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Abstract
1.	 Plant diversity can reduce the risk of plant disease, but positive, and neutral 

effects have also been reported. These contrasting relationships suggest that 
plant community composition, rather than diversity per se, affects disease risk. 
Here, we investigated how the diversity and composition of plant communities 
drive root-associated pathogen accumulation belowground.

2.	 In a temperate grassland biodiversity experiment, containing 16 plant species 
(forbs and grasses), we determined the abundance of root-associated fungal 
pathogens in individual plant species growing in monocultures and in four-
species mixtures through Illumina MiSeq amplicon sequencing.

3.	 In the plant monocultures, we identified three major fungal pathogens that dif-
fered in host range: Paraphoma chrysanthemicola, associated with roots of forb 
species of the Asteraceae family, Slopeiomyces cylindrosporus, associated with 
grass species, and Rhizoctonia solani, associated with multiple forb and grass spe-
cies. In mixtures, there was no significant reduction in relative abundance of 
these pathogens in their host species as compared to monocultures. However, in 
mixtures, there was a significant increase in relative abundance of each pathogen 
in several non-host and host plant species. Across mixtures, plant community 
composition affected pathogen relative abundance in individual plant species. 
This effect was driven by the presence of a particular neighbouring plant spe-
cies (depending on the pathogen), rather than functional group composition (i.e. 
grass/forb ratio) or averaged pathogen pressure (based on monocultures) of all 
neighbours. Specifically, the presence of neighbour host species Achillea millefo-
lium significantly increased P. chrysanthemicola, but decreased R. solani relative 
abundance in several host and non-host plant species in mixtures.

4.	 Synthesis. Our results indicate that interactions between different plant species—
both host and non-hosts—and fungal pathogens underlie the effects of plant 
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1  |  INTRODUC TION

Increasing concerns about biodiversity loss have raised aware-
ness that plant diversity positively affects ecosystem functioning 
(IPBES, 2019; Tilman, 2001). Numerous studies across grassland and 
forest ecosystems have established that plant diversity increases 
plant productivity (Barry et al., 2020; Cardinale et al., 2012). On av-
erage, plants in species-rich mixtures perform better than in mono-
culture. Initially, this positive effect of plant diversity was attributed 
to resource complementarity among plant species (Barry et al., 2019; 
Mueller et al., 2013), but several studies that manipulated soil biota 
have led to a paradigm shift in the field (van Ruijven et al., 2020). In 
experiments where soil was either sterilised (Hendriks et al., 2013; 
Schnitzer et al., 2011) or treated with fungicides (Maron et al., 2011), 
the positive effect of plant diversity on plant productivity disap-
peared, suggesting that fungal root pathogens play a role in the 
biodiversity–productivity relationship. It is hypothesised that the 
accumulation of fungal root pathogens at low plant diversity, which 
reduces plant productivity, is reduced at higher plant diversity. The 
reduction of pathogens with diversity, that is, ‘pathogen dilution’, 
has been observed across a broad range of host–pathogen sys-
tems (Keesing et al., 2006; Keesing & Ostfeld, 2021). For a patho-
gen specialised on a single host species, a reduced density of this 
host in more diverse communities often leads to pathogen dilution 
(Boudreau,  2013; Burdon & Chilvers,  1982; Collins et al.,  2020). 
However, many (fungal root) pathogens have multiple host species 
(Sarmiento et al., 2017; Semchenko et al., 2022). Pathogen dilution 
may still occur with generalist pathogens if (a) there is variation in 
host quality among host species and (b) pathogen transmission from 
‘high-quality’ hosts is reduced in more diverse communities (Hersh 
et al., 2012; Keesing & Ostfeld, 2021). In contrast, an increase in a 
generalist pathogen, that is, ‘pathogen amplification’, may occur if 
an increase in diversity includes the addition of high-quality hosts 
(Keesing et al., 2006). Consequently, pathogen accumulation in a di-
verse community will probably depend on both the host range of a 
pathogen and plant community composition, rather than on plant 
diversity per se.

Recent high-throughput sequencing studies in natural ecosys-
tems, such as grasslands and forests, have shown that plant com-
munity composition can affect fungal (pathogen) communities 
in soils (Delgado-Baquerizo et al.,  2018; Leff et al.,  2018; Makiola 
et al., 2022; Peay et al., 2013; Schmid et al., 2021). For example, com-
munities with a higher abundance of trees that prioritise root growth 
over defence against pathogens harboured a higher pathogen di-
versity in soils (Prada-Salcedo et al.,  2021). Furthermore, Heinen 
et al.  (2020) showed that relative abundance of a plant functional 
group (grasses), a common measure of plant community composi-
tion in diverse grasslands, was positively associated with the relative 
abundance of grass specialist fungal pathogens in bulk soil in mix-
tures of six plant species.

