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Summary

� Recent studies on root traits have shown that there are two axes explaining trait variation

belowground: the collaboration axis with mycorrhizal partners and the conservation (‘fast –
slow’) axis. However, it is yet unknown whether these trait axes affect the assembly of soil-

borne fungi. We expect saprotrophic fungi to link to the conservation axis of root traits,

whereas pathogenic and arbuscular mycorrhizal fungi link to the collaboration axis, but in

opposite directions, as arbuscular mycorrhizal fungi might provide pathogen protection.
� To test these hypotheses, we sequenced rhizosphere fungal communities and measured

root traits in monocultures of 25 grassland plant species, differing in age. Within the fungal

guilds, we evaluated fungal species richness, relative abundance and community composition.
� Contrary to our hypotheses, fungal diversity and relative abundance were not strongly

related to the root trait axes. However, saprotrophic fungal community composition was

affected by the conservation gradient and pathogenic community composition by the colla-

boration gradient. The rhizosphere AMF community composition did not change along the

collaboration gradient, even though the root trait axis was in line with the root mycorrhizal

colonization rate.
� Overall, our results indicate that in the long term, the root trait axes are linked with fungal

community composition.

Introduction

The ‘fast – slow axis’ of the leaf economics spectrum is a major
structuring principle in ecology (Wardle, 2004; Reich, 2014).
Plant species on the ‘fast’ side of the gradient are characterized
by high relative growth rates, high specific leaf area, high
relative nitrogen content and photosynthesis rate, whereas
resource-conservative ‘slow’ plant species show opposite patterns
(Wright et al., 2004). Trait differences at the leaf level cascade via
litter into soil microbial communities (Wardle, 2004; de Vries
et al., 2012; Bardgett, 2017). Litter from ‘slow’ leaves is known
to decompose slower because of the low relative nitrogen and
high lignin content, whereas litter of plant species at the ‘fast’ end
of the spectrum decomposes faster (Wardle, 2002, 2004). This
‘fast – slow’ framework inspired many studies to reveal effects of
leaf traits on soilborne fungal communities (de Vries et al., 2012;

Semchenko et al., 2018; Buzzard et al., 2019). Despite these
efforts, little focus has been on the effect of root traits on soil-
borne fungal communities. However, there is evidence that root
traits are more important drivers of soil fungal communities than
aboveground traits (Orwin et al., 2010; Cantarel et al., 2015).

Recent advances in trait-based ecology have shown that below-
ground resource strategies are not always following aboveground
resource strategies (Weemstra et al., 2016). Bergmann
et al. (2020) proposed the first comprehensive framework for
fine-root traits: the root economics space (RES). It consists of
two orthogonal axes of root trait variation: The ‘fast – slow’ axis
(i.e. conservation gradient) with species with high relative root
nitrogen content (RN) at the ‘fast’ side and high root tissue den-
sity (RTD) at the ‘slow’ side (Fig. 1). However, there is another,
even more important axis of trait variation in roots, the ‘colla-
boration gradient’ with a ‘do-it-yourself’ (‘DIY’) strategy of
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plants that invest in high specific root length (SRL) to an ‘out-
sourcing’ strategy with thick roots (high RD) that trade their car-
bon for resource acquisition through symbiosis with arbuscular
mycorrhizal fungi (Bergmann et al., 2020; Weigelt et al., 2021).
The proposal of the RES has triggered research on its correlation
with other plant traits and processes, for example investigations
of how the collaboration axis relates to root respiration (Han &
Zhu, 2021), root exudation (Han et al., 2022; Williams
et al., 2022) or plant–soil feedbacks (Semchenko et al., 2022;
Rutten & Allan, 2023). Specifically, the latter study opens an
avenue to relate root trait variation to soilborne fungi. We expect
that due to the close link of roots and soil microbial commu-
nities, the collaboration gradient will have strong effects on soil
fungal communities.

Soil fungi are important drivers of many ecosystem functions,
such as decomposition (Bani et al., 2018), plant nutrient acquisi-
tion, primary production (Mommer et al., 2018), drought resis-
tance (Francioli et al., 2020) and physicochemical soil properties
(Duchicela et al., 2013; Muneer et al., 2020). There is a variety
of mechanisms how plants affect the soil fungal community,
including root exudates (Bais et al., 2006; Hu et al., 2018), as
well as litter quantity and quality (Wardle, 2004; Veen
et al., 2019). Furthermore, plants and fungal communities
are symbiotically linked through mycorrhizal associations
(Smith & Read, 2008) or endophytic symbioses (van der Heijden
et al., 2017). More than 80% of terrestrial plants form symbioses
with mycorrhizal fungi (Brundrett, 2002). Since many mechan-
isms underlying plant–fungal interactions are closely linked to
roots and their traits, linking soil fungi and root traits is a major
frontier in ecology (Lalibert�e, 2017; Semchenko et al., 2022).

Based on their strategy and functional role, fungal taxa are
often classified into guilds. The major guilds in the soil include

saprotrophic, mycorrhizal and pathogenic fungi (Rayner, 1926;
Ainsworth, 1976; Zanne et al., 2020).

Saprotrophic fungi mainly decompose organic matter and are
critical to ecosystem functioning due to their ability to degrade
complex carbon compounds, such as cellulose and lignin
(Dighton, 2007). In addition, saprotrophs also take up more easily
degradable carbon compounds, such as exudates of plant roots (de
Vries & Caruso, 2016). While studies on decomposition and turn-
over of plant litter in the soil mostly focused on aboveground litter,
the turnover of roots is increasingly recognized (Mommer
et al., 2015; Liu et al., 2019; Su & Xu, 2021) since large parts of
plant-derived carbon, especially in grasslands, are allocated below-
ground (Mokany et al., 2006; Poorter et al., 2012). Plants at the
‘fast’ end of the conservation gradient are generally associated with
faster rates of production and decomposition, suggesting a more
rapid breakdown of ‘fast’ above- and belowground plant litter
compared with ‘slow’ species (Wardle, 2004). Decomposition of
root material has been shown to increase with high relative root
nitrogen content (Vivanco & Austin, 2006; Zhang et al., 2008;
Prieto et al., 2016), while it decreases with high lignin content and
therefore higher C : N ratio (Silver & Miya, 2001; Freschet
et al., 2012; Smith et al., 2014). However, studies that investigated
the correlation of root decomposition with individual traits of the
collaboration gradient (SRL or RD) have been inconclusive so far
(Hobbie et al., 2010; Guerrero-Ram�ırez et al., 2016; Jo
et al., 2016; Prieto et al., 2016; Jiang et al., 2021). Rhizodeposi-
tion, which includes root exudates and all other root-derived car-
bon (Oburger & Jones, 2018), is an additional key carbon source
for saprotrophic fungi in the rhizosphere (Nguyen, 2003; Jones
et al., 2009). Compared with overall plant litter, rhizodeposits are
largely easier to digest and therefore a more easily available source
of carbon for rhizosphere fungi (Paterson, 2003). Previous research
suggests that rhizodeposition increases in plants with a ‘fast’ acqui-
sitive strategy (e.g. Guyonnet et al., 2018), but its link with the col-
laboration axis is less clear (Wen et al., 2019; Meier et al., 2020;
Han et al., 2022; Williams et al., 2022). Taken together, if the
RES is a major driver of fungal community composition, we expect
saprotrophic fungi to be most abundant in the rhizosphere of
plants with ‘fast’ compared with ‘slow’ roots due to the effects of
above- and belowground litter quantity and quality, and poten-
tially increased rhizodeposition. Because the change in litter quality
along the conservation axis requires fungal species with different
decay capabilities, it is likely that the saprotroph fungal community
composition is linked to the conservation axis (Francioli
et al., 2021). We further expect that the ratio of opportunistic
Ascomycota to more specialized lignin-decomposing Basidiomy-
cota (Dix & Webster, 1995) increases in the rhizosphere of plants
with a more acquisitive strategy along the conservation axis due to
lower complexity of the litter.

