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Symbiotic mycorrhizal fungi strongly influence plant establishment and growth particularly in harsh environ-
ments, whereby sympatric, presumably co-adapted symbionts are considered particularly beneficial. However,
the response of transferred sympatric mycorrhizal fungal communities to new environments remains largely
ignored. We therefore studied the relative importance of initial inoculum, soil and climatic conditions on the
composition, diversity and root colonization ability of arbuscular mycorrhizal fungal (AMF) communities. To do
so, we analyzed the AMF communities in an extensive experiment with two ecotypes of Bouteloua gracilis planted
in their sites of origin and in four new sites differing in climate and soil properties.

After three seasons of growth, the sympatric AMF communities were little changed by the new abiotic con-
ditions. The composition of the AMF communities in plant roots was most strongly determined by the initial
inoculum, while the contribution of divergent soil and climatic conditions was an order of magnitude smaller.
The levels of root colonization by AMF, in contrast, were significantly influenced by climatic and soil conditions
and did not differ among communities of different origins. Their pattern indicates that mycorrhiza formation is
facilitated in the plant’s sympatric soil and climatic conditions, but also that transferred AMF communities adjust
mycorrhiza formation to new abiotic conditions.

1. Introduction habitats (Barea et al., 2011; Maltz and Treseder, 2015; Neuenkamp

et al., 2019). Furthermore, considering mycorrhizal fungi has been also

Soil microorganisms are a crucial component of all terrestrial eco-
systems, among other reasons, because they mediate plant adaptation to
the site-specific abiotic conditions (Rodriguez et al., 2008; Bunn et al.,
2009; Hausmann and Hawkes, 2009; Lau and Lennon, 2011, 2012;
Kivlin et al., 2013; Tomiolo et al., 2015). Symbiotic mycorrhizal fungi
stand out among soil microbiota, because they directly interlink plants
and soil, supplying their plant hosts with nutrients and protecting them
against a range of environmental stresses (Smith and Read, 2008). For
these reasons, there have been long-term efforts to include promotion of
mycorrhizal fungi into vegetation management, with the purpose of
increasing food or biomass production (Barea, 2015; Bender et al., 2016;
Zhang et al., 2019a,b) or for more efficient restoration of degraded
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proposed in measures designed to mitigate the impacts of climate
change on vegetation (Johnson et al., 2013; Allsup and Lankau, 2019;
Bennett and Classen, 2020).

Solid evidence has been gathered for the functional importance of co-
adaptation in plants and their associated soil microorganisms, meaning
that the origins of plants and microbiota influence the microbial effects
on plant fitness (Johnson et al., 2010; Middleton et al., 2015; Revillini
et al., 2016; Rua et al., 2016; Rekret and Maherali, 2019; Bauer et al.,
2020; Remke et al., 2020). Plants profit more from association with their
sympatric arbuscular mycorrhizal fungal (AMF) communities as
compared to allopatric communities, particularly in their sympatric soil
conditions, but also in new soils (Ria et al., 2016). Inoculation of plant
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material with sympatric soil microorganisms could thus be a means to
increase the success of many out-planting activities, including but not
limited to ecological restoration or assisted migration (McLachlan et al.,
2007). However, sympatric AMF symbionts may produce less mycelia in
new soils (Johnson et al., 2010; Ji et al., 2013; Sikes et al., 2014) or
climates (Shi et al., 2015; Yang et al., 2018; Zhang et al., 2019a,b). Novel
abiotic conditions may also significantly change the composition of AMF
communities, because soil chemistry and climate are important de-
terminants of AMF community structure (Dumbrell et al., 2010;
Chaudhary et al., 2014, 2018; Van Geel et al., 2018; Stevens et al.,
2020). Novel conditions can alter the competitive relationships among
the community members (Lekberg et al., 2007), leading to changes in
their relative abundances (Li et al., 2015; Deveautour et al., 2018), or
even elimination of particular species due to environmental filtering
(Islam et al., 2020). Additionally, co-inoculated sympatric fungi may
become gradually replaced by mycorrhizal fungal species or genotypes
from the new site due to extraradical mycelia radiating from the sur-
rounding vegetation (Janouskova et al., 2017) or through animal or
wind dispersal of infective propagules (Egan et al., 2014; Vasutovd et al.,
2019; Chaudhary et al., 2020).

Responses of mycorrhizal fungal communities to allopatric condi-
tions are much less explored than plant responses (Riia et al., 2016), and
their compositional changes have been rarely studied. Greenhouse ex-
periments indicate that novel soil conditions and distinct climatic con-
ditions may significantly alter the composition of AMF communities (Ji
et al., 2013; Zhang et al., 2019a,b). Impacts of changed climatic con-
ditions have also been reported from field trials (Deveautour et al., 2018;
Islam et al., 2020). However, no information is available on the relative
importance of soil and climate or on how pre-inoculated AMF commu-
nities merge with local communities. This is surprising because knowing
how sympatric communities respond to novel conditions may be crucial
for understanding the context dependency of the benefits of local
adaptation or plant-fungal co-adaptation. For example, mycorrhizal
fungi tend to confer more benefits to their host plants if all three com-
ponents of the system (plants, fungi and soil) are sympatric as compared
to conditions where only plants and fungi are sympatric, while the soil is
allopatric (Rta et al., 2016). Poorer than expected performance of
sympatric mycorrhizal fungi could be also due to compositional changes
of the sympatric fungal communities in the novel soil conditions, which
may weaken the link of plant-fungal co-adaptation. This aspect, how-
ever, remains unexplored in most studies.

The main objective of our study was to evaluate root-associated AMF
communities in plants transplanted to new sites, and to determine how
inoculum, soil and climate contribute to compositional divergence from
the AMF community in the plant’s original conditions. For this purpose,
we selected blue grama (Bouteloua gracilis) as a broadly-distributed
North American grass, which associates with AMF forming variable
levels of root colonization (Johnson et al., 2003; Porras-Alfaro et al.,
2007). The genetic structure of this grass species is partly related to
environmental factors, and it is often used in restoration programs (Tso
and Allan, 2019). We established a three-year field experiment that
transplanted two ecotypes of B. gracilis into six sites of different climatic
conditions in northern Arizona. Two sites provided two reference
treatments and were the source of the host-plant ecotypes, their sym-
patric soils and microbial inocula. At the other four sites, the plants were
grown in their sympatric soils or the allopatric soils of the new sites and
inoculated with their sympatric microbiota or the allopatric microbiota
of the new sites.

