was
approached by using the function betadisper() from the R
package vegan. Pairwise PERMANOVAwas used to analyze
differences between factor levels.

To detect indicator phylotypes of different propagule
forms, the Pearson’s phi coefficient of association (Chytrý
et al. 2002) followed by correction of phi coefficient (Tichy
and Chytry 2006) was calculated using the multipatt () func-
tion embedded in the R package indicspecies (De Cáceres and
Legendre 2009).

Results

Inoculation with the different types of mycorrhizal propagules
significantly improved rosemary growth (shoot length and
shoot and root weight; Table 1). AMF colonization reached

levels around 50–60 % when plants were inoculated with
spores, roots, and natural soil containing all propagule types.
Plants inoculated only with ERM reached lower levels of root
colonization, although this was not reflected in a lower plant
growth. Consistent with the marked mycotrophic character of
rosemary and the poor shoot development of control plants,
the shoot/root ratio was also significantly increased in all my-
corrhizal plants (Table 1).

Of the 20 samples analyzed to characterize the AMF com-
munity composition, four failed to produce T-RFLP finger-
prints either due to very low amounts of DNA extracted or
poor amplification of fungal DNA. PERMANOVA indicated
that the AMF community established in the rosemary plants
was significantly different when distinct propagule types were
used as inoculum. These differences were partially due to
differences in multivariate dispersion (Table 2).

PERMANOVA models including only pairs of treatments
indicated that the AMF communities detected when colonized
roots were used as inoculum significantly differed from those
detected when spores were used but not when using ERM.
Similarly, when the natural soil was used as inoculum, the
resulting AMF communities significantly differed from those
provided by ERM and spores but not by roots. On the other
side, the AMF communities promoted by spores and ERM did
not significantly differ between them (Table 3).

The number of phylotypes detected per plant was signifi-
cantly different according to the inoculum source used (nega-
tive binomial GLM, χ2 15.96, df 3, P=0.001), being higher
for the plants inoculated with the natural soil and lower for
those inoculated with ERM, spores, or roots (Table 4). Some
phylotypes (Glo166b, Glo067, and Glo149) were exclusively
detected when natural soil was used as inoculum, while others
when only spores (Glo064) or roots (Cla056) were inoculated
(Fig. 1 and Table 5). Div062 was only detected when soil-
dwelling propagules (spores or ERM) were used as inocula.
Similarly, Pac284 was detected in rosemary plants when
spores or ERM were used as inocula and also in those inocu-
lated with natural soil but not when only roots were the inoc-
ulum source (Fig. 1 and Table 5). On the other side, Par336

Table 1 Plant traits evaluated in Rosmarinus officinalis plants inoculated with different types of propagules

Control ERM Roots Spores Soil

Shoot length (cm) 3.7 (±0.6) a 14.5 (±1.4) b 11.5 (±1.5) b 12.9 (±1.1) b 15.7 (±0.8) b

Shoot fresh weight (mg) 154 (±28) a 1549 (±111) b 1425 (±303) b 1388 (±182) b 1689 (±121) b

Root fresh weight (mg) 204 (±28) a 1103 (±59) b 954 (±227) b 877 (±103) b 1038 (±66) b

Shoot/root ratio 0.72 (±0.08) a 1.40 (±0.03) b 1.64 (±0.23) b 1.71 (±0.23) b 1.67 (±0.12) b

Mycorrhizal colonization (%) 0.0 a 35.0 (±4.3) b 49.3 (±5.7) bc 57.6 (±2.8) c 58.1 (±2.2) c

Means ± standard error are shown. Means not sharing a letter in common differ significantly according to generalized linear model (GLM: Gaussian), at
P< 0.05

Treatment legend: non-inoculated plants (control) or plants inoculated with the extraradical mycelium (ERM), colonized roots (roots), spores, or natural
soil (soil)

492 Mycorrhiza (2016) 26:489–496



was not detected in ERM-inoculated plants, while Cla193 and
Glo166 were detected in plants inoculated with roots and
ERM but not in those inoculated only with spores (Table 5).
Glo105 and Glo069 were not detected in spores or ERM-
inoculated plants but were found when roots or the complete
soil were inoculated (Fig. 1 and Table 5).

The Pearson’s phi coefficient of association identified
Glo069 as indicator species when the inoculum used was soil

(phi 0.882, P= 0.003) and Glo105 as indicator phylotype
using soil and roots as inoculum (phi 0.816, P=0.004).