Following the idea of the collaboration gradient, we expect
that arbuscular mycorrhizal fungi (AMF) are less abundant in the
rhizosphere of plants with thin (‘DIY’) compared with thicker
‘outsourcing’ roots. Arbuscular mycorrhizal colonization rate is
correlated with a high root diameter, because thicker roots have
fractionally more cortical tissue where AMF are located (Brun-
drett, 2002; Kong et al., 2014). Taken together, we expect higher

Fig. 1 Hypothesized changes in fungal guild relative abundance along the
root economics space (RES). The RES is depicted as the two main axes of
root trait variation (gray arrows). The collaboration gradient ranges from
an ‘outsourcing’ to a ‘DIY’ approach of nutrient uptake; the conservation
gradient distinguishes ‘fast’ and ‘slow’ plant and root strategies (Bergmann
et al., 2020). Colored arrows depict the hypothesized correlation and
relative abundance of fungal guilds to the axes of the RES. AMF,
arbuscular mycorrhizal fungi; RD, root diameter; RN, root nitrogen; RTD,
root tissue density; SRL, specific root length.
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relative AMF abundance toward the ‘outsourcing’ side of the col-
laboration axis. Accordingly, the community composition of
AMF should be correlated with the collaboration, rather than
with the conservation axis.

Plant pathogens include fungal species that derive their carbon
from living plants and cause negative impacts on the host plant.
Pathogenic fungi in the rhizosphere interfere with primary plant
defense and employ a variety of strategies for invading plant
roots (Agrios, 2005; Doehlemann et al., 2017). Plant defense
mechanisms against pathogenic fungi include reduced palatabil-
ity, for example through increased root toughness and reduced
relative nitrogen content, as well as production of secondary
compounds (Freschet et al., 2021). According to the growth–
defense trade-off, plants with a ‘fast’ growth strategy should be
less defended against herbivores and pathogens (Coley
et al., 1985). This suggests that plants with root traits on the
‘fast’ end of the conservation gradient could have a higher abun-
dance of pathogenic fungi in the rhizosphere. However, this has
rarely been tested belowground and is often focused on (arthro-
pod) herbivory rather than pathogens (but see Lemmermeyer
et al., 2015; Semchenko et al., 2018). Furthermore, it is unclear
whether tissue density has similar effects on pathogen infection
as it does on herbivory (Sattler & Funnell-Harris, 2013). On the
contrary, mycorrhizal colonization by AMF was shown to pro-
vide some protection against pathogens and improve plant dis-
ease resistance (Dehne, 1982; Smith, 1988; Hooker et al., 1994;
Newsham et al., 1995b; Whipps, 2004; Powell et al., 2009). As
an example, AMF are known to increase the jasmonic acid path-
way, enabling plants to respond rapidly to pathogen attacks
(Pozo & Azc�on-Aguilar, 2007; Jung et al., 2012; Cameron
et al., 2013). While the mechanisms of AMF protection against
antagonists are not completely resolved, we expect the previously
demonstrated protective function to lead to lower relative patho-
gen abundance and diversity toward the ‘outsourcing’ end of the
collaboration axis, where AMF should be more abundant.
Detailed descriptions and references of the expected relationship
between RES axes and relative abundance of fungal guilds can be
found in Table 1. Although we have no strong prediction for the
species richness within guilds, we expect that increasing relative
abundance of a guild may also lead to an increase in the number
of species of the respective guild.

Previous studies that linked plant traits in general with the
abundance of fungal guilds, such as saprotrophs, pathogens and
AMF, have found mixed results (Eissenstat et al., 2015; Leff
et al., 2018; Semchenko et al., 2018). Lozano et al. (2021) have
shown that root traits could explain shifts in fungal commu-
nities in response to drought. To our knowledge, the only study
that specifically assessed the relationships between the root traits
of the RES on fungal communities was performed in a pot
experiment of individual seedlings and has found strong effects
(Sweeney et al., 2021). The authors could show that the propor-
tion and diversity of most guilds, as well as their community
composition, were affected by root traits. Previous studies sug-
gested that soil microorganisms respond to changes in commu-
nity composition with a time lag (Habekost et al., 2008;
Eisenhauer et al., 2012). We therefore expect that relationship

between root trait axes and the fungal guilds will strengthen
over time.

Expanding on these previous findings, in this study we test the
links of the two axes of the RES to the main rhizosphere fungal
guilds in a Central European grassland experiment. We
sequenced soilborne fungal communities of rhizosphere soil in
monocultures of 25 plant species of two different ages (4 and
18 yr) of the Jena Experiment. In addition, we measured root
traits on individual plants. In order to link the RES to soil
fungal communities, we investigated three fungal measures: (1)
the relative abundance of fungal guilds (i.e. changes in guild pro-
portion), (2) the fungal diversity within guilds and (3) the fungal
community composition, among and within guilds. The differ-
ence in plot age further allows us to evaluate whether the relation-
ship between root trait axes and fungal community changed
over time.

Materials and Methods

Study site

The study was conducted at the Jena Experiment. This large-scale
long-term biodiversity experiment is located on a former arable
field in the floodplain of the river Saale 51°N, 11°E, 135 m above
sea level (Roscher et al., 2004). We used monoculture plots estab-
lished in 2002. The plots are not fertilized and are mown twice a
year with the plant material being removed. The initial size of the
plots was 3.59 3.5 m but was reduced to 19 1 m in 2009. To
maintain the sown species composition, the communities are
weeded manually two to three times per year in spring, summer
and autumn (Weisser et al., 2017). In addition to the plots estab-
lished in 2002, a new set of 19 1 m monocultures was sown in
2016, using the seeds from the same seed supplier (Vogel
et al., 2019). These plots contain soil from the same origin as was
used in 2002, but with an additional legacy of 14 yr of agricul-
tural use and excluding soil and plant history of the old plots.
Due to these differences, we do not aim to compare the differ-
ences between the old and young plots, but investigate whether
RES patterns are present in the two groups. All plots (old and
young) are located in a single field site, grouped in four experi-
mental blocks parallel to the Saale River.