We hypothesized that 1) AMF community composition is mostly
determined by the initial inoculation, but also 2) modified by the abiotic
conditions. Additionally, we assumed 3) local adaptation of the AMF
communities to their original conditions. Consequently, we expected a
significant effect of the initial inoculation on the AMF community
composition and diversity even after the three seasons at the new sites
(corresponding to our first hypothesis), but also significant effects of the
abiotic conditions (corresponding to the second hypothesis).
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Furthermore, we expected to find higher root colonization and/or AMF
diversity at the site of origin and in sympatric soil as compared to the
new sites’ conditions (corresponding to the third hypothesis).

2. Material and methods
2.1. Site description and experimental set up

The experiment was conducted at Northern Arizona University’s
Southwest Experimental Garden Array (SEGA, https://sega.nau.edu
/home), which is a collection of experimental sites situated on a
climate and elevation gradient. It was established with two plant-soil-
microbiota complexes, each consisting of a Bouteloua gracilis ecotype,
sympatric (“home™) soil and soil microbial inoculum from the same
location - the climatically similar “home” sites Blue Chute (BC) and
White Pockets Canyon (WPC). Four “new” sites spanned a ~6 °C
gradient of mean annual temperature with two warmer sites - Black
Point (BP) and Walnut Creek (WAL), and two colder sites - Little
Mountain (LM) and Arboretum Flagstaff (ARB). The new sites were the
sources of soils and microbial inocula, which were allopatric to the plant
ecotypes. The BC and WPC sites are approximately 100 km distant from
each other, all the sites are located within a radius of approximately 90
km. Their GPS coordinates, climatic and soil characteristics are sum-
marized in Table 1.

At the new sites, each of the two plant ecotypes (BC and WPC) were
grown either in the home soil or in the new site’s soil after double
sterilization (factor Soil), inoculated either with the home soil micro-
biota or with the new site’s biota (factor Inoculum). Thus, four treat-
ments were established at each of the four new sites with each of the two
plant-soil-microbiota complexes (factor Plant). In addition, a reference
(“all-home™) treatment was established at each of the two home sites,
which consisted of the corresponding plant ecotype growing in its home
soil and with its home microbiota. Thus, the experiment comprised 34
treatments in total (Fig. 1). The treatments with the home soils and
home microbiota were established at all the new sites, while each of the
new sites’ soil and microbiota were present only at their site of origin.
Treatments with matching soil, site and microbiota conditions (i.e., the
two all-home treatments and, at each of the new sites, treatments with
the new site’s soil and new site’s microbiota) are subsequently called
“site-specific” treatments (see Fig. 1).

Plants were grown in 7.8 L plastic tree pots (Steuwe & Sons TP812),
which were buried at the sites to the surface level of the surrounding
terrain, i.e., soil level inside and outside of pots was approximately
equal, with the rim of the pot protruding ~3-4 cm above the surface.
Each experimental treatment was replicated 10 times, resulting in a total
of 340 experimental units (pots).

2.2. Establishment and harvest of the experiment

The procedures for the establishment of the experiment are described
in detail by (Remke et al., 2022). Briefly, seeds of the two B. gracilis
ecotypes were collected at the two home sites. Soils for the experiment
were collected from the six experimental sites to the depth of 60 cm,
homogenized and steam-sterilized at 125 °C for 2 x 24 h. Rhizosphere
soil under B. gracilis at each site was collected (to the depths of 30 cm)
for microbial inocula. At sites where B. gracilis was uncommon or absent,
Black Point and Little Mountain, rhizosphere soil of other herbaceous
vegetation was taken. Pots were filled with 7.5 L of sterilized soil and
topped with a 2-cm thick band of living inoculum soil. Twenty seeds of
B. gracilis were added into each pot, covered with 1 cm of the sterilized
soil, and later thinned to one seedling per pot. The seedlings were
pre-grown for six months under a standard nursery watering regime,
prior to the establishment of the field experiment, i.e. their transfer to
the field sites in May 2015.

The experiment was harvested in November 2017. The pots were dug
out of the ground and transferred to the laboratory. Root systems were
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Table 1
Location and abiotic characteristics of the experimental sites and soils.
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Black Point (BP) Walnut Creek (WAL)

Blue Chute (BC)

White Pockets (WPC) Little Mountain (LM) Arboretum Flagstaff (ARB)

Status new (warmer) new (warmer) home home new (colder) new (colder)
GPS coordinates 35.68 34.92 35.58 36.61 36.58 35.16
—111.48 —112.84 -111.97 -112.41 -112.36 -111.73
Elevation (m a. s. 1.) 1566 1567 1930 2057 2276 2179
Precipitation (mm.year ") 152 397 478 443 502 556
Mean annual Ty, (°C) 21.0 22.0 18.6 19.0 16.0 16.0
Mean annual T, (°C) 5.0 3.0 0.9 4.0 1.0 -1.0
Soil type orthent argid ulstalf argid ustoll ustoll
Clay (%) 5.2 6.4 30.1 24.2 26.7 28.7
Silt (%) 9.9 18.3 56.1 53.3 47.2 70.3
Sand (%) 84.8 75.3 13.8 22,5 26.1 1.0
pH 8.9 8.24 8.51 8.13 7.36 7.35
Corg (%) 0.083 1.505 0.803 4.929 1.670 1.238
Cearb (%) 0.658 1.151 1.171 1.098 0.419 0.299
Niot (%) 0.024 0.159 0.105 0.476 0.107 0.091
Pavail (mg.kg’l) 4.71 30.72 20.56 70.65 41.69 19.10
Cagyail (mg.kg™1) 2223 5622 5983 3439 2836 3584
Mgayail (mg.kg ™) 259 265 378 490 577 809
Kavail (mg.kg™) 340 274 399 483 227 107
CEC (mmol.kg™1) 74.6 303.1 286.4 279.5 237.5 306.6

The geographical location, climatic parameters and soil type are given according to the Southwest Experimental Garden Array, https://sega.nau.edu/. Soil pH was
measured in deionized H,O (1:5 w/v sample/liquid ratio). Organic C (Corg) was determined after digestion of carbonate C (Ccar,) with HCl on a Flash 2000 analyzer.
Cearb Was calculated as the difference between total C and Cog. Total nitrogen (Ni) concentration was determined on a Flash 2000 analyzer. Available P (P,y,i1) was
extracted from the soil samples according to (Olsen SR and Sommers LE, 1982) and measured spectrophotometrically as phosphomolybdenum blue at 750 nm (Unicam
UV-400). Available calcium (Cagyyai)), magnesium (Mg,yail) and potassium (Kayai)) were determined after extraction with ammonium acetate by atomic absorption
spectroscopy (AAS, ContrAA 700, Analytik Jena). Cation exchange capacity (CEC) was determined after extraction with 0.1 M BaCl, by AAS (ContrAA 700).

carefully washed, trimmed to the part corresponding to approximately
2-15 cm of depth and randomly subsampled. The root sample from each
plant was divided into two parts, one was stored in 60% ethanol (for
histochemical staining), the other part transferred into silica gel (for
DNA extraction). Only root samples of plants, which displayed green
leaves during the previous growing season (i.e. could be considered
alive) were further processed (4-10 replicates per treatment).