Yet, to understand the contribution of different plant species to 
the accumulation of individual fungal root pathogens in diverse com-
munities, it is necessary to know which plant species are colonised 
by which fungal pathogen species. A study comparing fungal root 
pathogens in a biodiversity experiment found that more than 50% 
of the pathogenic fungal operational taxonomic units (OTUs) found 
in plant monocultures was not observed in mixtures of eight plant 
species (Mommer et al.,  2018), consistent with pathogen dilution. 
However, the study of Mommer et al. (2018) focussed on the com-
position of pathogen communities in mixed root samples rather than 
on the abundance of individual fungal pathogen species in different 
plant species. The latter is needed to reveal the role of plant commu-
nity composition in the diversity–disease relationship.

Here we determined the relative abundance of root-associated 
fungal pathogens in individual plant species growing in monocul-
tures and mixtures of different combinations of four plant species 
in a 4-year-old grassland biodiversity experiment. We hypothesised 
that the composition of the neighbouring plant community, rather 
than plant diversity (i.e. plant species richness), determines the ac-
cumulation of root-associated pathogen species in plant species in 
mixtures as compared to monocultures. To test this, we investigated 
the accumulation of root-associated fungal pathogens in the roots of 
several individual plant species in plant monocultures and mixtures 
of different combinations of four plant species (Figure 1).

diversity on root pathogen abundance. Non-host species may act as pathogen 
reservoirs in diverse plant communities, as they harboured certain pathogens 
in mixtures, but not in monocultures. Additionally, particular host species can 
strongly affect pathogen abundance in other (host and non-host) plant species 
in plant mixtures, suggesting clear effects of species identity in the diversity–
disease relationship. Below-ground disease risk thus depends on plant commu-
nity composition rather than diversity per se, via specific interactions between 
plant species and their root-associated pathogens.

K E Y W O R D S
biodiversity ecosystem functioning, diversity–disease relationship, pathogen amplification, 
pathogen build-up, pathogen dilution, plant–soil (belowground) interactions, soil-borne 
pathogens
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2  |  MATERIAL S AND METHODS

2.1  |  Study site

A common garden experiment consisting of 198 plots was established 
in April 2014 at the experimental fields of Wageningen University, 
the Netherlands (51°99′N 5°66′E). To establish this experiment, the 
original field soil was removed to a depth of 80 cm, and replaced with 
pure river sand in the lower layer (50–80 cm depth) and with a mix-
ture of pure river sand and soil from an old field (3:1) in the upper 
50 cm layer (Bakker et al., 2016). Plots were created using wooden 
frames which were open at the bottom (l × b × h, 70 × 70 × 25 cm) 
that were pushed 22 cm into the soil. In this experiment, 16 grass-
land plant species were included, which were equally divided 
into two plant functional groups: the grasses Agrostis stolonifera, 
Anthoxanthum odoratum, Arrhenatherum elatius, Briza media, Festuca 
pratensis, Festuca rubra, Phleum pratense, Trisetum flavescens; and the 
forbs Achillea millefolium, Centaurea jacea, Galium mollugo, Leontodon 
hispidus, Leucanthemum vulgare, Prunella vulgaris, Ranunculus re-
pens and Sanguisorba officinalis. The experiment had three plant 
diversity levels, corresponding to plant species richness of 1, 4 or 
16 species. The 16 grassland species were grown in six replicated 
monocultures (96 plots), 4-species mixtures (90 plots, 45 different 
species compositions) and 16-species mixtures (12 plots; details in 
Bakker et al., 2016). The latter were not included in this study, be-
cause these did not differ in plant, and thus neighbour composition. 

In 2017, a drought treatment was applied to half of the plots (de-
tails in Bakker, 2018), which also affected the root-associated fungal 
pathogen community structure in monocultures immediately after 
the drought (Francioli et al., 2020). However, in root samples used in 
this study, collected 1 year after the drought treatment (see below), 
no difference in total or pathogen root-associated fungal community 
structure between drought and control monoculture plots could be 
detected (PERMANOVA: Total: F1,82  =  0.79, p  =  0.86; Pathogens: 
F1,82  =  0.76, p  =  0.71). Therefore, we did not include the drought 
treatment as a factor in our analysis.

