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Abstract The co-adaptation model formulated on the basis of the reciprocal interaction
among plants, arbuscular mycorrhizal fungi (AMF) and soil hypothesizes that plants
are adapted to their native AMF. Studies focused on this adaptation bring inconsistent
results, however. Previously, we showed that different genotypes of Aster amellus
exhibit different percentages of root colonization and that the species is adapted to
the abiotic-soil environment combined with its native AMF isolate, but not to a specific
AMEF isolate alone. Here we asked whether plant populations of A. amellus are adapted
to the whole native AMF community and whether there is co-adaptation between plants
growing in their native soil and the native AMF community. In the first experiment, we
used plants of one population of A. amellus from a marl region and plants of one
population from a limestone region and planted them in non-sterile soil from both
regions in a full factorial design. In the second experiment, plants from both regions
were grown in their native sterilized soil and inoculated with their native AMF
community or with the AMF community from the second region. Plants from each
region established a specific level of root colonization, and AMF from each region
formed a specific abundance of particular morphological structures in A. amellus roots.
While we did not find any evidence that the plants are adapted to their whole-soil
environment in terms of their growth, we did find evidence that adaptation of plants to
native soil conditions could occur via adaptation of AMF to their native soil and plants
and association of plants with specific type of AMF colonization. This type of
adaptation could lead to the absence of adaptation in terms of plant growth.
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Introduction

Arbuscular mycorrhizal fungi (AMF) are obligate biotrophs. This means that they are
not able to grow without their host plants, which provide them carbon. On the other
hand, AMF improve plant acquisition of nutrients, especially phosphorus (Smith and
Read 2008). The mutualistic relationship between AMF and plants usually occurs in
soils with limited nutrient availability. It has been suggested that in nutrient rich soils
carbon costs of mycorrhizal symbiosis can exceed the benefits to the plant and that
mycorrhizal symbiosis may switch to parasitism (e.g. Clapperton and Reid 1992;
Johnson et al. 1997; but see Treseder and Cross 2006 for no such pattern). Recently,
however, this view has been disputed by studies showing that even plants without any
growth response to AMF may acquire phosphorus via the mycorrhizal pathway (Smith
and Smith 2012; see also Johnson and Graham 2013 and Smith and Smith 2013 for
discussion of the issue).

The close relationship between AMF and plants and the strong effect of the abiotic
soil environment on this relationship has led to the formulation of the co-adaptation
model, which proposes that due to selection, non-mutualistic associations are sup-
pressed, while mutually beneficial associations are supported (Sanders 1993; Johnson
etal. 2010). This co-adaptation model has also been supported by demonstrations of the
ability of plants (e.g., Jordan 1992; Kindell et al. 1996; Galloway and Fenster 2000;
Raabova et al. 2007) as well as AMF to adapt to their native abiotic soil environment
(e.g. Johnson 1993; del Val et al. 1999; Hildebrandt et al. 1999; Ipsilantis and Sylvia
2007). Recently, some studies have tested for plant adaptation to their abiotic soil
environment via AMF, but these present inconsistent results. While Johnson et al.
(2010), Taheri and Bever (2011), Pankova et al. (2011) and Ji et al. (2013) found clear
evidence of adaptation of plants and AMF to each other and to their home whole soil
environment or to the abiotic soil environment with native AMF species, Bever (1994)
and Wagner et al. (2011) found that plants did not perform better in their native whole-
soil environment.

The discrepancy in the results of different studies can be explained by the fact that
the authors used very different types of inoculation, including inoculation by a single
AMF isolate (Pankova et al. 2011), a mixture of AMF isolates (Schultz et al. 2001),
non-sterilized soil collected in the field (Johnson et al. 2010) or soil pre-cultivated in the
greenhouse (Taheri and Bever 2011). The results of studies on plant adaptations could
also differ depending on plant and fungal genotype (Pankova et al. 2008, 2011;
Streitwolf-Engel et al. 1997, 2001) and could also be affected by abiotic soil conditions
of the experiment (e.g. Lackie et al. 1988; Douds et al. 1993). The abiotic soil
environment, the AMF genotype as well as the host plant can modify the type and
proportion of morphological structures formed by the fungi (e.g. Brundrett and
Kendrick 1990; Cavagnaro et al. 2001; Yamato and Iwasaki 2002). All these statements
suggest that each change in abiotic soil conditions, AMF communities or vegetation,
may in turn modify the plant response to AMF.

The standard approach to testing plant adaptations to their local conditions is a
reciprocal transplant experiment in the field, which takes into account all naturally co-
occurring organisms such as pathogens and herbivores and reflects the exact environ-
mental conditions of the sites (Antonovics and Primack 1982; Kawecki and Ebert
2004; Bischoff et al. 2006; Nuismer and Gandon 2008; Raabova et al. 2011).
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Nevertheless, when we test plant adaptation to a specific factor, full factorial green-
house experiments combining plant populations and the native whole soil environment
are more useful because they allow us to keep all treatments under the same environ-
mental conditions (e.g. Joshi et al. 2001; Kawecki and Ebert 2004; Raabova et al.
2007). In these experiments, plants are grown in non-sterilized soil, which allows
including all soil microorganisms into the experiments. To be able to separate the
effect of AMF from those of other soil microorganisms, it is, however, necessary to use
sterilized soil inoculated with AMF (single species or the whole AMF community) and
to add filtrates from non-sterilized soil and from the fungal inoculum into all pots to
make other microbial conditions similar in all treatments (Koide and Li 1989).