2.3. Laboratory analyses

Roots stored in ethanol were transferred to 10% KOH and stained
with 0.05% Trypan Blue in lactoglycerol (Koske and Gemma, 1989) for
the microscopic estimation of root colonization. Root colonization by
AMF was estimated using the magnified intersection method, scoring
usually 100 intersections within 30 root segments (about 2 cm long) at
200 x magnification (Olympus IX51). If the stained root sample did not
render enough material due to the small size of the plant (about 20% of
all samples), fewer intersections were scored (40 minimum).

Dried root samples of 50 mg were ground in liquid nitrogen and DNA
was extracted using DNA Plant Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s extraction. A part of the small subunit
(SSU) of the ribosomal DNA was amplified from the DNA extracts in a
nested PCR with the primer pair NS31/AML2 (Vasar et al., 2017) in the
first step. In the second step, the PCR product was amplified with the
primer pair NS31Glo3 (Kolafikova et al., 2021) and AML2, which
rendered a fragment of approx. 500 bp. Both primers used in the second
PCR were tagged with sample-specific molecular identifiers of 10-12
bases, which enabled us to pool up to 70 samples into one sequencing
library. The libraries were sequenced on an Illumina MiSeq (2 x 300 bp,
SEQme company, Dobiis, Czech Republic).

PCR mix was performed in the total volume of 25 ml and contained
0.5 U Taq DNA Polymerase (Fermentas, St. Leon-Rot, Germany), 1 x PCR
Blue Buffer (without MgCly) (Top-Bio, Vestec, Czech Republic), 0.25
mM each dNTP, 2.5 mM MgCl,, 20 pg BSA (Thermo Fisher Scientific,
Waltham, USA), 0.2 pM each primer and 1 pl of DNA template (in the
first step) or 1 pl of 1:9 diluted PCR product (in the second step).
Thermocycling conditions for the first PCR step were 94 °C for 5 min, 35

cycles of 94 °C for 30 s, 52 °C for 30 s and 72 °C for 45 s, followed by 20
min at 72 °C; for the second step: 94 °C for 5 min, 20 cycles of 94 °C for
30s, 52 °C for 30 s, 72 °C for 45 s, followed by 20 min at 72 °C. Each
DNA extract was amplified in triplicate. The pooled triplicates were
purified through columns with the QIAquick PCR Purification Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s protocol
and eluted into 20 pl of ddH;0. DNA concentrations of the amplicon
pools were quantified using a Qubit 2.0 Fluorometer (Thermo Fisher
Scientific) with High Sensitivity Assay Kit and ranged between 2.7 and
34.0 ng pl~!. The purified amplicons were pooled in equimolar ratios.
Negative PCR controls (with ddH2O instead of a template) were pro-
cessed in the same way as the experimental samples and included into
each sequencing library.

2.4. Bioinformatical analysis

In total, Illumina paired end sequencing of 312 samples and 6
negative controls in 6 libraries yielded 14,584,774 raw sequences. The
data were processed using the pipeline SEED2 ver. 2.0.4 (Vétrovsky
et al.,, 2018). Due to the relatively long amplicon size (ca 500 bp),
overlap of the R1/R2 reads was achieved only in a very small proportion
(<1%) of reads. We therefore used only reads starting with the primer
NS31Glo3 from the R1 file, as the majority of the taxonomically infor-
mative characters occur between the positions 70-300 of the
NS31/AML2 amplicon (Vasar et al., 2017). First, low-quality sequences
were discarded (mean < 30 for R1 file reads and mean < 20 for R2 file
reads due to overall worse quality of the R2 reads). The reads were
demultiplexed (no mismatch allowed in the tag sequences) and in order
to detect tag switches, the read titles from the R2 file were searched for
in the R1 file. Tag switches (i.e. reads with non-matching tags) were
discarded and subsequently, only sequences starting with the primer
NS31Glo3 from the R1 file were kept for further analyses.

After removal of the tags and the primer, all sequences shorter than
250 bp were discarded. From this point on, sequences from all six li-
braries were analyzed together: They were subsampled to 9000 reads
per sample (93 samples with lower read numbers were kept as they
were), reads were trimmed to the sequence length 264 bp and clustered
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Fig. 1. Diagram of the experimental design. Each square in circle represents one treatment with 10 replicates. At the home sites (Blue Chute — BC or White Pockets —
WPC), plants of the corresponding ecotype were grown only in their sympatric (home) soil (green circle) inoculated with their home soil microbiota (green square) as
the “all-home” reference treatment. At the new sites, each plant ecotype was grown in four combinations of home soil, home microbiota, the new site’s soil (orange
circle) and the new site’s microbiota (orange square). Thicker outlines mark the “site-specific” treatments, i.e. treatments with matching site, soil and microbiota,
which includes also the “all-home” reference treatments. Photos by M. Remke.
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to operational taxonomic units (OTUs) using UPARSE implementation in
USEARCH ver. 8.11861 (Edgar, 2013), with 97% similarity threshold.
132,878 chimeric sequences detected in this step were discarded. All
global single-, double- and tripletons (187,857) were removed from the
data set, which resulted in 2,311,162 reads corresponding to 5293
OTUs. The most abundant sequences from the OTUs were checked for
their closest hits using a BLAST search against the GenBank. To reduce
the number of erroneous OTUs and obtain more realistic richness esti-
mates, the OTUs were then processed using the post-clustering algo-
rithm LULU (Frgslev et al., 2017), settings: coverage 95, identity 98.5%,
minimum match 97, minimum relative occurrence 0.95), which resulted
in 4676 OTUs. All non-Glomeromycotina sequences (642 OTUs, 175,037
reads) were then excluded from further analyses, leaving finally 4034
OTUs represented by 2,134,850 reads. Read numbers of the 31 OTUs
detected in the negative controls were subtracted from the read numbers
of these particular OTUs in samples from the corresponding libraries,
329 singletons and doubletons were removed, resulting in 3684 OTUs
(1,460,780 reads). The sequences and the associated metadata are
available in the PlutoF repository (https://dx.doi.org/10.15156/BI
0/2483936).

