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Abstract
1.	 Mycorrhizal symbiosis, specifically arbuscular mycorrhiza, is one of Earth's old-

est and most widespread symbiosis. Existing evidence suggests that plant spe-
cies differ in their associations with mycorrhizal partners, with different species 
reported to be always (obligately mycorrhizal, OM), sometimes (facultatively 
mycorrhizal, FM) or never (non-mycorrhizal, NM) associating with arbuscular my-
corrhizal (AM) fungi and this plant reliance on AM fungi is called plant mycorrhizal 
status. However, very little is known about how host plant mycorrhizal status 
shapes the network topology of interacting AM fungi.

2.	 Here, we use a standardized sampling scheme to test whether plant species with 
different mycorrhizal statuses differ in mean AM fungal hyphal colonization and 
various indices of the AM fungal networks such as nestedness rank and resource 
range.

3.	 We collected the roots and rhizosphere soil of 19 plant species representing five 
families. Each plant species was sampled from three distinct habitats. We deter-
mined AM fungal colonization in the roots and AM fungal community composi-
tion in roots and rhizosphere soil using molecular methods.

4.	 We found that previously reported NM plant species had lower mean AM fungal 
colonization than FM plant species, but no differences were found between FM 
and OM plant species. Network analyses indicated that AM fungal communities 
in the roots of FM plant species had higher nestedness rank and resource range 
than networks associated with OM plant species, suggesting that OM plant spe-
cies are more generalist regarding partner selection and interact with a wider 
range of fungal partners.

5.	 Our results suggest that plant mycorrhizal status conveys useful information 
about the characteristics of AM fungal interaction networks, revealing that plant 
species consistently associated with AM fungi are less selective towards their 
fungal partners.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction 
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2024 The Author(s). Functional Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society.

www.wileyonlinelibrary.com/journal/fec
mailto:
https://orcid.org/0000-0002-3376-9372
https://orcid.org/0000-0002-7288-2271
https://orcid.org/0000-0002-0161-6195
https://orcid.org/0000-0002-0680-1816
https://orcid.org/0000-0003-0141-7812
https://orcid.org/0000-0001-6196-3562
https://orcid.org/0000-0002-4674-932X
https://orcid.org/0000-0001-7957-6704
https://orcid.org/0000-0002-4819-7506
mailto:kadri.koorem@ut.ee
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1365-2435.14729&domain=pdf&date_stamp=2024-12-30


2  |    KOOREM et al.

1  |  INTRODUC TION

Some symbiotic relationships formed by extant plant species 
are as old as land plants, having existed for more than 400 mil-
lion years (Remy et al., 1994; Strullu-Derrien et al., 2018). Among 
the most ancient symbionts of plants are fungi that form arbus-
cular mycorrhiza, which are believed to colonize the roots of 
more than 70% of extant terrestrial plant species (Brundrett & 
Tedersoo, 2018; Meng et al., 2023; Smith & Read, 2010). In this 
symbiosis, the fungal partner receives carbon compounds from 
the host plant in exchange for enhanced nutrient access and im-
proved tolerance to abiotic and biotic stress (Smith & Read, 2010). 
Changing environmental conditions during evolutionary time have 
spurred the development of other types of mycorrhiza along-
side the emergence of plant species that do not form mycorrhi-
zal symbioses at all (Brundrett & Tedersoo, 2018; Strullu-Derrien 
et  al.,  2018). Approximately 8%–14% of vascular plant species 
are non-mycorrhizal, while 7%–18% are facultatively mycorrhi-
zal, being sometimes but not always associating with AM fungi 
(Brundrett & Tedersoo, 2018; Meng et al., 2023).

The characteristic of plant species to always (obligately; OM), 
never (non-mycorrhizal; NM) or sometimes (facultatively; FM) as-
sociate with AM fungi is referred to as plant mycorrhizal status 
(Moora, 2014; Smith & Read, 2010). Thus, plant mycorrhizal status 
indicates how frequently a plant species is mycorrhizal. Plant mycor-
rhizal status is assumed to be mainly driven by the characteristics 
of the plant partner (Chaudhary et  al.,  2022) and has been linked 
to other plant characteristics, such as dispersal structures (Correia 
et al., 2018). The proportion of OM, FM and NM plant species in a 
community has been used to gain insights into the drivers shaping 
plant and microbial communities at large scales (Gerz et al., 2016; 
Leon et  al.,  2022, 2024; Vahter et  al.,  2020). At larger scales, the 
proportion of FM plant species has been found to increase with lat-
itude, while that of OM plant species decreases (Bueno et al., 2017; 
Meng et al., 2023). The share of FM plant species has been shown 
to depend positively on environmental factors such as variation in 
temperature (Bueno et  al.,  2017) as well as negatively on pH and 
positively on precipitation (Hempel et  al.,  2013). A recent study 
demonstrated that a higher proportion of OM and a lower propor-
tion of FM plants are found in soils with low nutrient (C, N, P) con-
tent (Meng et al., 2023). This suggests that plant species are more 
extensively associated with mycorrhizal fungi in conditions of low 
nutrient availability. However, it is unknown whether the same ten-
dency applies at the intraspecific level, especially among populations 
within FM plant species.