2.2  |  Root sampling

In July 2018, we sampled roots from all 16 individual plant spe-
cies in monocultures and from 8 individual ‘focal’ plant species 
in 4-species mixtures (grasses A. odoratum, A. elatius, B. media, F. 
rubra; and forbs A. millefolium, C. jacea, L. hispidus and S. officinalis). 
Focal plant species were selected based on frequency in mixture 
plots at the moment of sampling: these eight species were present 
in at least 12 four-species mixture plots. In total, 246 root samples 
from 142 plots (91 samples from 91 monocultures and 155 sam-
ples from 51 four-species mixtures) were collected. Using a soil 
auger (4 cm diameter), three individual plants per species per plot 
were dug up until a depth of 10 cm from the edge of the plots to 
avoid disturbance of the inner biomass sampling area. Only fine 

F I G U R E  1  Overview of study approach investigating the accumulation of root-associated fungal pathogens in individual plant species. (a) 
First, effects of plant species identity and functional group (forb/grass) on pathogen accumulation were assessed in monocultures. Then, the 
effect of plant diversity (monocultures vs. 4-species mixtures) on pathogen accumulation in individual plant species was tested by comparing 
monocultures and 4-species mixtures. (b) Potential effects of plant community composition on pathogen accumulation in plant species were 
assessed by comparing mixtures of different combinations of four plant species. Three descriptors of plant community composition were 
tested: (i) functional group composition of neighbour species, (ii) mean pathogen pressure (x) of neighbour species (based on monoculture 
pathogen abundance of these neighbour species) or (iii) the presence of particular neighbour species.
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roots that were still attached to the shoot were collected. These 
were washed under running tap water and pooled per plant spe-
cies per plot. The pooled root samples were immediately stored at 
−20°C until molecular analysis.

2.3  |  Fungal amplicon sequencing

DNA was extracted from root samples using the DNeasy Plant 
Mini kit (Qiagen, Hilden, Germany). Fungal DNA amplification tar-
geted the rDNA ITS1 region using the ITS1F and ITS2 primer pair 
(White et al., 1990), following the protocol described in Mommer 
et al. (2018). The amplicons were sequenced on an Illumina MiSeq 
instrument with 2 × 300 bp kits at Plant Research International, 
Wageningen UR, Wageningen, the Netherlands. The raw reads 
were denoised and then clustered into amplicon sequence vari-
ants (ASVs) using the DADA2 pipeline (Callahan et al., 2016). ASVs 
were chosen over OTUs because they were found most effective 
for recovering the richness and composition of the root fungal 
community (Pauvert et al., 2019). In this study, we retained ASVs 
that were detected in at least two samples. A total of 5,494,497 
fungal ITS high-quality reads were recovered from all the samples, 
which clustered in 1204 fungal ASVs. Samples were rarefied to 
3058 reads, the minimum number of reads present in the sample 
with the lowest sequencing depth (three samples were excluded 
from further analysis as they showed a sequencing coverage 
<1000 reads). All sequences have been submitted to the European 
Nucleotide Archive (study accession number PRJEB49542). The 
taxonomic assignment of the ASVs was performed using the 
dynamic version of the developer's full-length ITS reference se-
quences of the UNITE database (version 8, 18.11.2018; Nilsson 
et al., 2019). In our dataset, Ascomycota was the most abundant 
phylum, comprising approximately 54% of the reads across all 
samples, followed by Basidiomycota (40%; Figure S1).

We used a two-step process to create a subset of ASVs repre-
senting potential root pathogens. First, we made a rough selection 
of ASVs classified as ‘highly probable’, ‘probable’ and ‘possible’ 
fungal pathogens using FUNGuild (Nguyen et al.,  2016). In the 
second step, we kept only ASVs that were identified at the species 
level and reported in the literature to be root pathogens, following 
the procedures described by Francioli et al.  (2020) and Mommer 
et al.  (2018). All subsequent analyses, except for pathogen com-
munity structure analyses, were performed using the sum of reads 
for ASVs with the same species-level identification, and our use 
of the term ‘species’ therefore refers to such grouping based on 
‘species hypotheses’ as assigned by comparisons with the UNITE 
database (Kõljalg et al., 2013; Nilsson et al., 2014), rather than to 
formal species concepts. Using this criterion, we selected the three 
most prevalent pathogen species in our dataset for all analyses: 
Rhizoctonia solani, Paraphoma chrysanthemicola and Slopeiomyces 
cylindrosporus (Table  S1). These were the only pathogen species 
present in a minimum of two monoculture plots of at least one 
plant species.

2.4  |  Statistical analysis

All statistical analyses were performed using R v.4.0.2 (R Core 
Team, 2020) with the aid of relevant packages.