2.5. Statistical analyses

The dataset with 3684 OTUs was subsampled to the lowest read
number within the sample set (1208), resulting in 2901 OTUs with at
least 1 read. The subsampled dataset was used for the calculation of
Shannon diversity index (H') according to (Hill, 1973) using the ‘vegan’
package (Oksanen et al., 2019) as well as for all the community analysis.
All analysis were conducted in R (R Core Team, 2020).

1) To characterize the system, principal differences among the AMF
communities of the six sites were determined by comparing the
communities of the site-specific treatments (see Fig. 1 for their
specification), as these treatments represent the original conditions
of the communities (home site in combination with home soil).
Compositional differences between these communities were deter-
mined by PERMANOVA on Hellinger-transformed data as imple-
mented in the Adonis routine of the ‘vegan’ package, and pairwise
Adonis with Bonferroni correction. The similarity of the fungal
communities in individual samples was visualized with non-metric
multi-dimensional scaling (NMDS) plots using Bray-Curtis dissimi-
larity. Likewise, differences between the communities in Shannon
diversity (H) and root colonization (arcsine-transformed) were
determined by ANOVA followed by Tukey’s test for the pairwise
comparison of means.

In order to address our first hypothesis on significant effect of initial
inoculation on the AMF communities, drivers of community diver-
gence at the new sites were determined using dissimilarity from the
reference all-home community as the response variable. To create
this response variable, we calculated the Bray-Curtis dissimilarity
between each replicate sample and the average reference community
as established in the corresponding all-home treatment (BC or WPC,
depending on the plant ecotype). We analyzed the community
divergence using linear models with two sets of predictors. The first
set of predictors comprised the experimental factors Site, Soil,
Inoculum and Plant. The Soil and Inoculum factors had five levels:
the four new sites’ identities (BP, WAL, LM, ARB) and the level
“home” for BC and WPC soil/biota. The factor Site had four levels
(BP, WAL, LM, ARB). In the second set of predictors, the experi-
mental factors Site, Soil and Inoculum were coded as dissimilarities
of climate, soil and inoculum (i.e. of the inoculated AMF community)
from the all-home reference conditions. They were calculated as
Euclidean distances of climatic/soil conditions and as Bray-Curtis
dissimilarities of the inoculated AMF communities as detailed in
Supplementary Text S1. An overview on the values is given in Sup-
plementary Fig. S1. Community divergence was analyzed with the
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two sets of predictors, because each set was optimized to reveal a
different kind of response to experimental treatments, and it was not
possible to know which type of response to expect on apriori
grounds. The first set of predictors was ideal to detect differences
explainable by differing factor levels, regardless of the shape of the
response. The second set of predictors was ideal to detect linear re-
lationships between dissimilarity in the AMF communities and that
of their environment. With both sets of predictors, the initial model
included the four main effects as well as interactions of Plant with
each of the other three predictors. This model was reduced in a
backward stepwise fashion, and the final model was selected ac-
cording to Akaike information criterion (AIC). The original models
and their stepwise reduction are given in Tables S1-S17. Variation
partitioning (the varpart function in ‘vegan’ package (Oksanen et al.,
2019),) was used to determine the relative importance of the pre-
dictors in driving the community divergence from the reference
conditions.

Drivers of divergence from the all-home reference conditions were
also determined for root colonization and H'. In order to maintain the
direction of the divergence (increase or decrease) it was calculated as
response ratio R—=N/Ref, where N is the value in the new-site replicate,
and Ref is the mean value in the corresponding all-home reference
treatment (Lekberg and Koide, 2005). Likewise, the dissimilarities of the
inoculated AMF communities were calculated specifically for each
response parameter (H or root colonization) based on the same
parameter (i.e. H' or root colonization), as detailed in Text S1. Other-
wise, the analyses were performed as described above for the compo-
sitional divergence.

3) Our second hypothesis predicting a significant effect of abiotic con-
ditions on the AMF communities was addressed on a subset of the
data that comprised only the home-inoculated communities, i.e.
communities established after inoculation with the sympatric BC or
WPC microbiota. As with the whole data set, drivers of the diver-
gence of community composition, diversity and root colonization
from the all-home reference conditions were analyzed using two sets
of predictors. The first set comprised the three experimental factors
Plant, Site and Soil; the second set of predictors comprised the factor
Plant and the dissimilarities of soil and site conditions from the
reference conditions. Thereby, dissimilarity of site conditions was
split into two predictors: 1) dissimilarity of climate and 2) dissimi-
larity of the new site’s AMF communities. This separated two site-
related factors, which may impact on the divergence of the home-
inoculated communities - climate and local AMF communities as
source of new fungal genotypes. See Text S1 for details on the
calculation. Linear models and variation partitioning models were
constructed as described above in point 2).

Specific pairwise comparisons of AMF community composition were
performed using pairwise Adonis (‘vegan’ package) with Bonferroni
correction in order to determine whether new site, new soil, or the
combined effect of both significantly affected the composition of the
home-inoculated communities as compared to the all-home condi-
tions. Within each combination of plant ecotype and new site, the
home-inoculated treatment in home soil and the home-inoculated
treatment in the new site’s soil were compared to each other and
to the corresponding all-home treatment.

In order to address the hypothesis on local adaptation, AMF diversity
and root colonization values were analyzed directly using linear
models with the factors Site, Soil and Inoculum coded by two levels
only, denoting their provenance with respect to the site of origin of
the plant ecotype: “home” (the BC/WPC site, the sympatric inocula
and soils from these sites) and “away” (comprising all the new sites,
the allopatric soils and inocula from these sites). These analyses were
performed across all the experimental communities or across the

4

—

5

-


https://dx.doi.org/10.15156/BIO/2483936
https://dx.doi.org/10.15156/BIO/2483936

M. Janouskova et al.

home-inoculated communities only. The linear models were con-
structed and reduced as described above in point 2).

3. Results
3.1. Main characteristics of the AM fungal communities

Despite the high number of OTUs determined, the phylogenetic di-
versity of the AM fungal communities was low. Out of the 161 closest
hits delimited in GenBank, 42 were annotated as ‘Glomeromycota’
(without further taxonomic specification), while the remaining 119
were assigned exclusively to the order Glomerales, the majority to the
family Glomeraceae (112). Within Glomeraceae, the most abundant
species (according to the closest hit) was Rhizophagus irregularis, which
accounted for 39.8% of all reads (comprising 1020 of the OTUs
delimited at 97% similarity). The second most abundant species was
Dominikia iranica (7.3% of all reads). An overview on the identity of all
OTUs and their distribution in samples is available in the PlutoF re-
pository (https://dx.doi.org/10.15156/BI0/2483936).