Facultatively mycorrhizal plant species can grow in a wide range 
of habitats, reflecting their broader niches compared with OM and 

NM plant species (Gerz et al., 2018; Hempel et al., 2013). FM plant 
species are also successful in establishing outside their native ranges 
(Moyano et  al.,  2020; Pyšek et  al.,  2019), making them the most 
widespread plant species globally (Zobel et al., 2024). The success of 
FM plant species may at least partly stem from their ability to adjust 
the extent of their association with mycorrhizal fungi to suit their 
abiotic and biotic environment. Indeed, FM species are often found 
to be more responsive to environmental cues compared to NM or 
OM species, which appear to be more constrained by phylogenetic 
factors (Meng et al., 2023). Moreover, within FM plants, there is a 
higher variability in the intensity of mycorrhizal colonization com-
pared to OM plants (Soudzilovskaia et  al.,  2020). This variability 
suggests that FM plants may exert stronger control over their my-
corrhizal associations depending on prevailing environmental condi-
tions. However, these observed patterns may, at least partially, arise 
from differences in geographical and ecological conditions where 
AM fungal colonization in the roots of FM and OM plants has been 
assessed.

Facultatively mycorrhizal plant species have shown to asso-
ciate with different AM fungal communities compared with OM 
plants, with OM plant species having higher beta diversity (Davison 
et al., 2020) and more generalist partner selection (Sepp et al., 2019). 
This suggests that facultatively mycorrhizal plant species have 
greater filtering ability, allowing them to preferentially select the 
most suitable AM fungal partners (Lekberg & Koide,  2014; Sepp 
et al., 2019). However, there are multiple aspects of partner spec-
ificity within the interaction, generalizable as different measures of 
network topology. Relevant network indices range from simple char-
acteristics, such as the number of partners a plant species interacts 
with (e.g. normalized degree), to more specific measures describing, 
for instance, plant species discrimination towards interacting part-
ners (resource range, Poisot et al., 2012) or relevance for the part-
ners in the network (species strength, Bascompte et al., 2006), and 
species position in the generalist-specialist continuum of the wider 
bipartite interaction network (nestedness rank, Alarcón et al., 2008). 
So far, we have very little information about possible differences 
in interaction network topology in relation to plant mycorrhizal 
statuses.

This research aimed to test whether plant mycorrhizal status 
provides information about AM fungal colonization and the topog-
raphy of the AM fungal interaction network. As plant mycorrhizal 
status is expected to be related to environmental conditions (Han 
et al., 2020; Meng et al., 2023; Qin et al., 2020), we also tested if 
mean AM fungal colonization of a plant species in a population can 
be used as an alternative measure for evaluating the topology of 
AM fungal interaction network. We used 19 common plant spe-
cies in Estonia as test species and used a standardized sampling of 

K E Y W O R D S
contrasting habitats, facultatively mycorrhizal plant species, intraspecific trait variation, 
mycorrhizal traits, non-mycorrhizal plant species, obligately mycorrhizal plant species, plant 
population
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    |  3KOOREM et al.

individual plants from a wide range of habitats. We hypothesized 
that (1) AM fungal colonization is inversely related to soil nutrient 
content, and the pattern is strongest for FM plant species; (2) FM 
plant species have lower AM fungal richness and beta-diversity in 
their roots compared with those associated with OM plant spe-
cies, and both richness and beta-diversity of AM fungal commu-
nities in plant roots are positively related to average AM fungal 
colonization; (3) AM fungal communities in the roots of FM plant 
species represent limited subsets of the AM fungal communities 
present in soil, reflecting the ability of plants with this mycorrhizal 
status to favour specific AM fungal taxa (measured as resource 
range) and indicating that FM plants are less important than OM 
species for sustaining AM fungal networks in the soil (measured as 
species strength).