To test for adaptation of plants and AMF to the whole soil environment, we used the
obligately mycorrhiza-dependent perennial herb species Aster amellus. Raabova et al.
(2007) had shown, in a reciprocal transplant experiment in the field, that populations of
this species are adapted to the whole soil environment. Results of field sampling, pot
experiments in the greenhouse (Pankova et al. 2008, 2011) as well as a field experiment
(Pankova et al., unpubl.) show that the level of root colonization by AMF of 4. amellus
differs between different genotypes (defined as populations of origin) with populations
from the marl region forming significantly higher levels of root colonization as
compared to populations from the limestone region. In a pot experiment with native
isolates of the AMF Glomus mosseae, we found that plant populations performed better
when grown in their native whole soil environment (abiotic environment plus added
microorganisms except for AMF) inoculated with their native AMF isolate, but we
found no adaptation of plants to a specific AMF isolate independent of the whole soil
environment (Pankova et al. 2011). All the above facts indicate that the local adapta-
tions of A. amellus to the soil conditions could take place via changes in root
colonization by AMF.

In the present study, we asked whether plant populations of A. amellus are adapted to
the whole native AMF community and whether there is co-adaptation between the
plants growing in their native soil and their native AMF community. To answer these
questions, we carried out two greenhouse experiments. In the first experiment, we
combined plants and non-sterilized soil (whole soil environment) from both regions in a
full factorial design. A significant interaction between the plant population and soil
would provide indication that the plants are adapted to the whole soil environment at
their localities. In the second experiment, plants from both regions grown in their native
sterilized soil were inoculated with native non-sterilized soil or with non-sterilized soil
from the other region. In this case, we tested the adaptations of plants to AMF when
grown in their native abiotic soil environment. A significant interaction between AMF
and plant in its native sterilized soil would suggest co-adaptation of the plant in its
native abiotic soil environment and AMF to each other.

Material and Methods
Study System

Aster amellus L. (Asteraceae) is an endangered, perennial, self-incompatible plant
species (Miinzbergova et al. 2011) that grows in dry grasslands. Its European
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distribution extends from northern Italy to Lithuania; the southern distribution limit
crosses northern Italy and Macedonia (Merxmiiller et al. 1976). Outside Europe, its
range extends to the Black Sea and the northern Caucasus (Meusel and Jager 1992).

Aster amellus occurs as a hexaploid and a diploid in the Czech Republic
(Mandékova and Miinzbergova 2006; Miinzbergova et al. 2011). For this study, we
selected one diploid population from a marl region and one diploid population from a
limestone region (populations CS1 and CK1 in Pankova et al. 2008). Although it would
be better to use more plant populations per region, we used only one to keep the
experiment feasible. Based on results of our previous studies, we supposed that using
more plant populations per region would probably lead to comparable results (Pankova
et al. 2008, 2011).

The plant species is highly genetically variable, and the two populations are clearly
genetically separated (Raabova et al. 2007; Mandakova and Miinzbergova 2008;
Miinzbergova et al. 2013). It is thus reasonable to consider the populations as separate
genotypes in the subsequent text. The marl and the limestone region are situated about
70 km apart. Vegetation in the marl region belongs to the Bromion community
(Chylova and Miinzbergova 2008), while the limestone region is characterized by
limestone bedrock and oak-hornbeam forests of the association Quercion pubescenti-
petraeae (thermophile oak wood; Ellenberg 1998). The soil from the marl region has a
significantly higher pH, concentration of available calcium, total carbon and carbon in
carbonates than the soil from the limestone region (Table 1). The marl soil has
significantly lower concentrations of available magnesium and potassium, total nitro-
gen, organic C and C/N ratio than the soil from the limestone region (Table 1). The two
types of soil do not differ in the concentration of available phosphorus (Table 1).

Soil for the experiments was collected at each of the two localities from at least three
sampling points spread over the site. After collection, all the soil was partially air-dried,
sieved through a 4 mm sieve and sent for y-irradiation (25 kGrey) to eliminate native
AMF. The sterilized soil was used for the second experiment (see below). When the y-
irradiation was finished, we again collected both soils from the same sampling points,
partially air-dried them and sieved them through a 4 mm sieve. This second soil was used
for setting up the first experiment and to prepare the inoculum for the second experiment
(see below). Both experiments were set up within 1 week after collection of this soil.

Seeds of A. amellus were collected at each site directly from flowering stalks to
prevent contamination with AMF propagules, which may occur when the seeds fall to
the soil surface (Pankova et al. 2008). The seeds were collected from at least 20
different mother plants per population.