The site-specific AMF communities (i.e. those developing at their
home sites and in their home soils) differed in their composition in all
pairwise comparisons according to PERMANOVA (F = 8.306, P < 0.001)
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and pairwise Adonis (at P = 0.05) (Fig. 2a). They also significantly
differed in diversity (F = 22.901, P < 0.001), whereby the BC home
community was significantly more diverse than the WPC home com-
munity, and the BP community was the least diverse (Fig. 2b). The site-
specific communities of the new sites (BP, WAL, LM and ARB) did not
differ between the two plant ecotypes in composition or diversity (an-
alyses not shown).

AMF root colonization of the experimental plants was highly vari-
able, ranging between <1% and 98%. Unlike diversity and community
composition, it did not significantly differ among the site-specific AMF
communities (F = 1.542, P = 0.192). However, the AMF communities of
the new sites produced significantly higher root colonization in WPC
plants than in BC plants (F = 8.810, P = 0.005, Fig. 2c).

3.2. Initial inoculation and other experimental factors as drivers of
divergence of AMF communities

Focusing on all communities that developed in the experiment, the
compositional divergence from the all-home reference community was
significantly affected by the experimental factors Inoculum, Soil and
Site, as well as by the interaction of Plant and Inoculum, meaning that
the effect of Inoculum depended on the plant ecotype (Table 2).
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Fig. 2. Characteristics of the site-specific arbuscular mycorrhizal fungal (AMF) communities. These are communities that developed at each of the sites (BP, WAL,
BC, WPC, LM, ARB) in the site’s soil after inoculation with the site’s microbiota: (a) Plot of non-metric multidimensional scaling (stress = 0.199) showing differences
in their compositions. Each symbol is one replicate community in the roots of the BC (circle) or WPC (triangle) plant ecotype. Ellipses show standard deviations of
points within site. (b) Diversity (Shannon index H'). Diamonds show means, the new sites’ (BP, WAL, LM, ARB) values are pooled for the two plant ecotypes. Letters
denote significant differences between sites (those marked with the same latter are not statistically different). (c) Frequency of root colonization by AMF (RC%) in the

BC (light green) and WPC (dark green) plant ecotype, diamonds show means.


https://dx.doi.org/10.15156/BIO/2483936

M. Janouskova et al.

Table 2

Effects of the experimental factors on divergence of arbuscular mycorrhizal
fungal (AMF) communities from the reference all-home community. Divergence
in community composition, diversity (Shannon index) and root colonization
were analyzed for all AMF communities established at the new sites.

Composition Diversity Root
colonization

df F P F P F P
Plant 1 0.018 0.892 9.596  0.002 3.624  0.058
Inoculum 4 35.839 <0.001 4.547 0.002 - -
Soil 4 7.785 <0.001 1.921 0.109 2.049  0.089
Site 3 5.903 <0.001 7.065 <0.001 6.050 <0.001
Plant x 4 7.401 <0.001 1.984 0.099 - -

Inoculum

Plant x Soil 2.032 0.092 - - - -
Plant x Site 3 - - - - - -
AdjR? 0.549 0.507 0.124
AIC —253.672 67.441 291.135

AdjR?, F and P values are given according to models, which were selected based
on Akaike information criterion (AIC) after step-wise reduction of an initial
model including all main effects (Plant, Inoculum, Soil and Site) and the in-
teractions of Plant with the other predictors. The initial and intermediate
reduced models are shown in Supplementary Tables S2-S4. Total df = 198.
Hyphen - term not included into the final model; italics - term non-significant
within the final model at P = 0.05.

According to variation partitioning, Inoculum explained the highest
proportion of variability (30%), followed by Plant (14%), while only low
proportions were explained by Site and Soil (3% and 5%, respectively)
(Fig. 3a).

When Inoculum, Site and Soil were coded as dissimilarities from the
home conditions, the explained variability in community divergence
remained similarly high and similarly distributed (Supplementary
Table S18, Supplementary Fig. S2a). Divergence of AMF communities
was largely driven by dissimilarity of inoculum, but also related to the
dissimilarities of soil and climate. Their relationship was always direct,
i.e. community divergence increased with the predictive dissimilarities.

Divergence of AMF diversity from the all-home reference conditions
was significantly explained by the experimental factors Inoculum, Plant
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and Site, while Soil had no significant effect (Table 2). Together, these
experimental factors explained 50% of the variation in diversity diver-
gence according to variation partitioning, but a large proportion of the
explained variation could not be attributed to one particular factor alone
(Fig. 3b).

When Inoculum, Site and Soil were coded as dissimilarities from the
all-home conditions, divergence of AMF diversity was significantly
affected by Plant and dissimilarity of inoculum, marginally by dissimi-
larity of climate (Supplementary Table S18). Dissimilarity of inoculum
accounted for most of the variation in diversity changes (23% out of 41%
of total explained variation) according to variation partitioning (Sup-
plementary Fig. S2b). More diverse inocula lead to the establishment of
more diverse communities and less diverse inocula to less diverse
communities (Fig. 4a), the former being the case only in the WPC plant
ecotype (with a less diverse home community), the latter mainly the BC
plant ecotype (with a more diverse home community). The effect of
climate was driven by a significant decrease of diversity at the driest site
(BP; highly dissimilar climate) as compared to the other sites (Fig. 4b).

Divergence of root colonization from the all-home reference condi-
tions significantly depended on Site, while plant ecotypes and Soil had
only marginally significant effect (Table 2). The R? of the model was
distinctly lower than the R? of analogous models for the divergences of
community composition and diversity (compare within Table 2),
consistently with variation partitioning, which revealed only small
proportion of explained variation in total and by the factors Plant and
Site (Supplementary Fig. S3a). Dissimilarities of community composi-
tion, soil and climate as predictors rendered a model with low R? of
0.061 (Supplementary Table S18, which was inconsistent with the
model based on the categorical predictors (see also Supplementary
Fig. S3b for variation partitioning results).