2  |  MATERIAL S AND METHODS

Sampling was conducted in a wide range of habitats within Estonia 
in the middle of the 2020 growing season. We sampled roots and 
rhizosphere soil of each target plant species from three sites. 
Expert opinion was used to select sites representing significantly 
different growing conditions for each target plant species. We 
sampled 19 plant species from 5 different families, each repre-
sented by all of FM, OM and NM plant species where possible 
(Table  S1). Mycorrhizal statuses were assigned to species based 
on the most up-to-date literature available (Bueno et  al.,  2017; 
Gerz et  al.,  2018; Harley & Harley, 1987; Hempel et  al.,  2013; 
Soudzilovskaia et  al.,  2020; Wang & Qiu, 2006), following the 
colonization approach (Bueno et al., 2021). The number of refer-
ences available for plant species mycorrhizal status showed a non-
significant trend for NM plant species to have fewer references 
than OM and FM plant species (Figure S1). All plant species except 
Lupinus polyphyllus Lindl. are native to Estonia. Three individuals 
per species were sampled from each selected site and were used 
for AM fungal colonization and community composition analyses 
(below). Soil from the rhizosphere of the target plant species was 
sampled and divided into two parts. One part was used to charac-
terize the composition of the AM fungal community present in the 
soil. The second part of the rhizosphere soil was pooled within site 
and used for soil nutrient analyses. This design (19 plant species, 
3 habitats, 3 individuals) generated 171 root samples and 171 soil 
samples during the sampling phase of the study.

2.1  |  AM fungal colonization

The fine roots of sampled plant individuals were divided into two 
subsamples; one subsample was used for molecular analyses (below), 
and the other was stained with trypan blue (Koske & Gemma, 1989). 
Stained roots (approximately 20 cm in total) were mounted on slides, 
and AM fungal colonization of the roots was estimated using the 
magnified grid-line intersection method (McGonigle et  al.,  1990), 

counting AM fungal structures (hyphae, vesicles, arbuscules, coils) in 
100 intersections of root and vertical crosshair per plant. Counting 
was performed using a ZEISS Axioscope 5 Digital Microscope at 
400× magnification.

2.2  |  Molecular identification of AM fungi

DNA was extracted from plant roots using the PowerSoil Pro Kit and 
from the soil using PowerMax Soil Kit (MO BIO Laboratories, Inc. 
California, USA) according to the manufacturer's instructions. AM 
fungal community composition was estimated by targeting the SSU 
rRNA gene using the WANDA (Dumbrell et al., 2011) and AML2 (Lee 
et al., 2008) primer pair. DNA concentration per plate was unified, 
and plates were subsequently subjected to a 2 × 300 bp paired-read 
sequencing approach on an Illumina MiSeq sequencing platform at 
Asper Biogene (Tartu, Estonia).

2.3  |  Bioinformatics

Paired-end Illumina reads were cleaned using the gDAT pipeline 
(Vasar et al., 2021). All sequence reads were demultiplexed into sam-
ples using an 8-bp barcode allowing one mismatch for both forward 
and reverse reads. Demultiplexed reads were checked for correct 
forward (WANDA) and reverse primers (AML2), allowing one mis-
match for both pairs. Both reads were retained if the average qual-
ity was ≥30. Filtered paired-end reads were combined using FLASH 
(v1.2.11, Magoč & Salzberg,  2011) with the default parameters 
(overlap ≥10 bp, identity ≥75%). Chimeric sequences were removed 
using VSEARCH (v2.15.0, Rognes et al., 2016) with the default pa-
rameters and comparison against a reference database (MaarjAM 
database, Öpik et  al., 2010, status 2021). The MaarjAM database, 
supplemented with some unassigned phylogroups, was used to as-
sign obtained reads to virtual taxa (VT; cf. Öpik et al., 2010) using a 
BLAST+ search (v2.10.1, Camacho et al., 2009). Following a BLAST+ 
search for each read, the best hit was identified using 97% iden-
tity and 95% alignment thresholds. Reads that did not find a match 
among the MaarjAM database (nohits) were subjected to a further 
BLAST+ search against the INSDC non-redundant nucleotide data-
base (status 2021, Karsch-Mizrachi et al., 2018) to detect any po-
tential novel VT not present in the MaarjAM database (with ≥90% 
similarity and alignment length not differing from the shorter of the 
query and subject by 10% of the length). VT represented by one 
read (singletons) were removed from further analysis. Only samples 
where both the soil and root samples yielded sequences (127 pairs 
of root and soil samples) were included in further statistical analyses.