Table 1 Chemical characteristics of the soils from the marl and limestone regions

Region pHkaa  pHuo Ca Mg K P N Ctot C(CO3?%) Cox CN
(mgkg™) (%)

Marl 7.3 79 8,300 75 168 75 02 82 6.2 2 9.9

Limestone 4.5 5.4 4,700 191 271 6.7 04 6.6 0.02 6.5 15

Values significantly different between regions at P<0.05 are in bold. The data were previously published in
Pénkova et al. (2008) — populations CS1 and CK1.
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Pot Experiments

In the first experiment, we combined plants and non-sterilized soil from both regions in
a full factorial design. Each non-sterilized soil was filled into 500 ml plastic pots. While
the pots may seem quite small, their size was selected based on our previous experience
with the very slow growth rate of the plant species under study. The pots were not full
of roots even at the end of the experiment, and therefore plant performance was
probably not limited by the soil volume. Seeds of 4. amellus were rinsed several times
with deionized water and germinated in sterilized sand in the greenhouse (day temper-
ature 25°C, night temperature 10°C, 14-h photoperiod). One 4-week-old plant was
transplanted into each pot.

We added 5 ml of microbial filtrate from the other soil (i.e. marl soil obtained filtrate
from limestone soil and vice versa) to all pots to make the results comparable with the
second experiment (see below). Microbial filtrates were prepared by shaking 30 g of
non-sterilized soil from the collected soil at each site with 300 ml of deionized water for
30 min and filtering twice through filter paper with a 15 um pore size to eliminate
mycorrhizal propagules. Added microbes, however, represent probably only a very
small fraction of the overall microbial community in the soil, so it should be possible to
interpret the results from this experiment as tests for adaptation of plants to the whole
soil environment (see discussion for details on this issue).

In the second experiment, we tested co-adaptation of the plant in its native soil and
AMEF to each other. Soil from both regions was sterilized by y-irradiation (25 kGrey) to
eliminate native AMF. Plant seedlings from both regions were prepared as for the first
experiment and planted to their native sterilized soil (plants in their native sterilized soil
are hereafter called an abiotic soil-plant complex) inoculated with inoculum containing
native AMF community or the AMF community from the other region. The inocula
were prepared from the soil collected at each site on the second sampling date. The soil
was sieved through a 4 mm sieve; roots were removed, cut to small segments and
returned back to the soil. Each inoculated pot received 5 ml of the inoculum. While 1 %
inoculum volume may seem rather low, plants in the experiment showed 66-92 % root
colonization, suggesting that the amount was quite sufficient. In a previous study,
Johnson et al. (2010) used 2 % of non-sterile soil for inoculation of experimental plants.
We also aimed to keep the inoculum volume as small as possible not to affect the
abiotic soil environment in the experimental pots. The control non-inoculated plants
received 5 ml of heat-sterilized inoculum (the inoculum was autoclaved twice at 121°C
for 25 min, 24 h apart) plus 5 ml of microbial filtrate from both soils. To obtain the net
effect of the AMF community, we added into each pot 5 ml of microbial filtrate from
the non-sterilized soil from the other site than the origin of the inoculum (i.e. marl soil
obtained the filtrate from the limestone soil and vice versa). Microbial filtrates were
prepared as in the previous experiment. The microbial filtrate is supposed to contain the
majority of soil microorganisms except for AMF (Koide and Li 1989).

In both experiments, all the soils thus contained microorganisms present in both
soils. They either received them via a microbial filtrate, or they were present already in
the non-sterilized soil. Both experiments were running simultaneously in the green-
house (day temperature 25°C, night temperature 10°C, 14-h photoperiod) from March
2006 to August 2007. Every month during the experiments, we measured number of
leaves and length of the longest leaf. At the harvest, the aboveground biomass was cut,
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the roots were washed of soil and weighed. Approximately one third of the roots from the
middle part of the root system was separated, weighed and used for evaluation of mycor-
thizal colonization. The remaining part of the root system and aboveground biomass was
dried to a constant weight at 70°C for 72 h and weighed. The weight of the root sample used
for the determination of AMF colonization was added to the root dry weight after
recalculating its wet weight to dry weight using the information on the dry/wet weight ratio
based on the rest of the sample. The phosphorus concentration was determined in the
aboveground biomass following the method of Olsen and Sommers (1982). The total
content of phosphorus in the aboveground biomass was calculated as well.

Roots appointed for determination of mycorrhizal colonization were stained with
0.05 % Trypan blue in lactoglycerol (Koske and Gemma 1989), and colonization was
evaluated according to Trouvelot et al. (1986) in 30 root segments under a compound
microscope at 200x magnification. This method allows separate quantification of
different morphological AM structures. We measured the intensity of colonization in
the root system (i.e. both colonized and non-colonized root segments were included
into the calculation) and the abundance of arbuscules, vesicles and hyphal coils in the
colonized parts of the root system (these parameters are thus independent of the level of
root colonization). Each morphological structure (arbuscules, vesicles and hyphal coils)
in each microscopic field of view was assigned a number (between 0 and 3) according
to its abundance (proportion of the root cortex occupied by the appropriate type of
structure). In total, 300 microscopic fields of view were scored for each sample. The
abundance of arbuscules, vesicles and coils was then estimated as a parameter using the
computer program Mycocalc (Trouvelot et al. 1986).