2.4.1  |  Host range of root-associated fungal 
pathogen communities

To test for differences in root-associated fungal pathogen community 
structure across plant species, we compared the relative abundance of 
root-pathogenic fungi among the roots of the 16 plant species in mon-
ocultures. We used Bray–Curtis dissimilarities among root-associated 
fungal pathogen communities, calculated after a Hellinger transfor-
mation of ASV read abundances (Legendre & Gallagher,  2001), as a 
response variable in PERMANOVA (Anderson, 2001; adonis function, 
vegan package; Oksanen et al.,  2020) models, including plant func-
tional group (grass or forb) and plant species identity as explanatory 
variables. As PERMANOVA may be sensitive to unbalanced designs 
and heterogeneity of variance (i.e. distance to group centroids, calcu-
lated using the betadisper function of vegan, Table S2), we used the 
Wd*-test as available in the MicEco package of r (Russel, 2021), which 
is robust to heterogeneous dispersion and unbalanced designs (Hamidi 
et al., 2019), to validate the PERMANOVA results (Alekseyenko, 2016; 
Anderson & Walsh, 2013). We visualised differences in root-associated 
fungal pathogen communities across plant species and plant func-
tional groups with a principal coordinates analysis-based ordination.

In this study, we use significant differences in the relative abundance 
of pathogens in monocultures to define their host range. Based on the 
assumption that plant species with a high relative abundance of a patho-
gen can sustain growth of this pathogen, we considered plant species 
(or plant functional groups) with a significantly higher relative abundance 
than other species to be ‘hosts’. All other species were assumed to be 
‘non-hosts’ for the respective pathogen. Throughout the text, ‘non-hosts’ 
refer to these presumed non-host species, based on the pathogen as-
sociations in monocultures and literature research, even if some of the 
presumed non-hosts had positive pathogen abundances when growing 
in mixtures. To identify the distribution of the different pathogen species 
in monocultures, we first tested whether there was a phylogenetic signal 
in pathogen prevalence (% of plots where the pathogen was present) and 
median relative abundance using Blomberg's K (Blomberg et al., 2003), 
determined with the multiPhylosignal function, in the picante package 
(Kembel et al.,  2010). This analysis was based on the plant phyloge-
netic tree obtained from the Daphne phylogenetic database (Durka & 
Michalski, 2012) as in Francioli et al. (2020). Second, we tested whether 
plant functional group and plant species identity affected relative abun-
dances of each of the pathogens in monoculture, using separate factorial 
generalised linear models (GLMs) with negative binomial errors for each 
pathogen. As a first step, we used a model with plant functional group 
as fixed factor. To better understand the effect of plant species identity 
within/beyond plant functional group, we then used a follow-up model 
with plant species identity as fixed factor. If plant functional group signifi-
cantly affected pathogen relative abundance, we applied this follow-up 
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model to each plant functional group separately. These GLMs were fitted 
using the glm.nb function (mass package; Venables & Ripley, 2002). Post-
hoc pairwise comparisons were conducted with Tukey HSD tests in the 
multcomp package (ghlt function; Hothorn, Bretz, & Westfall, 2008) with 
Holm–Bonferroni adjustment for multiple comparisons.

2.4.2  |  Effects of plant diversity on root-associated 
fungal pathogen communities

To assess the effects of plant richness on root-associated fungal 
pathogen community structure, we compared samples from the eight 
focal species growing in monoculture and in 4-species mixtures. We 
used the same methods as described above for community structure 
in monocultures, but added plant diversity and its two-way interac-
tions with both plant functional group and plant species identity as 
additional independent variables to our model. For those independent 
variables that showed significant effects in the PERMANOVA analy-
sis, we compared treatment groups with pairwise PERMANOVA com-
parisons with Holm–Bonferroni adjustment for multiple comparisons 
(pairwise_adonis function, ranacapa package; Kandlikar, 2020).

To assess whether the three most abundant pathogens in mono-
culture were amplified or diluted in the eight focal plant species in 
mixtures compared to monocultures, we tested whether plant diver-
sity, plant functional group and plant species identity had an effect 
on the relative abundance of each of the pathogens, using separate 
factorial GLMs with negative binomial errors for each pathogen. We 
first constructed a model with plant diversity and plant functional 
group and their interaction as fixed factors. To better understand 
the effect of plant species identity and plant diversity within/beyond 
plant functional group, we then used a follow-up model with plant 
diversity and plant species identity and their interaction as fixed fac-
tors. If plant functional group significantly affected pathogen rela-
tive abundance, we applied this follow-up model to each focal plant 
functional group separately. These GLMs were fitted using the glm.
nb function, except when there was complete separation in the data 
(i.e. when all samples of a factor level have 0 reads of a pathogen and 
there is thus no variation to estimate), in which case we used bias re-
duction methods (mean bias reduction for the regression parameters 
and median bias reduction for the dispersion parameter; negative 
binomial regression with logarithmic link function and the inverse 
transformation for the dispersion parameter) using the brnb func-
tion in the brglm2 package (Kosmidis, 2021) as described in Kenne 
Pagui et al. (2022). Post-hoc pairwise comparisons were conducted 
with Tukey HSD tests in the multcomp package (ghlt function) with 
Holm–Bonferroni adjustment for multiple comparisons.