Illumina MiSeq sequencing resulted in 3,415,788 reads after fil-
tering, of which 1,199,386 were identified as AM fungi. On average, 
roots yielded 3520 and soils 5923 sequences per sample with 17 and 
30 VT per sample, respectively. Arbuscular mycorrhizal hyphal colo-
nization was significantly correlated with the number of AM fungal 
sequences in plant roots (Spearman ρ = 0.33, p < 0.001).
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4  |    KOOREM et al.

Raw reads from this targeted locus study have been deposited in 
the National Center for Biotechnology Information Sequence Read 
Archive (BioProject PRJNA1183728).

2.4  |  Statistical analysis

The richness and diversity of AM fungal communities were esti-
mated using extrapolated taxon richness and Shannon diversity 
(Hill numbers q = 0 and q = 1, respectively, Hill, 1973). These meas-
ures were calculated with the asymptotic diversity estimation 
functions from the “iNEXT” package (Hsieh et  al.,  2016) based 
on the read number of AM fungal VT. Parallel analyses were per-
formed with raw taxon richness and Shannon diversity values, 
which yielded a similar pattern. Analysis of AM fungal community 
composition was based on Hellinger-transformed matrices of AM 
fungal abundance in samples.

For phylogenetically-informed pairwise community distance 
analyses, we constructed a phylogenetic tree of representative 
sequences of all AM fungal taxa (VT) using BEAST 2.5 (Bouckaert 
et al., 2019). A read in our dataset with the highest BLAST+ score 
was selected as the representative for each AM fungal VT, indicat-
ing their closest proximity to the VT type sequence in the MaarjAM 
database. In the MaarjAM database, a type sequence is assigned to 
each VT, around which the VT would evolve if the taxon splits or 
merges with others following the inclusion of additional sequences 
(Öpik et al., 2010). Phylogenetic analysis was conducted using sub-
stitution model averaging facilitated by the BEAST package bMod-
elTest (Bouckaert & Drummond,  2017). Three separate MCMC 
chains of 30,000,000 iterations were constructed and combined 
after the removal of 10% burn-in; this resulted in a posterior esti-
mate effective sample size (ESS) >200. The results were summarized 
on a maximum clade credibility tree.

To test the strength of co-variation between root AM fungal 
communities and surrounding soil AM fungal communities, we first 
ordinated the soil and root Hellinger-transformed matrices, as well 
as soil pHKCl, N, P, K, Ca and Mg variables using NMDS [metaMDS() 
in R package vegan (Oksanen et  al.,  2022)], using both the Horn-
Morisita distance and the UniFraq phylogenetic distance (Lozupone 
& Knight, 2005) for AM fungal and Euclidean distance for soil param-
eters. We then fit multivariate linear regressions of both root and 
soil AM fungal community NMDS axes against soil chemistry to par-
tial out variation in soil parameters. Following that, we performed 
a Procrustes rotation [function procrustes() in R package vegan] of 
the residual NMDS axes and extracted residuals from the rotation. 
These residuals were used as the dependent variables in linear mod-
els with the mycorrhizal status of the plant species included as an 
explanatory variable.

We used the R package bipartite to calculate species-level 
indices in the plant—AM fungal taxon interaction network 
(Dormann, 2011). We focused on the normalized degree, resource 
range, specialization (d′), species strength and nestedness rank 
of the species. The normalized degree is the number of VT with 

which the plant species interacts, divided by the number of all pos-
sible partners. The larger the degree, the more VT out of all possi-
ble partners the plant species interacts with. The resource range 
ranges from 0, when a plant species interacts with all available 
AM fungal VT, to 1 when it interacts with only 1, being a proxy 
of specialization (Poisot et al., 2012). Species strength quantifies 
the importance of the plant species as a partner of AM fungal 
taxa (Bascompte et al., 2006). d′ is the specialization of the plant 
species based on its partner preference from a random selection 
of partners (Blüthgen et al., 2006). The nestedness rank (Alarcón 
et al., 2008) is the rank of a species in a matrix sorted for maximum 
nestedness; a lower-ranked plant individual interacts with more 
AM fungal taxa, including both generalist and specialist AM fungi, 
meaning that the plant individual is generalist regarding partner 
selection.