At the beginning of the experiment, we had 10 replicates in each experimental
treatment. Some plants, however, died during the experiment, so at the end of the
experiment, we had between 8 and 10 replicates per treatment. All of the control non-
inoculated plants in the second experiment died during the first month and were thus
not included into the evaluation of the experiment.

Statistical Analysis

Results of tests based on biometric data from the course of the experiment were largely
similar to the results from the end of the experiment and are thus not presented for simplicity.

In the experiment with non-sterilized soil (whole soil environment), the independent
variables in all tests were soil, plant population and their interaction. In the experiment
with sterilized soil (abiotic soil environment), the independent variables were abiotic
soil-plant complex, AMF community and their interaction. The dependent variables
tested at the end of both experiments were aboveground and belowground biomass of
the plants, phosphorus concentration and total content of phosphorus in aboveground
biomass. All the values except for total phosphorus content were square root trans-
formed to improve normality of the residuals. Further, we analyzed the effects of the
independent variables on mycorrhizal parameters (intensity of root colonization, abun-
dance of arbuscules, vesicles and hyphal coils). These values were arcsin transformed
before the analyses to improve normality of the residuals. Data on plant biomass,
phosphorus concentration and mycorrhizal parameters were tested using factorial
ANOVA. Data on total content of phosphorus in aboveground biomass were tested
using a generalized linear model with Gamma distribution.
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The relationship among aboveground biomass, phosphorus concentration, phospho-
rus content and mycorrhizal parameters was tested using linear regression separately for
each experiment. Because of strong differences in aboveground biomass as well as
phosphorus content between treatments within the experiments, these tests were done
over all treatments as well as for each treatment separately.

Differences between growth of plants growing in non-sterilized soil from the first
experiment and plants growing in inoculated sterilized soil from the second experiment
were tested by one way ANOVA separately for each abiotic soil-plant complex.
Specifically, we compared plants growing in their native sterilized soil (abiotic soil
environment) and inoculated with native AMF with the plants growing in their native
non-sterilized soil (whole soil environment). All tests were done using S-Plus (2000).
In all cases, we consider the effect as significant at the conventional P-level P<0.05.

Results
Plant Size

In the experiment with non-sterilized soil, all parameters related to plant size (above-
ground and belowground biomass and root:shoot ratio) were strongly significantly
affected by soil but not by plant population (Table 2). Plants grown in the non-
sterilized soil from the limestone region had higher aboveground (Fig. 1a) and below-
ground biomass, higher phosphorus concentration as well as total phosphorus content
in aboveground biomass and a lower root:shoot ratio than plants grown in the marl soil
(Table 2). Plants originating from the marl region tended to be larger than those from
the limestone in both soils, but this tendency was not significant (Table 2, Fig. 2a).
Phosphorus concentration in the aboveground biomass was significantly affected by
plant population with higher concentration in plants originating from the limestone
region, total phosphorus content in the aboveground biomass, however, was not
affected by plant population (Table 2). There was also no significant interaction
between plant population and soil for any parameter in this experiment (Table 2).

In the experiment with sterilized soil, aboveground (Fig. 1b) and belowground
biomass was significantly affected by abiotic soil-plant complex as well as by the
interaction of this complex with AMF (Table 2). Plants from the marl abiotic soil-plant
complex had lower aboveground (Fig. 1b) and belowground biomass than plants from
the limestone complex, and plants from both complexes had higher aboveground
(Fig. 1b) as well as belowground biomass when inoculated by non-native AMF
(although in the limestone abiotic soil-plant complex the difference between plants
inoculated with marl and limestone AMF was not significant). Phosphorus concentra-
tion as well as the total content of phosphorus was significantly affected by the abiotic
soil-plant complex with more phosphorus in plants from the limestone abiotic soil-plant
complex than from the marl abiotic soil-plant complex (Table 2). Total content of
phosphorus was significantly affected also by the interaction of the abiotic soil-plant
complex with AMF (Table 2). The root:shoot ratio was significantly affected only by
interaction of abiotic soil-plant complex and AMF (Table 2). Plants from the marl
abiotic soil-plant complex inoculated with marl AMF invested significantly more into
aboveground biomass (i.e. the had a lower root:shoot ratio) but had a lower phosphorus
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Fig. 1 Aboveground biomass of Aster amellus. a Experiment in non-sterilized soil. White boxes represent
plant population from the marl region; black boxes represent plant population from the limestone region. b
Experiment in sterilized soil. White boxes represent inoculation with AMF community from the marl region;
black boxes represent inoculation with AMF community from the limestone region. Soil-plant complex
indicates the origin of the soil and the plant population (the plants are always grown in their native soil).
All values represent the mean + SE. Columns sharing the same letter are not significantly different (P>0.05)

content than plants inoculated with limestone AMF. In the limestone abiotic soil-plant
complex, the difference in the root:shoot ratio as well as phosphorus content between
plants inoculated with either AMF was not significant (Table 2).