2.4.3  |  Effects of plant community composition 
in mixtures

We refer to ‘neighbour plant species’ as the three plant species 
other than a focal species in a plot. We tested the following three 

descriptors of plant community composition as potential predictors 
of fungal root pathogen accumulation in the eight focal plant species 
in mixtures (Figure 1b):

1.	 neighbour functional group ratio: percentage of neighbour plant 
species in the plot of the same (‘own’) functional group as the 
focal plant species (continuous predictor).

2.	 mean pathogen pressure of neighbour species: based on mono-
culture pathogen abundance of these neighbour plant species 
(continuous predictor).

3.	 presence of particular neighbour species: presence of a neigh-
bour plant species in a plot as a fixed factor (binary predictor) for 
each neighbour plant species in forward model selection (stepAIC 
function). Only neighbour plant species that were present in at 
least three plots with the focal plant species were included in the 
model selection. We then assessed whether the neighbour plant 
species that were included as predictors in the final model sig-
nificantly affected pathogen abundance in the focal plant species 
through likelihood ratio tests with resampling (manyglm function).

For each descriptor, we separately performed our analyses based 
on neighbour plant species as they were planted (i.e. always three 
neighbour plant species, presented in supplemental Figures S4, S6, 
S8, S10, S12, S14) and on neighbour plant species that were still 
present in a plot at the moment of sampling (i.e. 4 years after the 
initial establishment). The impact of ‘as planted’ vs ‘remaining’ neigh-
bour species analyses on the results was negligible. We therefore 
only present the results of the ‘remaining’ neighbour species anal-
yses in the main text. For each combination of focal plant species 
and pathogen species, we constructed separate GLMs (negative 
binomial error distribution, manyglm function with Likelihood Ratio 
Test resampling under the null hypothesis, using the mvabund pack-
age; Wang et al.,  2020). Pathogen relative abundance in the focal 
plant species in mixtures was always the dependent variable, while 
the models differed in the independent variable (predictor), which 
examined the effect of neighbour plants in the 4-species mixtures. 
Model assumptions were assessed with plots of residuals (Dunn–
Smyth residuals for GLMs with negative binomial errors, Dunn & 
Smyth, 1996; Warton et al., 2016), obtained through qresid function 
(statmod package; Dunn & Smyth, 1996) for glm.nb fits and through 
plot.manyglm function for manyglm fits (mvabund package).

3  |  RESULTS

3.1  |  Effects of plant identity on root-associated 
fungal pathogen community in monocultures

We found a total of 914 fungal ASVs (classified into 259 fungal spe-
cies), including 56 root pathogenic ASVs that belonged to nine fungal 
species (Table S1) across the roots of all 16 plant species in monocul-
ture. The three most prevalent pathogen species were Rhizoctonia 
solani (present in 64% of monoculture plots, 27 ASVs), Paraphoma 
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chrysanthemicola (69%, 15 ASVs) and Slopeiomyces cylindrosporus 
(35%, 3 ASVs). Subsequent analyses focus on these three pathogens.

Plant functional group explained 9.1% of root-associated fungal 
pathogen community structure in the 16 plant species in monoculture, 
while plant species identity explained an additional 22.1% (PERMANOVA 
and Wd*-test; Table S2; Figure S2), indicating that root pathogen commu-
nities were not only different between plant functional groups, but also 
between plant species. The variation in root-associated fungal pathogen 
community structure was also different between plant species and be-
tween plant functional groups (PermDISP; Table S2). Furthermore, the 
effects of plant functional group and plant species on root-associated 
fungal pathogen community structure also emerged when only the eight 
focal plant species in monoculture were included (Table S2).

Each of the three most prevalent fungal pathogens was associ-
ated with different host ranges of plant species and/or functional 
groups in the monocultures (Figure 2; Table S3). The prevalence and 
relative abundance of the pathogen P. chrysanthemicola were signifi-
cantly affected by plant phylogeny (prevalence: K = 0.93, p < 0.01; 
relative abundance: K = 0.72, p < 0.01; Figure 2). It was found in all 
monoculture plots of forb species belonging to the Asteraceae fam-
ily (L. vulgare, A. millefolium, C. jacea and L. hispidus) and its relative 
abundance in these forb species was higher than in the two most 
distantly related forb species S. officinalis and R. repens (Forb species: 
X
2

7,37
 = 34.98, p < 0.001; Figure 2, Table S3). Furthermore, P. chrysan-

themicola relative abundance was higher in forb than in grass species 
(plant functional group: X2

1,87
 = 33.08, p < 0.001), and equally low in 

all grass species (X2

7,37
 = 7.77, p = 0.35; Figure 2; Table S3).