Sampling design and soil collection

Between 18 May and 5 June 2020, we took soil cores (5 cm
diameter, 10 cm depth) of three to five plant individuals of 25
plant species in old and young monoculture plots of the Jena
Experiment. The aboveground plant was cut at 1 cm from
ground level, and the soil core was taken with the remaining
plant stump in the middle of the core. The full list of plant spe-
cies can be found in the Supporting Information Table S1. The
soil cores were kept at 4°C after sampling until further prepara-
tion (maximum 24 h after sampling). The soil cores were shaken
by hand and the loose soil discarded to remove the nonroot-
associated soil. After this, the soil cores consisted of the root
system and attached soil, of which a pooled sample at plot level
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was collected for the DNA extraction. Following previous stu-
dies, we considered this as rhizosphere soil (e.g. Smiley, 1974;
Courchesne & Gobran, 1997; Ding et al., 2019). This soil was
frozen to �20°C immediately.

Root trait measurements

After the removal of some soil by shaking the core, the root sys-
tem with the remaining attached soil was soaked in water for
c. 15 min and then repeatedly rinsed with tap water over a sieve
and cleaned with forceps until it was free of soil particles and deb-
ris. The roots attached to the remaining stump of the core plant
were carefully separated and pooled for all individuals per plot,
and roots with a diameter larger than 2 mm were discarded.
Remaining fine roots were scanned and measured using an Epson
Expression 11000XL (Epson, Tokyo, Japan) flatbed scanner at

600 dpi and the software WINRHIZO (Regent Instruments Inc.,
Quebec City, QC, Canada) to determine root length and root
diameter. The scanned roots were weighed, dried (48 h at 70°C)
and weighed for dry mass. We calculated specific root length
(SRL, root length : dry mass) and root dry matter content
(RDMC, root dry mass : root fresh mass). RDMC was used as a
proxy for RTD, as previous studies have shown a close correla-
tion (Birouste et al., 2014). To quantify relative root nitrogen
content, a subset of roots was freeze-dried and ground using a zir-
conium kit in a ball mill (MM400; Retsch, Haan, Germany).
After milling, the samples were freeze-dried again, and we mea-
sured near-infrared spectra (NIR) in the range of 12 489–
3594 cm�1 (809–2782 nm) at 8 cm�1 resolution in transmission
mode (Multi-Purpose FT-NIR-Analyzer; Bruker Corp. Billerica,
MA, USA). Transmission was converted to absorbance as
log10(1/Transmission). We measured five replicates per sample

Table 1 Expected effects and hypothesized or demonstrated mechanisms of the RES axes on the abundance of main rhizosphere fungal guilds.

(+)/(�)
Expected
strength of effect Rationale Selected references

Saprotroph relative abundance
Collaboration
‘Outsourcing’ (high RD,
low SRL)

(+)/(�) Low Changes in exudation/rhizodeposition rate
(both directions previously reported)

Ryan et al. (2012); Wen et al. (2019);
Williams et al. (2022)

Conservation
‘Fast’ (high RN, low RTD) (+) High Increased litter production due to short

lifespan of roots and higher productivity
Jackson et al. (1996); Ryser (1996);
McCormack et al. (2015)

Lower complexity of litter Coley et al. (1985); Wardle (2004);
Bardgett (2017)

Higher exudation/rhizodeposition rate Ka�stovsk�a et al. (2015); Guyonnet
et al. (2018); Henneron et al. (2020b); Sun
et al. (2021); Williams et al. (2022); Wen
et al. (2022)

AMF relative abundance
Collaboration
‘Outsourcing’ (high RD,
low SRL)

(+) High Larger parenchyma cortex increases root
colonization rate that should also increase
AMF abundance in the rhizosphere

Ryan et al. (2012); Wen et al. (2019);
Williams et al. (2022)

Conservation
‘Fast’ (high RN, low RTD) (�) Low Shorter lifespan of roots could reduce

chances of colonization
Semchenko et al. (2018)

Pathogen relative abundance
Collaboration
‘Outsourcing’ (high RD,
low SRL)

(�) High Direct or indirect plant protection by AMF,
e.g. through induction of defense

Dehne (1982); Smith (1988); Hooker
et al. (1994); Newsham et al. (1995a,b);
Whipps (2004); Pozo & Azc�on-Aguilar
(2007); Powell et al. (2009); Jung
et al. (2012); Cameron et al. (2013)

Increased nutritional status could reduce
susceptibility to pathogen attacks

Linderman (1994); Azc�on-Aguilar &
Barea (1996)

Fewer infection sites in the root (due to
lower relative surface area) and
competition for space with AMF inside the
root

Linderman (1994); Traquair (1995); Cordier
et al. (1996); Smith & Read (2008); Lalibert�e
et al. (2015)

Conservation
‘Fast’ (high RN, low RTD) (+) Medium Lower investments in defense mechanisms

and compounds (‘growth–defense trade-
off’), decreased mechanical resistance,
decreased root lifespan

Coley et al. (1985); Simms & Rausher (1987);
Herms & Mattson (1992); Ryser (1996);
Miedes et al. (2014); Semchenko
et al. (2018)

RD, root diameter; RN, root nitrogen; RTD, root tissue density; SRL, specific root length.
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and shook the sample in between to account for spectral variabil-
ity within a sample. For 75% of the samples, we quantified rela-
tive nitrogen content using an elemental analyzer (Elementar
vario el II, Hanau, Germany). Mean trait values per plant func-
tional group can be found in Table S2. To quantify the mycor-
rhizal colonization rate, we washed a subset of roots of each
sample, incubated the roots at 95°C in 10% KOH for 10 min
and washed again. We used acidic ink solution (5% acetic acid,
5% pelican blue ink) for staining and 20% acetic acid for destain-
ing for 15 min at 75°C (Vierheilig et al., 1998). This process was
repeated twice, and the roots were put on microscopy slides in
glycerin. We then assessed the mycorrhizal colonization rate with
a digital microscope at 9200 magnification (Keyence VHX,
Osaka, Japan) using the scoring system described by Trouvelot
et al. (1986) on 73–140 images.

Fungal amplicon sequencing

Genomic DNA was extracted from 0.4 g of thawed and homoge-
nized rhizosphere soil using DNeasy PowerSoil Kit (Qiagen) fol-
lowing the manufacturer’s instructions. DNA content was
measured with a NanoDrop 2000c spectrophotometer (Thermo
Fisher Scientific, Dreieich, Germany), and the extracted DNA
was stored at �20°C. The internal transcribed spacer (ITS)
region 2 was amplified using ITS4 and ITS7:ITS7o primers
(White et al., 1990; Ihrmark et al., 2012; Kohout et al., 2014).
Doing this, not all fungi are covered equally well and there is
some amplification bias against AMF (Tedersoo et al., 2015).
However, previous studies have shown that the AMF richness
and community composition data from ITS2 sequencing can
yield similar responses as the more AMF-specific 18S approach
(Berruti et al., 2017; Lekberg et al., 2018) and that it is therefore
appropriate to compare AMF communities within one dataset
from similar locations.