To account for the spatial configuration of study sites, we calcu-
lated the Principal Coordinates of Neighbourhood Matrix (PCNM) 
[pcnm() in R package vegan] and incorporated the first three PCNM 
vectors into relevant analyses. To account for variation in soil chem-
istry, that is N, P, K, Ca, Mg contents and pHKCl, we conducted a 
principal components analysis on the soil parameters scaled to unit 
variance [prcomp() in R package stats]. We incorporated the first two 
principal components, describing 38.3% and 31.3% of the total vari-
ance in soil parameters, respectively, into relevant analyses.

We tested the effects of two main explanatory variables of in-
terest: plant species mycorrhizal status and mean AM fungal hyphal 
colonization. Depending on the scale of the dependent variable, the 
mean AM fungal hyphal colonization was calculated either at the 
level of the plant species or at the level of a single population of the 
plant species (i.e. individuals of a species in one site). The dependent 
variables were grouped at three scales—plant individual, plant pop-
ulation and plant species.

The plant individual level dependent variables were AM fungal 
root hyphal colonization, AM fungal VT richness and Shannon di-
versity in the plant roots, and the discrepancy (Procrustes residuals) 
between soil and root AM fungal communities. At the plant indi-
vidual level, we fit linear mixed-effects models [lmer in R package 
lme4 (Bates et al., 2015)], using the R package lmerTest (Kuznetsova 
et al., 2017) to test model significance with the main explanatory vari-
able of interest, the soil PCA axes and spatial PCNM vectors of the 
site (population) as fixed-effects terms, and plant population nested 
in plant species as the random-effect term. Marginal coefficients of 
determination (analogue of R2) for individual explanatory variables 
were calculated using the function partR2 (…, R2_type = “marginal”, 
nboot = 100) in R package partR2 (Stoffel et al., 2021).

The plant species level dependent variables were the species-
level network topological indices (normalized degree, resource 
range, d′, species strength, nestedness rank). At the plant species 
level, we fit linear mixed models with the main explanatory variable 
of interest as the fixed-effects term [using Anova() in R package car 
(Fox & Weisberg, 2019) to test for model significance].

Where significant effects of model terms were identified 
(p < 0.05), Tukey's HSD post hoc test was used to evaluate differences 
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    |  5KOOREM et al.

among all explanatory variable levels using the emmeans R package 
(Lenth, 2024). All analyses were conducted with R version 4.3.3 (R 
Core Team, 2024).

3  |  RESULTS

Soil pHKCl at the sampled sites ranged from 2.96 to 8.18, soil P con-
tent from 11 to 276 mg/kg, and soil N from 0.11 to 24 mg/kg. PCA in-
dicated that most variation in soil parameters (PC1, explaining 38.3% 
of variation) was explained simultaneously by P, N, and K content, 
while a second fraction of the variation (PC2, explaining 31.3% of 
variation) was explained by Mg, pHKCl and Ca (Figure 1a). Arbuscular 
mycorrhizal fungal colonization in plant roots was significantly nega-
tively influenced by PC2 (p = 0.003) but not by PC1 of soil param-
eters (Figure 1b,c).

Arbuscular mycorrhizal hyphal colonization was significantly 
lower in NM plants than in FM plants but did not differ between FM 
and OM plants (Table 1; Figure 2A). Three of the sampled putatively 
NM plant species had individuals with no AM fungal colonization 
detected in their roots (Dianthus deltoides—2 individuals, Galium bo-
reale—1 individual, Galium uliginosum—2 individuals), while the roots 
of all individuals of two other sampled putatively NM plant species 
(Astragalus glycophyllos, Carex tomentosa) were colonized. The ef-
fects of mycorrhizal status and mean hyphal colonization on vari-
ation in AM fungal colonization were also significant at the species 
level (p < 0.05, Figures S2 and S3, respectively).

There were no differences in the richness or Shannon diversity of 
AM fungal communities associated with plant species with different 
mycorrhizal statuses. The richness of AM fungi in roots was, how-
ever, positively correlated with the population-level mean hyphal 

colonization % of the plant roots (Table 1; Figure 2C). There were 
no significant differences between plants of different mycorrhizal 
status in the intraspecific beta diversity of AM fungal communities, 
considering both Morisita-Horn distance of species, and UniFraq 
distance, which accounts for phylogenetic distances between fun-
gal species in samples. According to the Procrustes analysis, host 
plants of different mycorrhizal status did not significantly differ in 
the strength of correlation between AM fungal communities in roots 
and bulk soil.