Mpycorrhizal Parameters

In the non-sterilized soil, the intensity of root colonization, abundance of arbuscules,
vesicles and coils were significantly affected by plant population (Table 2). A higher
intensity of root colonization (Fig. 2a) and a higher abundance of arbuscules (Fig. 2¢)
and vesicles was observed in plants originating from the marl region in comparison
with plants from the limestone region. On the other hand, the abundance of coils was
higher in plants from the limestone region than in plants from the marl region (Fig. 2e).
The intensity of root colonization, abundance of arbuscules and abundance of coils
were further affected by soil (Table 2). Plants grown in the marl soil had a higher
intensity of root colonization (Fig. 2a), a higher abundance of arbuscules (Fig. 2¢) but a
lower abundance of coils (Fig. 2¢) than plants grown in the limestone soil. There were
no significant interactions between the plant population and soil (Table 2), but the
highest intensity of root colonization and abundance of arbuscules and the lowest
abundance of coils were observed in the treatment with plants originating from the
marl region growing in the marl soil. By contrast, the lowest intensity of mycorrhizal
colonization (Fig. 2a) and abundance of arbuscules (Fig. 2¢) and the highest abundance
of coils (Fig. 2¢) were observed in plants from the limestone region growing in the
limestone soil (Table 2).

In the sterilized soil, the intensity of root colonization was significantly affected by
the abiotic soil-plant complex as well as by the interaction between the abiotic soil-
plant complex and the AMF community (Table 2). The highest intensity of root
colonization was observed in plants from the marl abiotic soil-plant complex inoculated
with the marl AMF community (Fig. 2b). By contrast, the lowest root colonization
intensity was observed in the limestone abiotic soil-plant complex inoculated with the
limestone AMF community (Fig. 2b). The abundance of arbuscules was significantly
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Fig. 2 a, b Intensity of root colonization, ¢, d abundance of arbuscules and e, f hyphal coils in the roots of
Aster amellus. a, ¢, e Experiment in non-sterilized soil. White boxes represent plant population from the marl
region, black boxes represent plant population from the limestone region. b, d, f Experiment in sterilized soil.
White boxes represent inoculation with AMF community from the marl region, black boxes represent
inoculation with AMF community from the limestone region. All values represent the mean + SE. Columns
sharing the same letter are not significantly different (P>0.05)

affected only by AMF with a higher abundance observed in plants inoculated with the
marl AMF community (Table 2, Fig. 2d). The abundance of vesicles as well as coils
was affected by the abiotic soil-plant complex and AMF, but the interaction between
these two factors was not significant (Table 2). For coils, the effect of abiotic soil-plant
complex was only marginally significant. Plants from the marl abiotic soil-plant
complex or those inoculated with marl AMF had higher abundance of vesicles than
plants from the limestone complex or plants inoculated by the limestone AMF. There
was also a marginally significant tendency of these plants to have a lower abundance of
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coils than plants from the limestone complex or plants inoculated by the limestone
AMF (Fig. 2f).

When comparing the two experiments, aboveground biomass was significantly
lower and the root:shoot ratio significantly higher in plants growing in their native
non-sterilized soil (whole soil environment) compared to plants growing in their native
sterilized soil (abiotic soil environment) inoculated with their native AMF community
(Table 3, Fig. 3) when using data from the marl region. No such difference was
observed in plants from the limestone region. Belowground biomass, phosphorus
concentration and content in aboveground biomass did not differ between the two
experiments in plants from any of the two regions (Table 3).

The intensity of root colonization and abundance of arbuscules did not significantly
differ between the two experiments (Table 3). On the other hand, the abundance of
vesicles and coils differed significantly between sterilized and non-sterilized soil in the
marl abiotic soil-plant complex (Table 3), with higher abundance of vesicles and lower
abundance of coils found in the sterilized soil.

Correlation of Plant Growth and Mycorrhizal Parameters

In the experiment with non-sterilized soil, we found many significant correlations
between plant growth and mycorrhizal parameters when the tests were done over all
treatments. Specifically, aboveground biomass was negatively correlated with the abun-
dance of arbuscules and positively with the abundance of hyphal coils. There was also a
positive correlation between belowground biomass and the abundance of hyphal coils
and a higher root:shoot ratio was found in plants with a higher intensity of root
colonization and abundance of arbuscules (Table 4). There was a negative correlation
between the concentration of phosphorus in aboveground biomass and the intensity of
root colonization and abundance of arbuscules; however, there was a positive correlation
between the concentration of phosphorus and the abundance of hyphal coils. The total
content of phosphorus was negatively correlated with the abundance of arbuscules and
positively correlated with the abundance of hyphal coils. When the relationship between
plant growth and mycorrhizal parameters was tested separately for each treatment,
however, all the differences lost their significance (P>0.05 in all cases).