3.3. Drivers of divergence of the sympatric AMF communities

Focusing only on the communities established after inoculation with
the plants’ sympatric (home) microbiota, divergence from the all-home
reference community only depended on Plant (Table 3, Supplementary
Fig. S4a), being overall higher in the WPC than in the BC system. In the
models with dissimilarities from all-home conditions as predictors, the
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Fig. 3. Variation partitioning diagrams showing pure effects (explained by each factor alone) and shared effects of the experimental factors on divergence of
arbuscular mycorrhizal fungal (AMF) communities from the reference all-home community. Divergence in community composition (a) and Shannon diversity (b)
were analyzed for all AMF communities established at the new sites. Numbers give the proportion of explained variation (if > 0), df and F statistics for the pure
effects. P-values are indicated by symbols (***P < 0.001, **P < 0.01, *P < 0.05, {P < 0.1). Shared effects are indicated as explained variation if > 0.
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Fig. 4. Divergence of Shannon diversity (H' change) of the arbuscular mycor-
rhizal fungal communities established at the new sites from the all-home con-
ditions. H' change is related to the dissimilarity of inoculum from the all-home
community (a) and shown for the different sites (b). Light green color corre-
sponds to BC plants, dark green to WPC plants. In (a), each dot represents one
community, grey lines mark no divergence, R* and P are given according to
simple linear regression; in (b), diamonds visualize means and letters denote
significant differences between the sites (those, marked with the same latter are
not statistically different).

dissimilarities of soil and local communities were significant predictors,
in addition to plant ecotype (Supplementary Table S19). According to
variation partitioning, however, their contribution to the total explained
variability of 41% were only 2% and 4%, respectively (Supplementary
Fig. S4b). The community divergence increased with increasing
dissimilarity of soil conditions and, counterintuitively, with decreasing
dissimilarity of the surrounding communities.

The small contribution of the new sites’ climatic and soil conditions
to the compositional divergence was consistent with only a few signif-
icant differences between the all-home community and the communities
initiated with the home inocula at the new sites. These new-site com-
munities never significantly differed from the all-home community
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Table 3

Effects of the experimental factors on divergence of arbuscular mycorrhizal
fungal (AMF) communities from the reference all-home community. Divergence
in community composition, diversity (Shannon index) and root colonization
were analyzed for those AMF communities established at the new sites, which
were initiated with the plants’ sympatric (home) microbiota.

Composition Diversity Root colonization

df F P F P F P
Plant 1 53.926  <0.001  7.194 0.009 1.379 0243
Soil 4 - - - - - -
Site 3 2.415 0.072 11.126  <0.001  4.115  0.009
Plant x Soil 4 - - - - - -
Plant x Site 3 - - - - 3.468 0.020
AdjR? 0.377 0.283 0.178
AIC —95.808 38.826 128.001

AdjR?, F and P values are given according to models, which were selected based
on Akaike information criterion (AIC) after step-wise reduction of an initial
model including all main effects (Plant, Soil and Site) and the interactions of
Plant with the other two predictors. The initial and intermediate reduced models
are shown in: Supplementary Tables S8-S10. Total df = 94. Hyphen - term not
included into the final model; italics - term non-significant within the final
model at P = 0.05.

when developing in their original soils, meaning that the new climate
alone never significantly changed the composition of the BC or WPC
community. They also never significantly differed between the home
soil and the new-site soil within the specific climatic conditions of a site,
meaning that none of the new soils significantly affected the community
composition. Although climate or soil alone did not significantly change
the communities, combined effects of soil and climate did lead to sig-
nificant compositional difference from the all-home reference in the BC
community at BP (R? = 0.195, P = 0.016) and at WAL (R* = 0.242,P =
0.041). No significant combined effect was found for the WPC commu-
nity (Table 4).

Diversity changes in the home-inoculated communities were affected
by the factors Plant and Site (Table 3), with Site explaining 8% of the
variation (Supplementary Fig. S4c). Dissimilarities of conditions as
predictors revealed dissimilarity of the local community as the only
significant factor (Supplementary Fig. S4d). Diversity mainly decreased
at the BP site with less diverse local community, similarly to the pattern
determined for the complete data set (as reported in section 3.3 and
shown in Fig. 4 a, b).

Divergence of root colonization from the all-home reference condi-
tions displayed the same pattern as in the complete data set. It was
significantly affected by Site in the model with the experimental factors
as predictors (Table 3), while the model with dissimilarities of condi-
tions had low R? and was inconsistent with the former (Supplementary

Table 4

Specific pairwise comparisons of the compositions of arbuscular mycorrhizal
fungal communities initiated with the plants’ sympatric (home) soil microbiota.
Within each combination of Plant and Site, the home-inoculated communities
were compared between the home soil and the new site’s soil (Soil effect), be-
tween the home soil and the all-home reference (Site effect), and between the
new site’s soil and the all-home reference (Combined effect).

Plant Site Soil effect Site effect Combined effect
R? P R? P R? P

BC BP 0.115 0.806 0.114 1.000 0.195 0.016
WAL 0.160 0.488 0.073 1.000 0.242 0.041
LM 0.124 1.000 0.068 1.000 0.147 0.353
ARB 0.086 1.000 0.069 1.000 0.148 1.000

WPC BP 0.059 1.000 0.098 1.000 0.093 1.000
WAL 0.171 0.508 0.123 0.794 0.138 0.503
LM 0.139 1.000 0.099 1.000 0.100 1.000

ARB 0.078 1.000 0.116 0.212 0.154 0.370

R? values are given according to pairwise Adonis, P values are after Bonferroni
correction for the number of comparisons within Plant.
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Table S19).
3.4. Local adaptation of the mycorrhizas?

Diversity was unaffected by the provenance of soil or site consis-
tently across all communities and across the home-inoculated commu-
nities only (Table 5). Further significant factors of the models were Plant
and Inoculum (across all communities), in line with principal differences
among the site-specific communities as described in section 3.1. Root
colonization was significantly higher in the home soils than in the new
sites’ soils (Table 5, Fig. 5) and significantly higher in WPC plants than
in BC plants. The provenance of inoculum or site, in contrast, had no
significant effect (Table 5). However, root colonization did significantly
differ between some of the new sites (Fig. 5). The difference in root
colonization between the home and new sites’ soils was significant for
the subset of the home-inoculated communities, too (Table 5).

4. Discussion

The main result of our study is the surprisingly stable composition of
AMF communities following their transfer to novel soil and climatic
conditions. To the best of our knowledge, long-term persistence of
complex AMF communities after co-transfer with their host plants to
new abiotic conditions has not been addressed before.