Discussion

R. officinalis L. was selected as host plant species to evaluate
the AMF community composition promoted by different my-
corrhizal propagule types present in soil from aMediterranean
environment because it is a representative plant species from
these ecosystems. The results clearly revealed differences
among the AMF taxa able to initiate a new colonization in

Table 2 Variation in arbuscular mycorrhizal fungal community
composition (PERMANOVA and multivariate dispersion analyses) in
relation to the different types of propagules used as inoculum
(colonized roots, spores, or extraradical mycelium—ERM) and the
natural soil

Model/parameter df SS MS PseudoF R2 P value

PERMANOVA

Treatments 3 1.94 0.65 2.11 0.35 0.013

Residuals 12 3.68 0.31 0.65

Total 15 5.62 1.00

BETADISPERS

Treatments 3 0.42 0.14 4.28 0.028

Residuals 12 0.39 0.03

df degrees of freedom, SS sum of squares, MS mean squares, PseudoF F
value by permutation

Table 3 PERMANOVA pairwise comparison between treatments:
Roots, spores, extraradical mycelium (ERM) and the natural soil (soil)

Model/parameter df SS MS PseudoF R2 P value

Pairwise PERMANOVA

Roots-spores 1 1.00 1.00 3.17 0.31 0.010

Residuals 7 2.20 0.31 1.69

Total 8 3.19 1.00

ERM-roots 1 0.29 0.29 0.80 0.12 0.483

Residuals 6 2.14 0.36 0.88

Total 7 2.43 1.00

ERM-spores 1 0.35 0.35 0.85 0.14 0.604

Residuals 5 2.06 0.41 0.86

Total 6 2.40 1.00

ERM-soil 1 0.70 0.70 3.14 0.39 0.040

Residuals 5 1.10 0.22 0.61

Total 6 1.80 1.00

Roots-soil 1 0.31 0.31 1.72 0.20 0.204

Residuals 7 1.25 0.18 0.80

Total 8 1.55 1.00

Spores-soil 1 0.84 0.84 4.35 0.42 0.001

Residuals 6 1.16 0.19 0.58

Total 7 2.00 1.00

df degrees of freedom, SS sum of squares, MS mean squares, PseudoF F
value by permutation

Table 4 Phylotype richness detected in roots inoculated with different
arbuscular mycorrhizal propagule types (roots, spores, and extraradical
mycelium—ERM) or the natural soil

Mycorrhizal propagule Medium number of virtual taxa

ERM 1.3 (±0.3) a

Roots 2.2 (±0.6) a

Spores 1.5 (±0.3) a

Soil 5.8 (±1.2) b

Data are the means ± standard error. Means not sharing a letter in common
differ significantly according to Tukey’s honest significant difference test,
at P< 0.05

Fig. 1 Venn diagrams representing arbuscular mycorrhizal fungal
phylotypes unique to and shared among the communities established
using different types of inoculum, natural soil, colonized roots, spores,
and extraradical mycelium (ERM)
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the host plants from each propagule type. These differences
suggest two main colonization strategies followed by these
organisms: (i) colonization proceeds mainly via mycorrhizal
roots, phylotypes belonging to the families Glomeraceae and
Claroideoglomeraceae, and (ii) colonization is preferably de-
veloped from soil-dwelling propagules (spores and ERM),
phylotypes belonging to the families Pacisporaceae and
Diversisporaceae. Although these trends have previously
been suggested based on the differential production of each
propagule type by AMF taxa (Varela-Cervero et al. 2015), to
our knowledge, this is the first time that the ability of AMF
propagule types extracted from a natural habitat to colonize a
new host is tested, providing molecular information about the
AMF communities established in planta.

Commonly, characterization of functional and life-history
traits of AMF has focused on the following three
glomeromycotan families: Glomeraceae, Acaulosporaceae,
and Gigasporaceae (e.g., Maherali and Klironomos 2007,
2012; Chagnon et al. 2013). Although no phylotypes belonging
to the last two families have been detected in the present study,
Pacispora andDiversispora seemed to follow a similar trend to
that previously described for Acaulospora and Gigaspora, col-
onizing mainly from soil-dwelling propagules (Brundrett et al.
1999; Klironomos and Hart 2002; Schalamuk and Cabello
2010). This similarity is probably related to the phylogenetic
proximity between these genera since certain phylogenetic trait
conservatism has been suggested for AMF (Powell et al. 2009).
By the contrary,Glomeraceae andClaroideoglomeraceae phy-
lotypes were frequently detected, being the best colonizers from
root propagules, as also found in other studies (Biermann and
Linderman 1983; Abbott et al. 1994; Klironomos and Hart

2002). In addition, some members of the Glomeraceae family
were also effective in colonizing from soil propagules since
they were detected when using spore as inoculum, as also found
by Klironomos and Hart (2002).

López-García et al. (2014b) have previously tested contrast-
ing AMF life-history strategies considering resistant (spores and
IRM living in dead root fragments) versus sensitive (hyphae
attached to living mycorrhizal roots) propagule types. In the
present study, the extraction of the three propagule types sepa-
rately allowed to analyze their independent root colonization
ability. The results obtained reinforce those of López-García et
al. (2014b) and Varela-Cervero et al. (2015). López-García et al.
(2014b) found that Paraglomus colonized from perturbation-
resistant propagules (possibly spores) while Diversispora colo-
nized preferentially from more labile propagules (ERM origi-
nated from previously colonized donor plants). In the study by
Varela-Cervero et al. (2015),Pacispora andGlomuswere found
as indicator species of spores and roots, respectively. These
results correspond well with those found in the present study,
in which Diversispora was found in plants inoculated with
ERM, Pacispora and Paraglomus in those inoculated with
spores, and Glomus in those plants inoculated with roots
(IRM). Thus, the results reported in this study reinforce the
functional approach of López-García et al. (2014b) since they
shed light to the propagule identity that they analyzed but also
advance the results of Varela-Cervero et al. (2015) by adding
information on the functionality of AMF propagules.