Regarding plant species level network indices, plants with differ-
ent mycorrhizal statuses significantly differed in nestedness rank, 
normalized degree, resource range, and species strength, but not in 
d′ (Table 1). Facultatively mycorrhizal plant species had significantly 
higher nestedness rank (Figure 3A) and significantly lower species 
strength (Figure 3D) than OM plant species. Facultatively mycorrhi-
zal and putatively NM plant species had significantly lower normal-
ized degree (Figure 3B) and higher resource range (Figure 3C) than 
OM plant species.

4  |  DISCUSSION

Association with mycorrhizal fungi is one of the most ubiquitous 
plant symbioses, providing multiple benefits for host plants (Smith 
& Read, 2008); however, this association can also impose costs on a 
host plant, when plants allocate carbon to fungi that they might oth-
erwise allocate to their own growth. Thus, the ability of host plants 
to regulate the occurrence and extent of the symbiosis may be a 
crucial asset underlying plant species success (Zobel et  al.,  2024). 
Here, we used standardized sampling of 19 plant species across a di-
verse range of habitats to examine whether plant mycorrhizal status 

F I G U R E  1  Variation in the soil 
chemistry (N, P, K, Mg, Ca, and pHKCl) 
of study sites according to Principal 
Components Analysis (a). The dependence 
of AM fungal root colonization on 
variation in soil chemistry (Soil PC1 and 
PC2) is shown in panels (b) and (c). Colours 
indicate different plant mycorrhizal 
statuses: NM (green)—non-mycorrhizal; 
FM (orange)—facultatively mycorrhizal; 
OM (blue)—obligately mycorrhizal. Each 
point on the graph represents a plant 
individual (a–c).

(a)

(b) (c)
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6  |    KOOREM et al.

provides useful information about symbiotic mycorrhizal traits such 
as AM fungal community composition and network indices. Our re-
sults suggest that facultatively mycorrhizal (FM) and obligately my-
corrhizal (OM) plant species do not differ significantly in terms of 
hyphal colonization in their roots but have significant differences in 
terms of fungal partner selection, with OM plant species being more 
generalist in their partner selection.

4.1  |  Variation in AM fungal colonization in host 
plant roots

In this study, we targeted a wide range of habitats, from Sphagnum 
bogs to calcareous grasslands, within a fairly small region in order to 
assess within plant species variation in AM fungal colonization while 
controlling for larger-scale regional processes. Interestingly, we only 

TA B L E  1  Effects of plant mycorrhizal status and mean AM fungal colonization in a plant population (columns) on AM fungal community 
parameters (rows).

Mycorrhizal status 
model p-value NM FM OM

Population mean colonization 
% model p-value

AM fungal hyphal 
colonization

0.003 0.14a ± 0.04 0.41b ± 0.03 0.38ab ± 0.05 NA

AM fungal richness NS 13.4 ± 4.10 12.2 ± 2.13 26.5 ± 8.0 0.024

AM fungal Shannon diversity NS 5.91 ± 0.90 4.88 ± 0.50 6.40 ± 0.87 NS

Intraspecific β-diversity of 
root AM fungal communities

NS 0.43 ± 0.06 0.44 ± 0.04 0.32 ± 0.06 NS

Discrepancy between 
soil and root AM fungal 
communities (Procrustes 
residuals)

NS 0.03 ± 0.01 0.03 ± 0.004 0.02 ± 0.01 NS

Nestedness rank 0.009 0.56ab ± 0.12 0.62a ± 0.07 0.11b ± 0.12 NS

Normalized degree 0.006 0.27a ± 0.05 0.24a ± 0.03 0.48b ± 0.05 NS

Resource range 0.006 0.73a ± 0.05 0.76a ± 0.03 0.53b ±0.05 NS

Species strength 0.038 6.1ab ± 2.4 6.2a ± 1.5 13.9b ± 2.4 NS

d′ (specialization index) NS 0.10 ± 0.05 0.11 ± 0.03 0.06 ± 0.05 NS

Note: Group means ± standard errors are shown on the response scale for plant mycorrhizal statuses. In the case of a significant effect, differing 
letters indicate statistically significant pairwise differences (p < 0.05) between plant mycorrhizal statuses. Statistically significant models (p < 0.05) are 
marked in bold.

F I G U R E  2  Mean hyphal colonization 
of plant roots (A) and AM fungal richness 
(B, C) in plant roots, shown in relation to 
plant mycorrhizal status (A, B) or plant 
population mean hyphal colonization (C). 
The boxes show the median, interquartile 
range (IQR), and potential outliers, with 
whiskers extending to values within 
1.5 times the IQR. Colours indicate 
different plant mycorrhizal statuses: 
NM (green)—non-mycorrhizal; FM 
(orange)—facultatively mycorrhizal; OM 
(blue)—obligately mycorrhizal; each point 
on the plots represents a plant individual. 
Lowercase letters indicate statistically 
significant differences (p < 0.05) between 
factor levels according to Tukey's HSD 
post hoc test.