4.1. Drivers of community divergence

In accordance with our first hypothesis, the identity of inoculum
strongly influenced AMF community composition and diversity: the
dissimilarity of the inoculated community explained a high proportion
of divergence from the all-home conditions. On the other hand, dis-
similar soil or climate played a much smaller role than expected by our
second hypothesis, which was based on well-documented relevance of
soil conditions (e.g. Lekberg et al., 2007; Dumbrell et al., 2010;
Chaudhary et al., 2014; Antoninka et al., 2015; Van Geel et al., 2018)
and climate (Chaudhary et al., 2018; Stevens et al., 2020) as de-
terminants of AMF community composition. In our study, the contri-
bution of the abiotic factors to compositional divergence was an order of
magnitude smaller than that of initial inoculation, and the new soil or
climatic conditions alone never significantly altered the composition of
the sympatric community as compared to the all-home reference (see
Table 4). This discrepancy points to the need to distinguish long-term
evolution of AMF communities in specific abiotic contexts (the focus
of most studies) from their responses to changed abiotic conditions (the
focus of our study). Climatic factors may take time to significantly alter
the composition of AMF communities in field conditions. Similar to our

Table 5
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Fig. 5. Frequency of root colonization (RC%) by the arbuscular mycorrhizal
fungal communities at the different sites. They were growing either in the
sympatric (“home”) soils of the plant ecotypes (BC or WPC, grey boxes) or in the
“away” soils of each site (white boxes). Diamonds show means, the data are
pooled for the two plant ecotypes and both inoculation treatment at the “away”
sites. Diamonds show means, letters denote significant differences between sites
(those, marked with the same latter are not statistically different).

study, Deveautour et al. (2020) reported that reduced rainfall became
consistently significant as a factor only after two years and even then,
explained only a low proportion of the variability in community
composition. Resistance of AMF community composition to altered cli-
matic factors within two to three seasons has been shown also by other
recent studies (Wei et al., 2021; Emery et al., 2022; Xu et al., 2022). The
magnitude and time-scale of the fungal community responses probably
also depends on the specific abiotic factors. For example, the composi-
tional response of AMF communities to new soil conditions was strongly
related to acidic vs. slightly basic soil pH in the study of (Ji et al., 2013),
while the soils in our study were less variable in pH (all basic) and
differed considerably in other parameters such as texture, P availability
and organic matter content.

In addition to potential effects of climatic or soil conditions, trans-
planted AMF communities are likely to change due to invasion by local
AMF. In our experiment, this confounding factor was intentionally
constrained by the buried tree pots in order to highlight the response of
the inoculated communities to the new environmental factors. The pots
shielded the transplanted mycorrhizas against networks of AMF

Effects of the experimental factors on root colonization by arbuscular mycorrhizal fungal (AMF) communities and their diversity (Shannon index). They were
determined either for all communities (All microbiota) or only for those communities, which were initiated with the plants’ sympatric (home) microbiota (Home

microbiota).
Root colonization Diversity
All microbiota Home microbiota All microbiota Home microbiota
df F P F P F P F P

Plant 1 6.252 0.013 - - 28.349 <0.001 28.764 <0.001
Inoculum 1 - - ni. 4.466 0.036 n.i.
Soil 1 6.785 0.010 5.746 0.018 - - - -
Site 1 - - - - - - - -
AdjR? 0.049 0.042 0.125 0.203
AIC 2017.680 1034.989 402.030 184.103

The factors Inoculum, Soil and Site were coded as provenance with respect to the site of origin of the plant ecotype, with two levels: “home” (the BC or WPC inocula,
soils and sites) and “away” (comprising all the other sites, the corresponding inocula and soils). AdjR?, F and P values are given according to models, which were
selected based on Akaike information criterion (AIC) after step-wise reduction of an initial model including all main effects (Plant, Inoculum, Soil and Site) and the
interactions of Plant with the other predictors. The initial and intermediate reduced models are shown in Appendix S2Supplementary Tables S14-S17. Total df = 213/
109 for the All/Home microbiota data sets. Hyphen - term not included into the final model; n.i. - the factor was not included into the initial model; the interaction
terms are omitted from the table, because they were not included in any of the models presented.
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extraradical mycelia radiating from the surrounding vegetation,
considered more competitive invasive agents than isolated propagules
(Johnson, 2015). This is probably the main reason why we didn’t find
any convincing evidence for merging of the sympatric communities with
AMF communities from the new sites. Additionally, negative priority
effects may have contributed against the spread of infection from iso-
lated propagules arriving at the soil surface by animal, wind or water
dispersal, because priority in the occupancy of the root niche constitutes
an important competitive advantage (Pearson et al., 1993; Mummey
et al., 2009; Hausmann and Hawkes, 2010; Werner and Kiers, 2015).
Surprisingly, the merging of pre-established fungal communities and
those of outplant sites remains little explored despite the importance of
this process for the formation of the root mycobiome of inoculated
plants in field conditions. Sykorova et al. (2016) described dominance of
ectomycorrhizal fungal taxa of nursery origin in the roots of various tree
species one season after their transplanting to a field site, which sug-
gests, for ectomycorrhizal symbionts, important priority effects even in
seedlings planted directly into local soils.

Interestingly, the clear hierarchy of drivers that determined the
divergence in AMF community composition and diversity did not apply
to the degree to which roots became colonized i.e. the ability of the
communities to associate with the host plant. Percent root length colo-
nized depended on the site rather than on soil or inoculum. As demon-
strated by Soudzilovskaia et al. (2015), climate is a strong predictor of
root colonization by AMF at the global scale. Our results demonstrate
consistent differences between the climatic conditions independent of
the origin of the inoculated AMF community, which strongly suggests
that we observed immediate responses of the mycorrhizas to the climatic
conditions. The model presented in the meta-analysis of Soudzilovskaia
et al. (2015) is consistent with the trend for highest root colonization at
the coldest site (ARB, mean temperature of the warmest month approx.
18 °C) as compared to the other new sites. However, the pattern of
differences between the combinations of plant ecotype, soil and climate
certainly also reflect interactions of the factors (Frater et al., 2018),
which all impact the needs of host plants for mycorrhiza-derived ser-
vices (Johnson et al., 2010; Grman, 2012). For example, the soil of the
BP site — one of the warmest sites — is highly P-deficient (Table 1), which
may explain higher root colonization values than would be expected
based on the climatic gradient.

4.2. Indications for local adaptation?

Local adaptation of AMF communities, assumed in our third hy-
pothesis, has been previously documented as higher proliferation of
mycelia in the original abiotic conditions than in new conditions
(Johnson et al., 2010; Ji et al., 2013; Sikes et al., 2014; Shi et al., 2015;
Yang et al., 2018; Zhang et al., 2019a,b). The diversity of AMF com-
munities may also decrease in new climatic conditions, possibly due to
adaptation of some AMF taxa to their local climatic conditions (Islam
et al., 2020).

We did not find any indication for overall diversity losses of the
sympatric communities due to transfer into novel conditions. Their di-
versity was unaffected by the provenance of soil (Table 5) and diversity
changes from the all-home conditions were consistent with the differ-
ences in diversity encountered among the local communities. This sug-
gests that the lower diversity of the sympatric communities at some of
the new sites was due to the same factors that shape the long-term di-
versity of the sites’ local communities. The most pronounced change in
diversity was the decrease at the warmer and driest BP site, where
extreme climatic conditions likely represent a strong environmental
filter to AMF genotypes arriving by natural dispersal (Kivlin et al., 2014)
as well as to those introduced by inoculation in our experiment.