Each sample was amplified using 7.5 ll KAPA HiFi HotStart
ReadyMix Polymerase (Roche) and 0.3 ll of each primer and
1 ll of template in 15 ll reaction. The template contained DNA
extract with an adjusted concentration of 10 ng ll�1. PCR condi-
tions were as follows: 3 min at 95°C, followed by 30 cycles of
95°C for 20 s, 56°C for 20 s and 72°C for 20 s, with a final
extension of 72°C for 5 min. Amplification of each reaction was
checked by electrophoresis in a 1.5% agarose gel with ethidium
bromide staining and three positive PCR products were pooled.
Thirty microliter amplicons were purified with AMPure XP
beads (Beckman Coulter, Krefeld, Germany) and the Illumina
index and sequencing adapters were added by PCR using a Nex-
tera XT Illumina Index Kit (Illumina Inc., San Diego, CA,
USA). Finally, library quantification was done using a Nanodrop
spectrophotometer and samples were pooled to equal molarity.
The paired-end sequencing of 29 300 bp was performed using a
MiSeq Reagent Kit v.3 on an Illumina MiSeq System at the
Department of Soil Ecology of the Helmholtz-Centre for Envir-
onmental Research (UFZ, Halle/Saale, Germany).

Sequence read processing was performed using the snakemake
implementation dadasnake (Weißbecker et al., 2020) of the
DADA2 pipeline (Callahan et al., 2016). In short, sequences

of the primers were trimmed from the raw reads using CUTA-

DAPT (Martin, 2011). The reads were quality-trimmed with a
minimum length of 40 bp, truncation of reads at positions with
a PHRED score below 15, and discarding reads with a higher
expected error than 2 (Callahan et al., 2016). Exact sequence
variants (Amplicon Sequence Variants, ASVs) were determined,
read pairs with a minimum overlap of 20 bp and a maximum of
two mismatches were merged, and filtered for chimeras using
DADA2’s ‘consensus’ algorithm. The MOTHUR (Schloss
et al., 2009) implementation of the Bayesian classifier was used
for taxonomic classification against the UNITE v.8.2 database,
followed by BLASTN against the NCBI ITS sequence database in
case of missing classification from MOTHUR, and nonfungal
ASVs, as well as singletons, were discarded. Rarefaction curves
showed sufficient coverage of ASV richness across samples
(Fig. S1). We then assigned ASVs to putative fungal guilds
based on their taxonomic annotation and the FUNGALTRAITS

database (P~olme et al., 2021). For analyses of fungal alpha-
diversity, we rarefied the dataset to account for any possible
effect of sequencing depth on ASV richness.

Statistical analysis

Data analyses were performed using R v.4.2.2 (R Core
Team, 2022) and appropriate packages. We performed a princi-
pal component analysis (PCA) based on the root traits RD, SRL,
RN and RDMC with varimax rotation using the package PSYCH

(Revelle, 2022). The rotation was used to increase interpretability
by aligning variables and components. The rotated components
(RC) 1 and 2 of the varimax-rotated PCA clearly reflected the
main axes of the RES (Fig. 2), namely the collaboration and con-
servation axes. As we aimed for a holistic view on the species and
there was no distinct differentiation of species in the RES
depending on plot age, we did not separate PCAs. Therefore, in
subsequent analyses, the scores of the first and second axis were
used to test the effects of the collaboration and conservation axis
on the fungal communities.

Fungal abundance and taxonomy, as well as trait data, were
kept in a PHYLOSEQ object (McMurdie & Holmes, 2013) and fil-
tered for ASVs that are annotated with only a single lifestyle in
FUNGALTRAITS to exclude ASVs that can switch between guilds or
have multiple guild annotations on genus level. Exceptions to this
were saprotrophic fungal ASVs that had multiple categorizations
with all of them being a type of saprotrophic lifestyle and plant
pathogens being secondary classified as ‘root-associated’. We clas-
sified all sequences belonging to the phylum Glomeromycota as
AMF. The exclusion of ASV with multiple guild annotations
reduces the number of sequences that our conclusions are based
on but increases the robustness of our analyses and can be
regarded as a conservative approach to classification. For analyses
of saprotroph diversity and relative abundance, we summed up
read numbers of ASVs of the guilds litter saprotroph, soil sapro-
troph, wood saprotroph and unspecified saprotroph as given by
the functional classification based on the FUNGALTRAITS database.
While these saprotrophic guilds differ in their ecology, we analyze
them together as we expect similar effects on all subgroups, as
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their main substrates are all likely to change in quality (and quan-
tity) along, especially the conservation axis.

We calculated Shannon diversity across all guilds and sepa-
rately within the three relevant fungal guilds (saprotrophs,
AMF and plant pathogens). We tested the effect of the two
rotated components on fungal Shannon diversity using a linear
mixed-effect model with the RC1 and RC2 as the fixed effect
and the experimental block as random term to account for
spatial effects of the field site. Separate models were used for
young and old plots because they differ in conditioning time
for the plant communities and therefore possibly also in direc-
tions or strength of root trait effects on the fungal commu-
nity. The mixed models were built using package LME4 (Bates
et al., 2015) and tested for significance using ANOVA with
type III sum-of-squares as implemented in LMERTEST (Kuznet-
sova et al., 2017). For analyses of guild abundance, we con-
verted the absolute number of reads per guild per sample to
the abundances relative to the total number of reads that
could be assigned to a single guild in the sample. This relative
abundance was then used as a dependent variable in a mixed
model with the same structure of fixed and random terms as
described above. To meet the model assumption of normal
distribution of residuals, relative abundance values were log-
transformed.

To analyze how well the PCA axes predict fungal community
composition, we Hellinger-transformed ASV read numbers

(Legendre & Gallagher, 2001), and calculated pairwise Bray–
Curtis dissimilarities. To test how fungal community
composition is influenced by the two PCA axes, we used partial
distance-based redundancy analysis (db-RDA) on the dissimilar-
ity matrix as implemented in the capscale function of the package
VEGAN (Oksanen et al., 2022). Effects of experimental block were
controlled for and the RDA then constrained by the RC scores
for the collaboration axis and the conservation axis of root traits.
This was done separately for young and old plots, as community
composition differed between plot ages (Fig. S2), and for the
overall fungal community and individual subsets of only sapro-
trophic, arbuscular mycorrhizal and plant pathogenic ASVs. We
tested the significance of the RDA’s RC1 and RC2 using the ano-
va.cca command with 9999 permutations and type III sum of
squares. For visualization, we fitted only the significant root trait
axes on the ordination plots using a generalized additive model as
implemented in the ordisurf function in VEGAN (Oksanen
et al., 2022). Unconstrained PCoA ordination plots can be found
in Fig. S3.

Because the taxonomic and functional annotation rate and
therefore the subset of the fungal community that we analyze
differs between samples, we ran additional analyses to test
whether the correlations between root traits and the fungal
communities differ when controlling for the annotation rate.
For this, we included the annotation rate as a random term in
the linear mixed models of fungal diversity and relative abun-
dance and included it as a second conditioning variable in the
db-RDA.