Similarly, in the experiment with sterilized soil, there were several significant
correlations when the tests were done over all treatments. The only significant rela-
tionship between aboveground biomass and mycorrhizal parameters was a positive
correlation between aboveground biomass and the intensity of colonization (Table 4).
There was also a significant positive relationship between belowground biomass and
the root:shoot ratio with intensity of root colonization and abundance of coils (Table 4).
The concentration and total content of phosphorus in aboveground biomass was
negatively correlated with the intensity of root colonization and abundance of vesicles
(non-significant for total content of P) and positively correlated with the abundance of
hyphal coils (Table 4). When testing each treatment separately, there was a positive
correlation only between aboveground biomass and the intensity of root colonization
(d.f. error=6, R*=0.46, P=0.05) and a negative correlation between aboveground
biomass and the abundance of arbuscules (d.f. error=6, R*=0.484, P=0.05) in the
limestone abiotic soil-plant complex inoculated with the limestone AMF. All other
significant correlations disappeared (P>0.05 in all cases).
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Fig. 3 Comparison of aboveground biomass of Aster amellus between the experiment in non-sterilized soil
(white boxes) and the experiment in sterilized soil (black boxes). All values represent the mean+SE. Columns
sharing the same letter are not significantly different (P>0.05)

Discussion

The aim of the present study was to test the existence of local adaptation in
populations of the model species 4. amellus and the importance of the AMF
community for this adaptation. Using data on aboveground biomass as the
response variable, results of the two experiments do not indicate either adapta-
tion of A. amellus to the whole soil environment or the mutual co-adaptation of
the plant in its native abiotic soil environment and AMF. We, however, found
that plants from the different regions tend to develop different levels of root
colonization and differ also in the abundance of different AM morphological
structures. While the differences in the level of root colonization between
populations of A. amellus from the two regions were already shown in our
previous greenhouse studies (Pankova et al. 2008, 2011) as well as in a field
study (Pankova et al., unpubl.), in this study we demonstrate that AMF from
the two regions form different abundances of particular morphological structures
in A. amellus roots. While AMF from the marl region form more arbuscules, AMF from
the limestone region tend to produce more hyphal coils. The data also provide some
indication that the plants of different origin tend to have different abundances of fungal
structures in their roots when exposed to the same fungal community. While we do not
know whether these differences are due to plants associating with different fungal
species from the same fungal community or whether different fungal structures are
created by the same fungal species within the roots of different plants, the results suggest
that the association between plants and fungi depends on the plant genotype and could
contribute to local adaptation of the plants. This pattern, however, occurred mainly in the
non-sterilized soil and differed for different fungal structures. In agreement with our
study, it was previously demonstrated that the occurrence of morphological AM struc-
tures in plant roots could be determined by both the fungal and the plant partner
(Cavagnaro et al. 2001; Dickson 2004; Dickson et al. 2007). The observed pattern is
thus probably a combined result of these two effects.
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Table 4 Correlations between mycorrhizal characteristics and characteristics related to plant performance

Non-sterilized soil Sterilized soil

Int. root Abund. Abund.  Abund. Int. root Abund. Abund.  Abund.
colon. arbuscules vesicles  coils colon. arbuscules vesicles  coils

Aboveground r  0.03 0.34 0.14 044 038 003 0.19 0.24
biomass 992 .03 0.4 <0.001 0.002 083 0273 0.164
sign NA - NA + + NA NA NA
Belowground r 026 0.20 0.10 032 089 0.8 0.14 0.42
biomass g 0.26 0.49 005  <0.001 0.303 0373 0.01
sign NA NA NA + + NA NA +
Rootshoot  r 040 033 0.14 030 068 028 0.07 038
p 0014  0.04 0.44 006  <0.001 0.104 0.688  0.024
sign + + NA NA o+ NA NA +
Phosphorus  r  0.44 0.40 0.68 053 040 022 0.32 0.33
concentra- 1, <,001 0.01 0.19 <0.001 0.02 021 0.05 0.05
tion sign — - NA + - NA - +
Phosphorus  r  0.07 0.34 0.03 050 048  0.15 0.28 0.33
content p 066 0.04 0.93 <0.001 <0.001 038 0.1 0.05
sign NA - NA + - NA NA +

The tests were done over all treatments separately for the experiment in the sterilized soil and separately for the
experiment in the non-sterilized soil. d.f. error = 34 for the experiment in sterilized soil and d.f. error = 36 for
the experiment in non-sterilized soil. Significant differences (P<0.05) are highlighted in bold.