The dry and hot summers of Mediterranean semiarid eco-
systems cause remarkable abiotic stress conditions. These char-
acteristics can drive the composition of the AMF communities
based on the different life-history strategies exhibited by AMF.
On one hand, the genera mainly colonizing from natural soil
and roots, Glomus and Claroideoglomus, have been shown to
develop extensive root colonization (Hart and Reader 2002).
This preferential allocation of fungal biomass into roots has
been proposed as a way to avoid drought conditions in soil
(Helgason and Fitter 2009; Allen and Kitajima 2013); addition-
ally, this fungal character has been suggested to confer a higher
protection against plant pathogens (Newsham et al. 1995). On
the other hand, Diversispora, colonizing from the spore and
ERM fractions, has been shown to be relatively abundant in
soil hyphae (Varela-Cervero et al. 2015), which favor the for-
mation and stability of soil aggregates, improving soil structure
and water storage in the ecosystem (Miller and Jastrow 2000;
Barea et al. 2013). Finally, Pacispora and Paraglomus seem to
be specialized in producing resistant spores (Varela-Cervero
et al. 2015) to endure drought. In any case, in spite of this
differential biomass allocation, most AMF phylotypes have
been shown to produce all mycorrhizal propagule types, al-
though exhibiting a seasonal pattern in the production of some
of them (Varela-Cervero et al., under revision).

Additionally, variations in the AMF community composi-
tion can also be explained by differences in the tolerance to

Table 5 Frequency of detection of different arbuscular mycorrhizal
fungal phylotypes in the Rosmarinus officinalis roots inoculated with
different propagule types (R colonized roots, S spores, and ERM
extraradical mycelium) or the natural soil (NS) containing all propagule
types

ERM R S NS

Par336 – 0.20 b 0.50 b 1.00 a

Div062 0.34 – 0.25 –

Pac284 0.34 – 0.50 0.25

Glo166b – – – 0.25

Glo166 0.34 b 0.60 b – 1.00 a

Glo149 – – – 0.50

Glo067 – – – 0.50

Glo064 – – 0.25 –

Glo105 – 0.60 b – 1.00 a

Glo069 – 0.20 b – 1.00 a

Cla193 0.34 0.40 – 0.25

Cla056 – 0.20 – –

Different letters indicate statistically significant differences according to
the non-parametric Mann–Whitney U test at P< 0.05
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perturbations of the propagule types among AMF taxa. It is
known that the mechanisms to repair damage within ERM
after perturbations is highly distinctive among AMF and re-
lated to taxonomical differences at the family level (de la
Providencia et al. 2005). Anastomosis formation and hyphal
healing mechanisms greatly differ among members of the
Glomeraceae and Gigasporaceae families, suggesting that
the repair mechanisms of the thick and strong hyphae of the
Gigasporaceae members allow them to colonize new sub-
strates and host by themselves, without the support of adjacent
hyphae (Voets et al. 2006; Chagnon 2014). Although
Gigasporaceae phylotypes have not been detected in the pres-
ent study, Diversispora phylotypes could behave in a similar
way. In consequence, it seems reasonable to think that the
combination of the two previously mentioned explanations,
i.e., climatic conditions and tolerance to perturbations, can
shape the AMF communities resulting from the inoculation
with the different propagule types.

The AMF diversity promoted when roots were used as
inoculum was the most similar to that promoted by the natural
soil; therefore, it is reasonable to think that colonization from
roots is the dominant strategy for mycorrhiza formation of
woody plant species in the target ecosystem. However, certain
AMF diversity could have been hidden in the natural soil
treatment by competition with the dominant AMF (Werner
and Kiers 2015). By the contrary, the exclusive detection of
some phylotypes when natural soil was used as inoculum, but
not when using separated AMF propagules, can be explained
by a low tolerance of their propagules to the extraction
procedure.

Understanding colonization and dispersal abilities, toler-
ance to stressors, and in summary, the AMF life-history strat-
egies, as well as their interaction with the associated host
plants, is essential to predict the functional role of AMF in
the ecosystems (Maherali and Klironomos 2007, 2012;
López-García et al. 2014a). The results of the present study
provide new insights into the functionality of different propa-
gule forms for the different AMF taxa by revealing differences
in terms of root colonization from each propagule type. This
fact seems to be related to their biomass allocation pattern
among compartments of the fungal body and, ultimately, in
their life-history strategies.

Greater awareness of the appropriateness of using AMF in
ecosystem restoration programs requires the formulation of
appropriate indigenous AMF inoculants, adapted to the local
conditions and containing the highest functional diversity and
life strategies. Only these conditions, altogether, will allow to
maximize the benefits of the AM symbiosis and to ensure the
persistence of the introduced AMF in the environment.
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