To identify which fungal genera responded most strongly to
the root trait gradients, we tested for differential abundance
using DESEQ2 (Love et al., 2014) with the ZINB-WaVE exten-
sion (Risso et al., 2018). The zero-inflated negative binomial
model accounts for the high number of zeros in the abundance
matrix. Abundances of ASVs belonging to a single guild (using
the same criteria as described above) were aggregated at genus
level and genera with a prevalence of < 20% (within one plot
age) were excluded from the differential abundance analysis. For
Glomeromycota that could not be identified at genus level but
are considered arbuscular mycorrhizal, higher taxonomic level
assignments were included in the analyses. DESEQ2 was run
using Wald tests and the Benjamini–Hochberg adjustment for
P-values. Genera with adjusted P-values below 0.05 were
considered significant. Analyses were run separately for old and
young plots.

It is important to note that our statistical analyses are focused
on testing our hypotheses on the effect of the two gradients of the
RES, and we deliberately chose not to include other explaining
biotic or abiotic variables, such as soil texture, nutrient content or
plant functional group, for which the effect on fungal commu-
nities has been tested before (e.g. Lange et al., 2014; Francioli
et al., 2021). Furthermore, our approach is based on using root
traits as the predictor of soil fungal communities, but this rela-
tionship is not necessarily unidirectional as the fungal commu-
nity can also affect plant traits. As an example, root system
architecture can be modified by interaction with AMF or patho-
genic fungi (Hodge et al., 2009).

Fig. 2 Varimax-rotated principal component analysis biplot of root traits
measured in monocultures of our study. The collaboration gradient loads
on the first axis and explains most variation, while the conservation gradi-
ent loads mostly on the second axis. Points are color-coded for plot age.
RD, root diameter; RDMC, root dry matter content; RN, root nitrogen;
SRL, specific root length. RDMC was used as a proxy for root tissue
density.
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Results

Root traits

The varimax-rotated PCA of the four root traits (RD, SRL, RN
and RDMC) of 25 plant species growing in monoculture showed
that the first axis explained 45% and the second axis explained
32% of the total variation in root traits. Along the first axis, RD
and SRL were negatively correlated, while RN and RDMC were
negatively correlated along the second axis (Fig. 2). Mycorrhizal
colonization rate was significantly correlated with the first axis in
young plots monocultures (Pearson’s r(23) = 0.52, P = 0.008), but
not in old plots (Pearson’s r(23) = 0.30, P = 0.15; Fig. S4). The
root traits of the RES, however, did not differ significantly
between young and old plots (Fig. S5).

Fungal community

Our quality-filtered dataset consisted of 4741 028 fungal
sequence reads, with a mean of 94 821 reads per sample (mini-
mum 55 826; maximum 119 915 reads per sample), that were
grouped into 5466 ASVs. Of all sequence reads that could be
assigned to a phylum, most belonged in the Ascomycota
(63.1%), followed by Basidiomycota (14.0%), Mortierellomy-
cota (10.5%), Chytridiomycota (2.6%) and Glomeromycota
(1.8%). 2283 ASVs (41.8%, corresponding to 54.2% of reads)
could be assigned to at least one guild from the FUNGALTRAITS

database (P~olme et al., 2021). 1620 ASVs (29.6%, corresponding
to 30.8% (�7.2% SD) of reads) are listed as belonging to only a
single guild (according to our classification described above),
which were then analyzed in more detail. Of these three guilds,
saprotrophs (which include soil saprotrophs, litter saprotrophs,
wood saprotrophs and unspecified saprotrophs) accounted for
the majority of reads (76.4%), followed by arbuscular mycorrhiza
(6.3%) and plant pathogens (2.1%).

Fungal guild richness and relative abundance of fungal
guilds

Neither in old nor young monocultures, the Shannon diversity of
total fungi or individual fungal guilds was significantly associated
with axes of the RES (Fig. S6; Table S3), except for the Shannon
diversity of fungal saprotrophs in young monocultures, which
increased significantly with ‘fast’ root traits along the conserva-
tion gradient (P = 0.037). Overall, fungal Shannon diversity was
significantly higher in old compared with young monocultures
(t-test P = 0.001; Fig. S7).

We found no significant effect of the collaboration and conser-
vation axis on the relative abundance of saprotrophic and plant
pathogenic fungi (Fig. S8; Table S3). AMF relative abundance
tended to decrease with ‘fast’ root traits in old plots (P = 0.070)
but was unaffected in young plots (Table S3). Our additional
analyses that included the taxonomic and functional annotation
rate showed no major changes in the strength or direction of
trait–fungal relationships (Table S4).

Fungal community composition

The overall fungal community composition in old monocultures
was significantly affected by the conservation gradient of the RES
(R2 = 0.078, P = 0.005, Table 2). When analyzing communities
of the separate fungal guilds, we found that the conservation axis
is strongly associated with the saprotrophic fungal community
composition (R2 = 0.087, P = 0.007) and marginally significantly
associated with the AMF community composition (R2 = 0.066,
P = 0.100) in old monocultures. The plant pathogenic commu-
nity was, however, affected by the collaboration gradient
(R2 = 0.113, P = 0.031) in old monocultures (Fig. 3). By con-
trast, we could not find any significant relationship between root
trait gradients and fungal community composition in young
monocultures (Table 2). Furthermore, the Basidiomycota :

Table 2 Results of the partial distance-based redundancy analysis of the overall fungal community and individual subsets of fungal saprotrophs, AMF and
plant pathogens constrained by the scores of the collaboration axis and the conservation axis of the varimax-rotated principal component analysis of root
traits.

Predictor df

Old monocultures Young monocultures

R2 F-value P-value R2 F-value P-value

Overall community
Collaboration gradient 1 0.051 0.976 0.557 0.060 1.144 0.228
Conservation gradient 1 0.078 1.475 0.005 0.052 0.985 0.489
Saprotroph community
Collaboration gradient 1 0.046 0.882 0.692 0.061 1.155 0.265
Conservation gradient 1 0.087 1.648 0.007 0.043 0.808 0.722
AMF community
Collaboration gradient 1 0.043 0.816 0.831 0.063 1.198 0.160
Conservation gradient 1 0.066 1.249 0.100 0.048 0.903 0.675
Pathogen community
Collaboration gradient 1 0.113 2.139 0.031 0.053 1.008 0.431
Conservation gradient 1 0.05 0.957 0.472 0.053 1.013 0.418

Analyses within a guild only include ASVs that are assigned to a single guild. We controlled for the effects of experimental block. The overall community
analysis includes all ASVs, independent of their guild or taxonomic classification. Statistically significant values are indicated in bold text. ASV, amplicon
sequence variants; df, degrees of freedom.
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Ascomycota ratio was not significantly correlated with the RES
axes (Fig. S9). The additional analyses that included the taxo-
nomic and functional annotation rate as a conditioning variable
showed similar results for relationships between saprotrophs and
pathogens with root trait gradients. Effects on overall fungal
community composition were weaker and not significant when
controlling for the annotation rate (Table S5).