We interpret our results as being due to different responses of different plant
genotypes. Based on our previous studies (Raabova et al. 2007; Mandakova and
Miinzbergova 2008; Miinzbergova et al. 2013), it is clear that the species is highly
genetically variable, and the two populations are thus really genetically distinct. In spite
of this, we are working with field collected seeds and thus cannot exclude the
possibility that the differences in behavior of the plants are due to differences in the
maternal environment (e.g. Galloway 1995, 2005; Miinzbergova and Plackova 2010).
We are, however, not aware of any study which would demonstrate that root coloni-
zation by AMF could be due to differences in the maternal environment.

The absence of local adaptation in terms of plant growth, but evidence for it in terms
of the level of root colonization and different abundances of particular AM morpho-
logical structures, corresponds to the results of previous studies (e.g. Sultan and Bazzaz
1993; Grassein et al. 2010), indicating that differences in some traits (in our case, AMF
colonization) may lead to the absence of differences in other traits (in our case,
aboveground biomass).

The prevalence of arbuscules in roots of plants colonized by AMF from the nutrient-
poor marl environment is supported by findings of some previous studies. Specifically,
colonization with prevailing arbuscules is typical of cultured sites (Yamato 2004),
deserts (O’Connor et al. 2001) and open sites (Smith and Smith 1997). By contrast,
colonization with prevailing hyphal coils is typical of plants growing in forests (Yamato
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and Iwasaki 2002). This corresponds with the forested nature of the localities in the
limestone region.

It has been shown that both arbuscules and coils are important for phosphorus
transfer from AMF to plants (Karandashov et al. 2004; Bucher 2007). Dickson and
Kolesik (1999) showed that, although arbuscules had both a smaller volume and
surface area than coils, the surface area:volume ratio of arbuscules was much higher.
On the other hand, van Aarle et al. (2005) showed that metabolic activity of both
colonization types was similar. Finally, Smith et al. (2004) concluded that coils may be
less efficient in phosphorus transport than arbuscules due to their higher biomass per
cell than in arbuscules and thus their higher carbon demands. However, both arbuscules
and coils have the ability to transfer phosphorus to plants. In this study, we found a
positive correlation between the concentration and content of phosphorus in plant tissue
and the abundance of coils, and a negative correlation for the abundance of arbuscules.
This pattern is not in agreement with any previous record concerning the importance of
arbuscules and coils for phosphorus uptake. The pattern may be largely driven by the
composition of AMF communities from different regions, as they tend to create
different amounts of particular mycorrhizal structures. The functional relationships
between the abundance of different mycorrhizal structures and phosphorus acquisition
in this system, however, still remain to be elucidated.

In the present study, we did not find adaptation of A. amellus to the whole soil
environment or the co-adaptation of the plant in its native abiotic soil environment and
AMEF to each other in terms of plant growth. Specifically, we did not find a significant
growth response to the interaction between plant population and soil in the experiment
with non-sterile soil (whole soil environment); however, we did find a significant
growth response to the interaction between AMF and abiotic soil-plant complex in
the experiment with sterilized soil (abiotic soil environment). In contrast to our
expectations, the plants in both sterilized soils performed better when inoculated with
the non-native AMF. This contradicts our previous studies in which 4. amellus plants
performed best when grown in their native soil inoculated with their native AMF
(Pankova et al. 2011) as well as with previous studies of other authors (e.g. Johnson
et al. 2010; Taheri and Bever 2011). On the other hand, our results are in agreement
with some other studies (Bever 1994; Wagner et al. 2011) that found better performance
of plants grown in non-native whole soil environment as compared to plants grown in
their home soil conditions (including AMF). This could indicate the occurrence of
negative plant-soil feedback in our system (see e.g. Bever et al 2010; van der Putten
et al 2013).

The mismatch between the findings of the present study and our previous results as
well as the results of some other studies could be explained by the fact that previously
we inoculated plants with single native AMF isolates, while the whole AMF commu-
nity was used in the present study. In studies with sterilized soil (abiotic soil environ-
ment) inoculated by one AMF species, microbial communities are regenerated using a
filtrate from non-sterilized soil as well as from the fungal inoculum (Koide and Li
1989). It is likely that not all microorganisms are really added into the soil via the
microbial filtrates. On the other hand, using non-sterilized soil as an inoculum or
growing plants directly in non-sterilized soil (whole soil environment) likely means
that all soil microorganisms are present directly in the inoculum or in the soil (Bever
1994; Wagner et al. 2011). The possible negative effect of native pathogens could
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therefore compensate the positive effect of native AMF and soil and could lead to the
absence of differences in plant growth in different treatments (possible negative soil
feedback, e.g. Bever et al. 1997; Callaway et al. 2004). In fact, we frequently observed
pathogenic Oomycetes in our samples but unfortunately did not quantify their abun-
dance (Pankova, pers. observation). In addition, inoculation with a single AMF isolate
may provide very different results as regards plant performance than inoculation with
more AMF species or isolates (e.g. van der Heijden et al. 1998; Bennett and Bever
2007; Jansa et al. 2008). The latter is almost certainly the case of using non-sterilized
soil as the source of inoculum.