The relative abundance of the pathogen S. cylindrosporus was sig-
nificantly higher in grasses than in forbs (X2

1,87
 = 38.92, p < 0.001): it 

was found in all grass species, while it was absent in all forb monocul-
tures except one plot (Figure 2; Table S3). Its prevalence depended 
on plant phylogeny (K = 0.71, p < 0.01), but its relative abundance did 
not (K = 0.11, p < 0.78; Figure 2). The latter was reflected in signifi-
cant differences in S. cylindrosporus relative abundances within the 
grasses: it was highest in A. elatius and lowest in T. flavescens and B. 
media (X2

7,36
 = 15.85, p < 0.05; Figure 2; Table S3).

The pathogen R. solani was found in all plant species ex-
cept one (Table  S3), and its prevalence and relative abundance 
were independent of plant phylogeny (K  =  0.15, p  =  0.68; and 
K = 0.20, p = 0.43, respectively; Figure 2). Its relative abundance 
also did not differ between plant functional groups (X2

1,87
 = 3.25, 

p  =  0.07), but it differed greatly between plant species (X2

15,73
 

= 49.51, p < 0.001). R. solani relative abundance was highest in the 
two forbs A. millefolium and R. repens, and the two grasses F. rubra 
and P. pratense (Table S3).

3.2  |  Effects of plant diversity on root-associated 
fungal pathogen community structure in eight 
plant species

All pathogen species that were present in the monocultures of the 
eight focal plant species were also present in these plant species 
grown in different 4-species mixtures (Table S1). Furthermore, we 

F I G U R E  2  Associations of the three most prevalent fungal pathogen species with forb (purple) and grass (green) species in monocultures. 
Plant species in bold are the 8 ‘focal species’ that were also sampled in mixtures. Species within a black border were designated as hosts for 
either R. solani, P. chrysanthemicola or S. cylindrosporus (see Table S3 for stats). Points indicate individual samples (n = 4–6) and horizontal 
bars indicate median relative abundance (% of reads) of a pathogen per plant species. Pathogen species are coloured as in Figures 3 and 4.
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detected 498 fungal ASVs (67 fungal species), including 38 root 
pathogen ASVs (3 pathogen species) that were not found in mono-
cultures of the eight plant species. However, the three fungal patho-
gen species found solely in mixtures represented only 0.6%–1.3% of 
the samples (Table S1).

The root-associated fungal pathogen community structure 
was different in roots from monocultures compared to mixtures, 
independent of plant functional group and plant species identity 
(PERMANOVA, Table 1; Figure S3). Plant functional group (4.7%) 
and plant species identity (8.9%) together explained 13.6% of 
the variance in pathogen community structure across monocul-
tures and 4-species mixtures (PERMANOVA, Table 1; Figure S3). 
These main effects of plant diversity (PD), plant functional group 
(PFG) and plant species (PS) identity were confirmed by the Wd*-
test (PD: Wd* = 1.74, p = 0.03; PFG: Wd* = 9.23, p = 0.001, PS: 
Wd* = 4.32, p = 0.001), which is not sensitive to the differences in 
dispersion (i.e. variation) of community structure that were found 
between monocultures and mixtures for the species A. elatius and 
C. jacea (PermDISP: PS × PD: F7,173  =  2.82, p < 0.01). Specifically, 
for these two plant species, roots in mixtures did harbour a signifi-
cantly larger variation in root-associated fungal pathogen commu-
nity structure than those from monocultures the grass A. elatius 
(35.3% larger variation in mixtures; post-hoc: t = 4.40, p < 0.001) 
and the forb C. jacea (22.8% larger variation in mixtures; post-hoc: 
t = 2.98, p < 0.01). Overall, this variation was not significantly dif-
ferent between grasses and forbs (PermDISP: PFG: F1,185 = 0.05, 
p = 0.83).

3.3  |  Effects of plant diversity on the three main 
root pathogens in eight plant species

For all three pathogen species there were small, but non-significant, 
decreases in relative abundance in several host plant species in 
mixtures compared to monocultures. However, there was a sig-
nificant increase in relative abundance of P. chysanthemicola and S. 
cylindrosporus in non-host species and of R. solani in several host 
species in mixtures (Figure  3). Specifically, the relative abundance 
of the pathogen R. solani was significantly increased in mixtures 
compared to monocultures in two forb host (C. jacea and L. hispidus) 
and two grass host species (A. elatius and B. media; Plant functional 

group × plant diversity: X2

1,195
 = 0.18, p = 0.67; Plant species × plant di-

versity: X2

1,195
 = 18.42, p < 0.05; Figure 3a,b). The relative abundance 

of the pathogen P. chrysanthemicola was significantly increased in all 
four grass non-host species (Grasses: Plant diversity: X2