The differential abundance analyses showed that in old mono-
cultures, 17 and 22 fungal genera differed significantly in abun-
dance along the collaboration axis and conservation axis,
respectively (Fig. 4). In young monocultures, there were only 8
and 11 genera differing along the collaboration axis and conserva-
tion axis, respectively. Overall, there was no clear trend for genera
of the same fungal guild to respond in the same direction: along
the ‘outsourcing’ strategy, for example in old monocultures, some
arbuscular mycorrhizal genera decreased (Ambispora) or increased
(Funneliformis and Rhizophagus), while the plant pathogenic
genus Coniella decreased and Neonectria increased in abundance
(Fig. 4a). Along the ‘fast’ strategy in old plots, the pathogenic
genera Coniella and Corynespora increased significantly (Fig. 4b).
Saprotrophic fungal genera were significantly affected in both
plot ages and along both trait axes but the highest proportion of
significantly abundant genera was found along the conservation
axis in old monocultures (Fig. 4b,c).

Discussion

We proposed and tested a conceptual framework that links the
two orthogonal RES axes to soil fungal communities. We showed
that the root trait variation in 25 grassland plant species growing
for several years in monoculture was consistent with the RES

(Bergmann et al., 2020). The RES did not strongly affect fungal
diversity and relative guild abundance but had a significant effect
on fungal community composition.

Trait relationships with fungal saprotrophs

While we hypothesized that the relative abundance and diversity
of fungal saprotrophs increases in the rhizosphere of plants with
trait expression toward the ‘fast’ end of the conservation gradient,
we could not confirm this hypothesis, as the expected relationship
was only found for the Shannon diversity in young plots. We did
find that saprotrophic fungal community composition is affected
by the conservation axis. Two of the main pathways in which
plants affect saprotrophic fungal communities are the production
of litter and rhizodeposition, providing quality and quantity
of the carbon input into the soil. In grasslands, primary produc-
tion and thus litter quantity (Mokany et al., 2008; Lavorel &
Grigulis, 2012), and rhizodeposition (Henneron et al., 2020a) is
expected to be higher in fast-growing species compared with
slow-growing species (Wardle, 2004). In addition, litter quality
also increases from slow to fast, because the short-lived and
‘cheaper’ plant structures lead to easily decomposable litter with
lower C : N ratio and lower tissue density (Wardle, 2002, 2004;
Bardgett, 2017). The weak association of the conservation gradi-
ent with saprotroph abundance and diversity might be related to
the diverging effects of litter amount and quality: while ‘fast’ spe-
cies produce more litter, ‘slow’ species produce more complex lit-
ter, which takes longer to break down (Wardle, 2004).
Therefore, divergent plant strategies might lead to equal effects
on saprotroph abundance and diversity and thus ultimately no
significant effect along the conservation trait gradient.

Fig. 3 Ordinations using partial distance-based redundancy analysis of the overall fungal community (a) and individual subsets of saprotrophs (b) and plant
pathogens (c) constrained by the scores of the collaboration axis and the conservation axis of the varimax-rotated principal component analysis of root
traits. Black arrows indicate significant, gray arrows indicate nonsignificant variables. Each point represents the fungal community (or the fungal community
within a guild) of one plot. Colored lines show fitted values for the collaboration or conservation axis from generalized additive models. Note the different
scales of the axes.
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The community composition showed a significant change in
the saprotrophic fungal community along the conservation gradi-
ent. This suggests that saprotrophic ASVs respond differently to
more conservative or more acquisitive root traits, resulting in spe-
cies turnover of saprotrophs along the conservation gradient. We
expected to see this also in the ratio of more opportunistic (Asco-
mycota) to more specialized lignin decomposers (Basidiomycota)
but found that this was not a driver of changes in saprotrophic
fungal community composition along the conservation gradient.
On genus level, however, we found varying responses to the trait
axes, with a higher proportion of genera affected by the conserva-
tion axis than the collaboration axis. Interestingly, genera within

the phylum Basidiomycota were overall less affected than Asco-
mycota in young plots compared with old plots. This could be
related to higher lignification rates with age of some roots, which
could lead to a larger range of litter quality in old compared with
young plots.

Trait relationships with arbuscular mycorrhizal fungi

We expected a strong correlation of the collaboration gradient
with AMF diversity, relative abundance and community compo-
sition, with higher richness and abundance at the ‘outsourcing’
trait expressions. While we, as well as previous studies

Fig. 4 Fungal genera that significantly changed in abundance along the root trait gradients. Log2 fold change (�SE) was calculated using DESEQ2 based on
a zero-inflated negative binomial distribution. A positive log2 fold change indicates an increased abundance of the genus in the rhizosphere of plants with
an ‘outsourcing’ strategy along the collaboration axis (a) or plants with a ‘fast’ strategy along the conservation axis of root traits (b). Proportion of differen-
tially abundant taxa of the total number of taxa per guild varies between plot ages and the root trait axes (c). Glomeromycota that were not identified at
the genus level are included with the note ‘u/i’ (unidentified) at the order level. All significantly differently abundant genera with a minimum prevalence of
20% were included in the analyses.
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(Brundrett, 2002; Ma et al., 2018), could show that the mycor-
rhizal colonization rate is correlated with root traits representing
the collaboration gradient, we could not show this for AMF rela-
tive abundance and diversity from our sequence analyses in the
rhizosphere samples. This could potentially be due to the fact
that mycorrhizal colonization (and DNA) in roots does not line-
arly scale to (hyphal) DNA content in the soil (Hart &
Reader, 2002; Olsson et al., 2010). Additionally, the weak results
for AMF may also arise from a lack of accurate diversity detection
due to our of primer selection (Lekberg et al., 2018). In contrast
to our results, Sweeney et al. (2021) found a strong positive cor-
relation between relative AMF abundance in the rhizosphere and
root diameter in temperate grassland plant species growing under
controlled conditions for 12 wk. Spitzer et al. (2021), however,
could also not show any relationships between root diameter and
relative AMF abundance. Instead, they found that root carbon
content (corresponding to a ‘slow’ plant strategy) strongly
increased AMF abundance in the soil of tundra plants in a glass-
house experiment over 12 wk. These differential findings between
root traits and AMF abundance in the rhizosphere might be
related to the different time scales and ecosystems of the studies
and warrant further research. Overall, our results suggest that the
effects of the collaboration gradient on the rhizosphere AMF
community are not straightforward and that the root mycorrhizal
colonization is not a strong predictor of the AMF community in
the rhizosphere.