(A)

(B) (C)
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identified five plant individuals out of 127 with no AM fungal col-
onization in their roots despite of the intense sampling effort and 
inclusion of disturbed sites such as road verges and a construction 
site. In the sampled area, most of the plant species form AM (Bueno 
et al., 2017) and previous work has shown that relatively large pools 
of AM fungal taxa are present even in early successional sites in this 
area (Garcia de Leon et al., 2016). This suggests that AM fungal spe-
cies pools in the soil are abundant and active, resulting in high coloni-
zation intensity. Indeed, it has been demonstrated that the presence 
of a neighbour that supports an active and functional AM fungal net-
work increases AM fungal colonization in the roots of plant species 
that would otherwise not typically associate with AM fungi (Veiga 
et al., 2012, 2013; Zhang et al., 2019). A recent greenhouse study 
has demonstrated that AM fungal colonization is positively linked to 
plant species dependency on AM fungi (Romero et al., 2023) but we 
did not find support for higher AM fungal colonization in the roots of 
OM compared to FM plant species, a result that most likely reflects 
the high degree of variation among sampled habitats.

A recent study highlighted the role of environmental conditions 
in determining variation in the mycorrhizal status of plant species 
(Meng et al., 2023). We hypothesized that there is also a significant 
decrease in AM fungal colonization in plant roots with increasing soil 
fertility, especially in the case of FM plant species, but this was not 
supported by our results. The expected trend was, however, evident 
related to the soil's acidity, with samples collected from sites with 
higher pH values having lower AM fungal colonization. The oppo-
site trend could have been expected, considering that an earlier 
study based on German flora demonstrates that OM plant species' 

distribution is positively related to higher pH (Hempel et al., 2013). 
Our study highlights that a higher proportion of OM plant species 
does not necessarily translate into higher AM fungal colonization in 
plant roots.

4.2  |  Variation in AM fungal communities

We found that AM fungal richness in soil was twice as that in plant 
roots, indicating that a subset of AM fungal species colonizes 
available plants. Considering that FM plant species are expected 
to regulate the presence or extent of AM fungal symbiosis (Zobel 
et  al.,  2024), we hypothesized that AM fungal communities in the 
roots of FM plant species are less species-rich than those in the roots 
of OM plant species. However, despite this trend being apparent, 
the differences were not statistically significant. At the same time, 
we did find a positive relationship between the richness of AM fungi 
and mean AM fungal colonization, demonstrating that plant species 
that are more colonized by AM fungi harbour also more AM fungal 
taxa. This positive correlation might stem from differences in plant 
root morphology. Indeed, species that are more dependent on AM 
fungi in terms of nutrient transport and allocate more carbon into 
AM fungi are proposed to have thicker toots, representing the ‘out-
sourcing’ strategy of root economics space (Bergmann et al., 2020). 
Recent studies have linked root traits with AM fungal communities 
and while positive correlation between root diameter and relative 
abundance of AM fungi has been reported (Sweeney et al., 2021), 
no association has been found as well (Hennecke et al., 2023). Thus, 

F I G U R E  3  The effect of plant species 
mycorrhizal status on plant species 
level network topological parameters: 
nestedness rank (a), normalised degree 
(b), resource range (c) and species 
strength (d). The boxes show the median, 
interquartile range (IQR), and potential 
outliers, with whiskers extending to 
values within 1.5 times the IQR. Colours 
indicate plants of different mycorrhizal 
status: NM (green)—non-mycorrhizal; FM 
(orange)—facultatively mycorrhizal; OM 
(blue)—obligately mycorrhizal; each point 
on the plots represents a plant species. 
Lowercase letters indicate statistically 
significant differences (p < 0.05) between 
factor levels according to Tukey's HSD 
post hoc test.

(A)

(C) (D)

(B)
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it remains to be tested how plant mycorrhizal status associates with 
root traits, AM fungal colonization, and AM fungal richness.