1,194
 = 12.10, 

p < 0.001; Figure 3c,d). In the forbs, the relative abundance of the 
pathogen was significantly increased in the non-host S. officinalis, 
but was not affected by diversity in the three Asteraceae host spe-
cies (Forbs: Plant species × plant diversity: X2

3,95
 = 13.87, p < 0.01; 

Figure 3c,d). For the pathogen S. cylindrosporus, there was significant 
amplification in all four forb non-host species (Forbs: plant diversity: 
X
2

1,101
 = 6.82, p < 0.01; Figure 3e), but not in any grass host species 

(Grasses: plant diversity: X2

1,194
 = 2.15, p = 0.14; Figure 3e).

3.4  |  Effects of plant community composition 
on the three main root pathogens in mixtures

Within the 4-species mixtures, the percentage of neighbour plant 
species with the same functional group as the focal plant species did 
not significantly relate to the relative abundance of any of the three 
main root pathogens in a focal plant species (Figure S5). In addition, 
mean pathogen pressure of neighbour plant species (based on mono-
culture pathogen abundance of these neighbour plant species) was 
also not a good predictor for pathogen relative abundance of the focal 
plant species in mixtures (Figure S7), except for the pathogen P. chry-
santhemicola in two focal plant species. P. chrysanthemicola relative 
abundance in C. jacea and A. elatius roots was higher when these focal 
plant species were with neighbour plant species with a high average 
relative abundance of this pathogen in monoculture (Figure S7b).

The presence of particular neighbour plant species in mixtures was 
significantly associated with the relative abundance of the three main 
pathogens in focal plant species. For R. solani, the presence of a par-
ticular neighbour plant species was associated with a reduced relative 
abundance of the pathogen in six focal-neighbour plant combinations 
(Figures  S9 and S15) compared to mixtures without the neighbour 
plant species. Specifically, the presence of the forb A. millefolium as a 
neighbour decreased the relative abundance of R. solani in two focal 
plant species (the forbs C. jacea and S. officinalis, both hosts), but not 
in the two other focal plant species (the grasses A. elatius or B. media, 
both hosts) where there was sufficient power to test for A. millefolium 
neighbour effects (Figure 4). In contrast, the presence of A. millefolium 

Parameter

Pathogen RAF community structure

df F R2 p

Plant Functional Group (PFG) 1 9.90 0.047 0.001

Plant Species (PS) 6 3.14 0.089 0.001

Plant Diversity (PD) 1 1.73 0.008 0.046

PFG × PD 1 1.48 0.007 0.091

PS × PD 6 1.00 0.028 0.470

Residuals 173 0.820

Total 188 1

TA B L E  1  Effects of plant functional 
group (PFG; forb vs. grass), plant species 
(PS) and plant diversity (PD; 1 vs. 
4-species mixture) on root-associated 
pathogen fungal (RAF) community 
structure analysed with PERMANOVA. 
Bold indicates significance (p < 0.05). 
Terms were tested sequentially in 
PERMANOVA
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as a neighbour increased the relative abundance of P. chrysanthemicola 
in three (C. jacea, host; S. officinalis and A. elatius, both non-hosts) of 
these four focal plant species (Figure 4). Due to the dominant effect 
of A. millefolium on P. chrysanthemicola, we further tested the poten-
tial effects of other neighbour plant species on this pathogen in plots 
where A. millefolium was not present as a neighbour to ensure that the 
effects of other neighbour plant species were not masked by the effect 
of A. millefolium. This resulted in seven focal-neighbour species com-
binations where the presence of the neighbour was associated with a 
reduced relative abundance of P. chrysanthemicola in the focal plant 
species (two host and three non-host species, Figures S11 and S15). 
In addition, there were three focal-neighbour plant species combina-
tions where the presence of the neighbour was associated with an in-
creased relative abundance of this pathogen in the focal plant species 
(one host and two non-host species; Figures S11 and S15). Finally, for 
S. cylindrosporus, the presence of a particular neighbour plant species 
was associated with a reduced relative abundance of the pathogen in 
three focal plant species (two host and one non-host species) and an 
increased relative abundance of the pathogen in one focal plant spe-
cies (a non-host species; Figures S13 and S15).

4  |  DISCUSSION

Here, we identified three main root-associated fungal pathogens 
and determined their relative abundance in individual plant species 
growing in monocultures and mixtures differing in species composi-
tion. In monocultures, we found different host ranges for the three 
fungal root pathogens. In mixtures, we did not find significant reduc-
tions in the relative abundance of pathogens in hosts species, but 
we did find significant increases in several host and non-host spe-
cies, consistent with pathogen amplification. Furthermore, across 
mixtures, the presence of particular neighbour plant species was 
associated with a significant change in the accumulation of specific 
root-associated pathogens. Below, we discuss the implications of 
these results for our understanding of the plant–pathogen interac-
tions in diverse plant communities that lead to root pathogen dilu-
tion or amplification.