Differences in the amount and/or identity of the (partly added) soil biota
could probably also explain the somewhat different behavior of plants and
AMF in the two presented experiments. Plants growing in the non-sterilized
marl soil were smaller than plants growing in the sterilized marl soil re-
inoculated with marl inoculum from non-sterile soil. These two treatments
should contain the same soil, AMF and plants; they thus differed only in the
mode of inoculation. While in the experiment with non-sterilized soil patho-
gens, AM fungi as well as other soil organisms were present in the whole
volume of the soil (500 ml per pot), re-inoculated sterilized soil obtained soil
pathogens, AM fungi as well as other soil organisms with the non-sterilized soil
inoculum (5 ml of non-sterilized soil per pot). As both soils in both experi-
ments obtained the same amount of microbial filtrate from the other soil, the
compared treatments should differ only in the amount of native soil microor-
ganisms. We thus suppose that the plants in the non-sterilized soil were smaller
due to presence of a higher amount of soil pathogens. This corresponds to
previous studies indicating that native soil pathogens can have a strong negative
effect on plant growth, causing the so-called negative plant-soil feedback (e.g.
Bever 1994; Bever et al. 2010; van der Putten et al. 2013).

It can also be speculated that the somewhat different results of our two experiments
might be ascribed to the fact that different AM fungal species could develop from the
dose of 500 ml vs 5 ml of non-sterilized soil in the first and second experi-
ment, respectively. Results of the two experiments also suggest that growing
plants directly in non-sterilized soil need not provide the same results as
inoculation of plants growing in sterilized soil with a small volume of non-
sterilized soil. Any comparison of results based on studies using different
experimental approaches should thus be made with caution.

Limitations of the Study

In this study, we attempted to set up experiments that considered the most
probable factors affecting plant-soil co-adaptation, namely plant population, soil
abiotic as well as biotic components. This attempt, however, represents an
important limitation of our study. The comparison of the plants grown in their
own soil with their own soil community from the two experiments suggested
that using non-sterilized soil and inoculating plants with non-sterilized soil
leads to different results. This, unfortunately, means that the two experiments
are hardly comparable. From the methodological point of view, however, this is
a very important finding, as both approaches (cultivation of plants in non-sterile
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soil and inoculation of sterile soil with non-sterile soil) are commonly used and
often compared in the discussions of studies.

Another weakness of the study is that we attempted to separate the effect of
AMF from the effect of other soil organisms, but such separation is unfortu-
nately not entirely possible. We used a standard approach of adding soil filtrate
containing all the other microorganisms into all the soils to eliminate their
effects. As shown from the comparison of the two experiments, the recovery
of soil microbial communities, however, did not fully work. Again, we suggest
that this is an important methodological message, as such an approach is
common in the literature.

In this study, we used only one population for each region. Indeed, it would be much
better to use multiple populations per region as was done in our previous studies
(Pankova et al. 2008, 2011). To keep the experiment feasible, we decided not to do
this. Based on our previous results demonstrating large differences in response to AMF
between regions and small differences between populations within regions, we, how-
ever, assume that using multiple populations per region would not change the overall
conclusions.

The experiment with sterilized soil could also include the treatment with plants
grown in the foreign soil. While we decided not to do this due to the overall complexity
of the experiment, we assume that this would not increase the overall understanding of
the system due to the limitations mentioned above.

An important finding in our study is that the plants from different origins
differ in the level of root colonization. Higher root colonization may not,
however, always mean higher acquisition of nutrients because acquisition of
nutrients largely depends of the amount of extraradical mycelia (e.g. Gavito and
Olsson 2003; Janouskova et al. 2011). The amount of extraradical mycelia was
unfortunately not quantified in our study.

Finally, we found different mycorrhizal structures in the roots of plants of different
origin growing in different soils. While the data provide indication that the differences
are partly driven by the plant, we cannot tell if this was due to different plant genotypes
associating with different fungal species or if the same fungal genotype formed
different mycorrhizal structures under different circumstances. Molecular identification
of the fungi associated with plant roots in each of the treatment combinations would
thus be needed to answer this question (see Ji et al. 2013 for such identification).

Conclusions

In this study, we found evidence that adaptation of plants to soil conditions can take
place not only via the specific level of AM colonization but also via differences in the
abundance of particular morphological fungal structures.

The native AMF community from the nutrient-poor marl soil showed higher
infectivity and developed more arbuscules, which have a high surface area to volume
ratio and a fast biomass turn-over. In addition, plants originating in the marl region
seem to induce higher development of arbuscules and higher overall root colonization.
On the other hand, AMF from the limestone soil, which contains more nutrients, invest
energy into more long-term coils. They show lower infectivity, however. Also the
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plants from the limestone region seem to induce higher development of coils but lower
overall root colonization.

This adaptation of AMF to their native soil and plants and association of plants with
a specific type of AMF colonization could lead to absence of adaptation of the plant
species which could be detected in terms of plant growth. The positive effects of native
AMF could also be overwhelmed by negative effects of native soil pathogens.
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