Trait relationships with fungal pathogens

We hypothesized that plant pathogenic fungi respond to the
growth–defense trade-off along the conservation axis but more
strongly to antagonistic effects of AMF and should therefore also
link to the collaboration axis. Specifically, we expected lower rela-
tive abundance and diversity of pathogens in the rhizosphere of
plants at the ‘outsourcing’ end of the gradient. However, we
could not find this change in relative abundance and diversity of
pathogens in our sequences. Instead, we found the community
composition of pathogens to be affected by the collaboration axis.
As we could not find any significant changes in AMF commu-
nities in the rhizosphere, the change in the pathogenic
community composition is unlikely to be caused by effects of
AMF in the soil but could potentially still be related to effects of
mycorrhizal colonization or AMF communities in the root. This
speculation should be tested in follow-up work. The same was
found in the differential abundance analyses, showing that espe-
cially in old plots certain pathogenic taxa are affected by the colla-
boration gradient, but also conservation strategies, and are
replaced by other pathogens. Interestingly, some saprotrophic
and pathogenic genera show differential abundance along both
trait axes, for example the genus Coniella that increases in abun-
dance with ‘DIY’ and ‘fast’ root traits. Variation in the abun-
dance of fungal genera in the rhizosphere of plants with
functional strategies at the extreme ends of both trait gradients,
that is sample points in the far end corners of the PCA (Fig. 2),
likely underlies the significant relationships of fungal abundance
with both root trait axes. For pathogenic fungi, these results are

in line with our expectation that ‘DIY’ and ‘fast’ plant strategies
show the same direction of effects. For saprotrophic fungi, the
number of genera that are affected not only by the conservation
axis but also the collaboration axis is surprising and warrants
further research. The importance of the fungal guild community
composition for the individual plant cannot be assessed with our
data. Linking the correlation of root traits and the pathogenic
community with plant functioning in future studies would help
in exploring their ecological significance in natural communities.

As discussed in the previous section, the rhizosphere AMF
community did not follow the collaboration axis as hypothesized.
In spite of this, interactions between AMF and plant pathogens
in the roots are still plausible, as we found that mycorrhizal colo-
nization rate increased in roots of ‘outsourcing’ species. Proposed
mechanisms of AMF protection against pathogens include
improved nutrient acquisition of the plant leading to higher resis-
tance, competition between AMF and pathogens for photoassi-
milates of the plant, competition for space and colonization sites,
alterations in anatomical and morphological root traits, and sti-
mulation of soil biota that are antagonistic to pathogens
(Smith, 1988; Azc�on-Aguilar & Barea, 1996; Borowicz, 2001;
Sikes, 2010; Frew et al., 2022). The fact that we did not find
changes in diversity and relative abundance of pathogens suggests
that interactions between AMF in the root and pathogens in the
rhizosphere are either not very strong or the effect is not as uni-
versal as expected. Another explanation might be that protection
against pathogens is potentially more dependent on the mycor-
rhizal colonization within the root rather than the AMF commu-
nity in the rhizosphere, and collaboration with AMF could
therefore still reduce pathogen abundance in the root. However,
this hypothesis needs to be studied in the future. Furthermore,
while the richness and abundance of plant pathogens in our sam-
ples is similar to the results of other studies (Sweeney
et al., 2021), they are low compared with the other guilds and
effects therefore not as likely to be detected.

Given that we could not find trait effects on relative fungal guild
abundance, it is not surprising that richness within fungal guilds
was also not strongly affected. Since previous research has shown
that plant communities in general can be an important driver of
fungal diversity (e.g. Dassen et al., 2017), we expect that root trait–
fungal richness patterns on community level should be stronger in
mixed plant communities compared with monocultures. We could
only show root trait–fungi patterns in the 18-yr-old monocultures,
but not in the 4-yr-old monocultures. Previous studies have shown
a delayed response of soil microorganisms to changes in plant com-
munity composition (Bartelt-Ryser et al., 2005; Habekost
et al., 2008; Eisenhauer et al., 2010, 2012). We here show the same
for trait–fungal relationships (that potentially also underlie some of
the abovementioned relationships). Other studies – working with
much younger plants, that is 3 months (Spitzer et al., 2021;
Sweeney et al., 2021) did find effects of root traits on relative fungal
guild abundance and diversity. However, these studies investigated
plants in pots in a glasshouse with stable abiotic conditions. In the
field site of our experiment, the high variability in abiotic condi-
tions between experimental plots is known to also affect fungal
communities (de Vries et al., 2012; Lange et al., 2014; Dassen
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et al., 2017), which might outweigh any effects of root traits in our
younger plots.

Methodological considerations

In our exploratory investigations in monocultures, we used fungal
guilds as classified by the FUNGALTRAITS database (P~olme
et al., 2021). While the categorization of fungi in functional
guilds at genus level allows for a broad assessment of fungal com-
munity composition (Zanne et al., 2020), it also has some weak-
nesses. It is known that some fungal taxa can switch their
resource use and thus change the guild they belong to, or species
of the same genus can have very different functional roles (Selosse
et al., 2018). As an example, the differentially abundant genus
Septoriella is listed as a saprotroph in FUNGALTRAITS and is there-
fore considered as such in our analyses, but the genus nonetheless
contains pathogenic species (e.g. Septoriella hirta; Sprague, 1950).
To address such issues, further improvements in the quality of
functional databases are critical (Selosse et al., 2018). Our
approach to quantify relative guild abundance from sequence
reads requires all guilds to be sequenced together using the same
primer set. One of the drawbacks of the use of relative abun-
dances is the compositional nature of the data and the lack of
absolute measurements. While we could not show the hypothe-
sized shifts in the relative abundances of guilds along the RES
axes, quantitative measurements of absolute fungal (guild) abun-
dance should be considered in future studies on the role of root
traits and the RES on fungal communities.

Preliminary evaluation of framework

Our proposed framework aims to apply the RES to better under-
stand how plants and their traits shape soil fungal communities
and ultimately affect soil biodiversity and ecosystem functioning.
Using a case study of long-term monocultures, we could show that
in 18-yr-old plots, the community composition of the overall fun-
gal community, of the saprotrophic fungal community and in parts
also of the arbuscular mycorrhizal community respond to the con-
servation (‘fast – slow’) gradient, while the pathogenic fungal com-
munity composition in the rhizosphere was affected by the
collaboration gradient. These effects were not found in young 4-yr-
old monocultures of the same plant species. However, our study
provides little support for effects of the collaboration and conserva-
tion gradient on the relative abundance and diversity of the soil
fungal guilds so far. We are convinced that further applications of
our framework – including absolute abundances of fungal guilds
and spanning larger environmental gradients – will help to improve
our understanding of plant–fungal interactions in the soil and ulti-
mately shed more light on the effects of plant traits on soil func-
tioning.

Acknowledgements

We thank the technical staff of the Jena Experiment for their
work in maintaining the experimental field site and many student
helpers for weeding of the experimental plots and support during

measurements. We thank Franc�ois Buscot for the use of the
sequencing facilities at the Helmholtz-Centre for Environmental
Research (Halle/Saale) and Beatrix Schnabel for technical help
with sample preparation and sequencing. Data processing was
performed at the High-Performance Computing (HPC) Cluster
EVE, a joint effort of the Helmholtz Centre for Environmental
Research–UFZ and the German Centre for Integrative Biodiver-
sity Research (iDiv) Halle-Jena-Leipzig, and we thank Christian
Krause and the other administrators for excellent support. Mar-
kus Lange gratefully acknowledges funding from the Zwillen-
berg-Tietz Foundation. We acknowledge the support of iDiv
funded by the German Research Foundation (DFG–FZT 118,
202548816). The Jena Experiment is funded by the DFG (FOR
5000). Open Access funding enabled and organized by Projekt
DEAL.

Competing interests

None declared.