The root colonization pattern, however, does indicate adaptation of
the plants’ mycorrhizal interaction to their original abiotic environ-
ments. Higher root colonization in the sympatric soils than in the allo-
patric soils as well as high root colonization levels at the climatically
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intermediate home sites (Fig. 5) suggest that plants supported higher
root colonization by AMF in their original abiotic conditions than in the
new soils and possibly also than in the new climates. Root colonization
by AMF depends on the amount of photosynthates, which the plant can
allocate to the fungal symbiont and on the plant’s need for nutrients,
which are provided by the fungi (Treseder, 2004; Johnson et al., 2015).
Plant adaptation to a specific abiotic context may fine-tune its photo-
synthetic capacity to the sympatric climatic conditions (Aspinwall et al.,
2013; Carlson et al., 2016; Florence et al., 2019) and optimize the
nutrient uptake via mycorrhizal symbionts to the sympatric soil condi-
tions (Schultz et al., 2001; Sherrard and Maherali, 2012; Pankova et al.,
2014), leading to higher support of fungal proliferation in the original
abiotic contexts as compared to divergent conditions.

As hyphal root colonization can be directly related to the mycor-
rhizal contribution to plant growth and P uptake (Treseder, 2004;
Soudzilovskaia et al., 2015; Remke et al., 2020), the encountered dif-
ference in root colonization between the sympatric soil and the allo-
patric soils corroborates the importance of sympatry of plant and soil for
mycorrhiza functioning within the plant-soil-AMF triangle (Rta et al.,
2016). However, plant performance was influenced by the experimental
factors in a much more complex pattern as described in detail by Remke
et al. (2022). Interestingly, better performance of plants in sympatric
soil was most pronounced with sympatric microbiota and in the stressful
conditions of the warmer sites. At the colder sites, in contrast, soil and
inoculum provenance had little influence on plant performance. Addi-
tionally, the role of sympatry in plant performance depended on the
plant genotypes, i.e. differed between the two plant-soil-microbiota
complexes (Remke et al., 2022). It suggests that while mycorrhiza for-
mation (the extent to which AMF can colonize roots) is favored by
plant-soil sympatry regardless of the fungal identities, the functioning of
mycorrhizas may be partly influenced by soil sympatry, but also by a
range of other factors related to the provenance and/or characteristics of
the root-colonizing AMF community.

4.3. Phylogenetic diversity of the AMF communities

An interesting feature of the experimental communities was their
extremely low phylogenetic diversity. Root-associated communities of
AMF are usually dominated by Glomeraceae (e.g. (Hempel et al., 2007;
Mickan et al., 2017; Li et al., 2020) and some plant species filter out only
a small subset out of the available AMF pool in soil as their symbionts
(Helgason et al., 2002; Cpik etal., 2016). Previously, Porras-Alfaro et al.
(2007) described relatively low AMF diversity in the roots of B. gracilis
from field sites. Even so, the complete absence of other glomeromycotan
fungi than Glomerales and large proportion of reads assigned to one
species only (Rhizophagus irregularis) is remarkable and possibly not
attributable to biotic filtering by B. gracilis only.

Preparation of inocula from field soils, which involves homogeni-
zation and drying, inevitably means disturbance of the microbial com-
munities. The original site-specific communities may thus have been
reduced to disturbance-tolerant taxa mainly by the inoculation process
including also a period of greenhouse cultivation (Jansa et al., 2002;
Sykorova et al., 2007; Schnoor et al., 2011; Chung et al., 2019). As
demonstrated by Sykorova et al. (2007), the ‘cultivation bias’ associated
with greenhouse cultivation reduces the richness of root-associated AMF
communities and alters the species’ relative abundances. Disturbance
usually favors members of Glomeraceae family and reduces represen-
tatives of other phylogenetic lineages of AMF (Jansa et al., 2002). These
had been previously shown to be part of the AMF pool in the studied
region (Beauchamp et al., 2006; Chaudhary et al., 2014).

May the selection of disturbance and cultivation tolerant taxa have
underestimated the community responses to abiotic factors as compared
to more intact communities? A shift of the species spectrum towards
disturbance-tolerant taxa is expected to decrease the responsiveness of
the community to abiotic conditions (Southwood, 1988; Marvier et al.,
2004). On the other hand, specifically for AMF, preferences for certain
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soil conditions are found also in typical r-strategists (Oehl et al., 2010;
Jansa et al., 2014). Unfortunately, disturbance of microbial commu-
nities is an inherent factor of all inoculation trials, unless intact soil
monoliths are used (Yang et al., 2018; Islam et al., 2020), while the
concomitant functional shifts in the resulting communities remain little
understood.

4.4. Conclusions

Our experiment demonstrates that transferred AMF communities
largely retain their composition across a broad range of soil and climatic
conditions for at least three seasons. This finding is practically impor-
tant, as it testifies that seedlings can remain associated with sympatric
communities in dissimilar abiotic contexts, at least in the first seasons of
establishment. It also shows that longer time scales are necessary to
evaluate potential effects of global change on AMF communities in
similar experimental setups. Further research should focus on the
merging of the inoculated AMF communities with the local commu-
nities, with respect to AMF community succession in the target plant
roots, but also to potential spread of the inoculated fungi at the new sites
(Janouskova et al., 2017).

The surprisingly stable community composition may also have
drawbacks. Not only co-adaptation of plants and their fungi, but also
adaptation of the fungal symbionts to the local conditions may be
important for the functioning of the symbiosis, particularly if the local
conditions are harsh (Weissenhorn et al., 1993; Estrada et al., 2013;
Symanczik et al., 2015). It is conceivable that shifted relative abun-
dances according to the species symbiotic performance in the new
conditions (Kiers et al., 2011; Werner et al., 2018) may lead to more
beneficial mycorrhizas than the original AMF community established by
pre-inoculation. The results of our study, however, do not support this
assumption. The extent of root colonization by the transferred sympatric
communities responded to the novel abiotic conditions and possibly also
to the ability of the plant to sustain the fungi, which indicates functional
flexibility of the sympatric AMF communities in the novel conditions.
Plants associated with sympatric microbiota consistently performed as
well or better than plants associated with allopatric microbiota at the
warmer sites of this experiment (Remke et al., 2022). This is in line with
better performance of sympatric than allopatric AMF in B. gracilis grown
in a greenhouse experiment (Remke et al., 2020). Thus, we show that
considering functional benefits of sympatric mycorrhizal inocula in
vegetation management is legitimate, as the sympatric AMF commu-
nities retain their composition on one hand while reacting to the new
abiotic conditions in mycorrhiza formation.
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