We hypothesized that AM fungal communities in the roots of 
FM plant species are more distinct from communities in soil than 
communities associating with OM plant species, but this was not 
supported by the data. The expectation that FM plant species are 
more selective towards their mycorrhizal partners due to their fac-
ultative nature was, however, confirmed with network analyses. The 
AM fungal network associated with roots of FM plant species had a 
higher nestedness rank (Alarcón et al., 2008) than that in the roots 
of OM plant species, indicating that OM plant species are more gen-
eral in their partner selection. This was also supported by the higher 
normalized degree and lower resource range of the network in OM 
compared with FM plants, demonstrating that OM plant species in-
teract with a significantly higher number of possible AM fungal part-
ners than FM plant species. Overall, our network analyses indicate 
that OM plant species are more relevant to AM fungi in sustaining 
their network, as demonstrated by the significantly higher species 
strength of OM than FM plant species networks. These results are 
consistent with previous findings of the analyses of AM fungal net-
works in a calcareous grassland (Sepp et al., 2019), suggesting that 
in arbuscular mycorrhiza, obligate symbiosis means lower selectivity 
towards fungal partners.

4.3  |  Limitations

This is the first study to use a standardized sampling design to quan-
tify variation in AM fungal communities in the roots of OM, FM and 
NM plant species. We found AM fungal colonization in the roots of 
some of the individuals of all plant species, which suggests that all 
the putatively NM plant species used in this study can be catego-
rized as FM according to colonization approach (Bueno et al., 2021). 
Indeed, the network analyses used in this study also demonstrated 
that putatively NM and FM plant species had similarities in their 
interaction networks, highlighting current limitations in our under-
standing of the symbioses. Indeed, a recent study has quantified 
that information about plant mycorrhizal traits is currently available 
for only 4% of the global flora (Meng et al., 2023). Also, the avail-
able information is sparse, leading to the possible reclassification 
of plant species mycorrhizal status as evidence accumulates. In this 
study, we changed the mycorrhizal status of three of the 19 sampled 
plant species due to new information emerging between the design 
of the study and the writing of the manuscript. One previously OM 
and two previously NM plant species were assigned as FM. While 
such changes may not influence large-scale patterns of plant species 
mycorrhizal statuses—for example, in Bueno et  al.  (2017), random 
variation in assignation of up to 20% yields the same patterns—they 
can complicate detection of finer patterns. As we did not sterilize 
the roots used for estimating AM fungal colonization or community 
composition, we cannot exclude the possibility that some results 
might reflect AM fungi attached to the root surface. Despite this un-
certainty, our results indicate that irrespective of their mycorrhizal 

status, all plant species provide some support to sustain AM fungal 
networks in soil.

5  |  CONCLUSIONS

Using an extensive, unified sampling scheme, we found that plant 
mycorrhizal traits, such as plant mycorrhizal status, can provide infor-
mation about symbiotic mycorrhizal traits (Chaudhary et al., 2022). 
Using network analyses, we demonstrate that, compared with FM 
plant species, OM plant species are less selective towards their AM 
fungal partners and interact with a higher number of AM fungal taxa. 
Integrating network analyses with comprehensive descriptions of 
mycorrhizal fungal communities in both soil and roots represents a 
promising approach for elucidating the ecological role and mecha-
nism of the frequency of mycorrhizal association in plants.
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mycorrhizal status of the plant species included in the study. Colors 
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indicate plants with different mycorrhizal status: NM (green)—non-
mycorrhizal; FM (orange)—facultatively mycorrhizal; OM (blue)—
obligately mycorrhizal; each point on the plots represents a plant 
species.
Figure S2: The effect of the mycorrhizal status of a plant species 
on the variability of arbuscular mycorrhizal hyphal colonization 
(coefficient of variation) of the species. Colors indicate plants 
with different mycorrhizal status: NM (green)—non-mycorrhizal; 
FM (orange)—facultatively mycorrhizal; OM (blue)—obligately 
mycorrhizal; each point on the plots represents a plant species. 
Differing letters indicate statistically significant pairwise differences.
Figure S3: The effect of the mean arbuscular mycorrhizal hyphal 
colonization of a plant species on the variability of arbuscular 
mycorrhizal hyphal colonization (coefficient of variation) of the 
species. Colors indicate plants with different mycorrhizal status: NM 
(green)—non-mycorrhizal; FM (orange)—facultatively mycorrhizal; 

OM (blue)—obligately mycorrhizal; each point on the plots represents 
a plant species.
Table S1: Summary table of plant species in the study. Population-
level mean proportion of arbuscular mycorrhizal hyphal colonization 
(Col) and mean arbuscular mycorrhizal fungal richness (VT) are 
shown.
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