Author contributions

JH, JB, NE, CAG, AH-B, TWK, ML, LM and AW designed the
study. LB carried out the soil and root sampling. JH and LB mea-
sured root traits. CA measured mycorrhizal colonization rate.
MDS performed DNA extraction. JH and CA prepared and con-
ducted the sequencing. JH and AH-B processed the sequence
data. JH performed the data analysis and wrote the manuscript.
All authors contributed to the interpretation of the data and com-
mented on the manuscript.

ORCID

Cynthia Albracht https://orcid.org/0000-0002-8779-3749
Leonardo Bassi https://orcid.org/0000-0002-2604-8665
Joana Bergmann https://orcid.org/0000-0002-2008-4198
Nico Eisenhauer https://orcid.org/0000-0002-0371-6720
Carlos A. Guerra https://orcid.org/0000-0003-4917-2105
Anna Heintz-Buschart https://orcid.org/0000-0002-9780-
1933
Justus Hennecke https://orcid.org/0000-0002-6839-2333
Thomas W. Kuyper https://orcid.org/0000-0002-3896-4943
Markus Lange https://orcid.org/0000-0002-2802-9177
Liesje Mommer https://orcid.org/0000-0002-3775-0716
Marcel Dominik Solbach https://orcid.org/0000-0001-7073-
7428
Alexandra Weigelt https://orcid.org/0000-0001-6242-603X

Data availability

Root trait and fungal data produced in this study are available
online in the Jena Experiment database (doi: 10.25829/XJJM-
3D69; doi: 10.25829/2NG9-H416; doi: 10.25829/208Z-PN38;
doi: 10.25829/7ASR-PZ67). The Illumina sequence data
generated in this study are available in the NCBI Sequence Read
Archive (BioProject: PRJNA918982).

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

New Phytologist (2023)
www.newphytologist.com

New
Phytologist Research 11

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.19261 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [24/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-8779-3749
https://orcid.org/0000-0002-8779-3749
https://orcid.org/0000-0002-8779-3749
https://orcid.org/0000-0002-2604-8665
https://orcid.org/0000-0002-2604-8665
https://orcid.org/0000-0002-2604-8665
https://orcid.org/0000-0002-2008-4198
https://orcid.org/0000-0002-2008-4198
https://orcid.org/0000-0002-2008-4198
https://orcid.org/0000-0002-0371-6720
https://orcid.org/0000-0002-0371-6720
https://orcid.org/0000-0002-0371-6720
https://orcid.org/0000-0003-4917-2105
https://orcid.org/0000-0003-4917-2105
https://orcid.org/0000-0003-4917-2105
https://orcid.org/0000-0002-9780-1933
https://orcid.org/0000-0002-9780-1933
https://orcid.org/0000-0002-9780-1933
https://orcid.org/0000-0002-6839-2333
https://orcid.org/0000-0002-6839-2333
https://orcid.org/0000-0002-6839-2333
https://orcid.org/0000-0002-3896-4943
https://orcid.org/0000-0002-3896-4943
https://orcid.org/0000-0002-3896-4943
https://orcid.org/0000-0002-2802-9177
https://orcid.org/0000-0002-2802-9177
https://orcid.org/0000-0002-2802-9177
https://orcid.org/0000-0002-3775-0716
https://orcid.org/0000-0002-3775-0716
https://orcid.org/0000-0002-3775-0716
https://orcid.org/0000-0001-7073-7428
https://orcid.org/0000-0001-7073-7428
https://orcid.org/0000-0001-7073-7428
https://orcid.org/0000-0001-6242-603X
https://orcid.org/0000-0001-6242-603X
https://orcid.org/0000-0001-6242-603X
http://10.0.100.229/XJJM-3D69
http://10.0.100.229/XJJM-3D69
https://doi.org/10.25829/2NG9-H416
https://doi.org/10.25829/208Z-PN38
https://doi.org/10.25829/7ASR-PZ67
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA918982


References

Agrios GN. 2005. Plant pathology. Amsterdam, the Netherlands: Elsevier.

Ainsworth GC. 1976. Introduction to the history of mycology. Cambridge, UK:

Cambridge University Press.

Azc�on-Aguilar C, Barea JM. 1996. Arbuscular mycorrhizas and biological control

of soil-borne plant pathogens – an overview of the mechanisms involved.

Mycorrhiza 6: 457–464.
Bais HP, Weir TL, Perry LG, Gilroy S, Vivanco JM. 2006. The role of root

exudates in rhizosphere interactions with plants and other organisms. Annual
Review of Plant Biology 57: 233–266.

Bani A, Pioli S, Ventura M, Panzacchi P, Borruso L, Tognetti R, Tonon G,

Brusetti L. 2018. The role of microbial community in the decomposition of

leaf litter and deadwood. Applied Soil Ecology 126: 75–84.
Bardgett RD. 2017. Plant trait-based approaches for interrogating belowground

function. Biology and Environment: Proceedings of the Royal Irish Academy 117B:
1–13.

Bartelt-Ryser J, Joshi J, Schmid B, Brandl H, Balser T. 2005. Soil feedbacks of

plant diversity on soil microbial communities and subsequent plant growth.

Perspectives in Plant Ecology, Evolution and Systematics 7: 27–49.
Bates D, M€achler M, Bolker B, Walker S. 2015. Fitting linear mixed-effects

models using LME4. Journal of Statistical Software 67: 1–48.
Bergmann J, Weigelt A, van der Plas F, Laughlin DC, Kuyper TW, Guerrero-

Ramirez N, Valverde-Barrantes OJ, Bruelheide H, Freschet GT, Iversen CM

et al. 2020. The fungal collaboration gradient dominates the root economics

space in plants. Science Advances 6: eaba3756.
Berruti A, Desir�o A, Visentin S, Zecca O, Bonfante P. 2017. ITS fungal

barcoding primers versus 18S AMF-specific primers reveal similar AMF-based

diversity patterns in roots and soils of three mountain vineyards. Environmental
Microbiology Reports 9: 658–667.

Birouste M, Zamora-Ledezma E, Bossard C, P�erez-Ramos IM, Roumet C.

2014.Measurement of fine root tissue density: a comparison of three methods

reveals the potential of root dry matter content. Plant and Soil 374: 299–313.
Borowicz VA. 2001. Do arbuscular mycorrhizal fungi alter plant–pathogen
relations? Ecology 82: 3057–3068.

Brundrett MC. 2002. Coevolution of roots and mycorrhizas of land plants. New
Phytologist 154: 275–304.

Buzzard V, Michaletz ST, Deng Y, He Z, Ning D, Shen L, Tu Q, Van Nostrand

JD, Voordeckers JW, Wang J et al. 2019. Continental scale structuring of
forest and soil diversity via functional traits. Nature Ecology & Evolution 3:
1298–1308.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.

2016. DADA2: high-resolution sample inference from Illumina amplicon data.

Nature Methods 13: 581–583.
Cameron DD, Neal AL, van Wees SCM, Ton J. 2013.Mycorrhiza-induced

resistance: more than the sum of its parts? Trends in Plant Science 18: 539–545.
Cantarel AAM, Pommier T, Desclos-Theveniau M, Diqu�elou S, Dumont M,
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