4.1  |  Pathogen host range

The three main fungal root pathogen species in our study appear 
to differ in host range, as defined by their relative abundances in 
monocultures. These host ranges are in line with those reported 
in the literature for these pathogens. P. chrysanthemicola was pri-
marily associated with forb species of the Asteraceae family in 
our monocultures. It has originally been described as a pathogen 
of Chrysanthemum morifolium, which belongs to the Asteraceae 
(Peerally & Colhoun, 1969). More recently, it has been found in roots 
of several Asteraceae species (Wehner et al., 2014) and found to be 
pathogenic to L. vulgare (Hendriks et al., 2015; Mommer et al., 2018). 
S. cylindrosporus was only present in grass monocultures and is indeed 

considered a pathogen of Poaceae species (Klaubauf et al., 2014) and 
has recently also been found in grassland soils on which several grass 
species had been grown (Hannula et al., 2021; Heinen et al., 2020). 
The third pathogen, R. solani, is often described as a generalist path-
ogen, able to infect plant species from many monocot and dicot fam-
ilies (Anderson, 1982) and it was indeed present in all but one grass 
and forb species in our monocultures. However, the host range of 
R. solani is known to differ at a higher taxonomic resolution, that is, 
between strains that belong to different anastomosis groups (AGs; 
González García et al., 2006). Most AGs have different ranges of forb 
species as hosts, while some other AGs are known as grass patho-
gens (Ogoshi, 1987). These groups could not be differentiated based 
on ITS sequences as used in our study. Therefore, we cannot rule 
out that in our analysis different R. solani AGs were clustered into 
a single pathogen species. This may also explain why there was no 
significant differentiation of R. solani abundance between groups of 
plant species in monocultures. Identifying these AGs and determin-
ing their host range is an interesting avenue for future studies.

4.2  |  Effects of plant diversity on fungal root 
pathogens in plant species

Previous work found a reduction of the number of different root 
pathogenic OTUs with increased plant diversity (1, 4 and 8 plant 
species; Mommer et al.,  2018). Here, we focused on the relative 
abundance of three root pathogens at the level of individual species 
and did not find a significant reduction of pathogen accumulation 
with increasing plant diversity. This suggests that, on average, the 
presence of three heterospecific neighbouring plant species could 
not prevent root pathogen accumulation in individual host plant spe-
cies. This finding may be due to the fact that the difference in host 
density between monocultures and mixtures was not large enough 
to significantly reduce root pathogen accumulation. This may have 
two reasons. First, the relative abundance of each focal plant spe-
cies was often relatively high compared to the other three plant 
species in mixtures (based on above-ground biomass; Figure  S16). 
This was partly due to the fact that we selected those species that 
were present in most, if not all plots in which they were planted. 
Second, the host range of all three pathogens included at least six 
of the 16 plant species in the biodiversity experiment. Therefore, 
most mixtures likely contained one or more other host species in 
addition to the focal host species, which may impede dilution of the 
pathogens in more diverse communities. Overall, the absence of di-
lution in our study is in line with a recent study in forests, which 
found that community-level disease prevalence of the foliar oomy-
cete pathogen Phytophthora ramorum decreased with tree diversity 
(species richness), while disease risk in individual host species did 
not (Rosenthal et al.,  2021). Similarly, in a forest biodiversity ex-
periment, average fungal pathogen infection (% of symptomatic leaf 
area) decreased with tree species richness, but individual host spe-
cies varied in this response, including multiple species that showed 
no effect of tree diversity on fungal infestation (Rutten et al., 2021). 
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Together, these results show that the importance of assessing path-
ogen dilution at the individual host level to understand how species 
interactions underly diversity–disease relationships also applies to 
below-ground pathogens.

Intriguingly, in many plant species that we assumed non-hosts 
because of the low relative abundance of the pathogens in their 
roots, we did find amplification of root pathogens in mixtures com-
pared to monocultures. This suggests that these plant species might 
actually be less preferred hosts, whose roots are more easily col-
onised by the pathogen in mixed plant communities than in mono-
cultures. Several mechanisms may contribute to this effect, such as 
(1) pathogen spillover, that is, transmission of the pathogen from 
other (higher quality) host neighbours (Grossman et al., 2019; Power 
& Mitchell, 2004), and/or for example (2) shifts in microbial commu-
nity dynamics within the plant due to the presence of heterospecific 

neighbour plants. Importantly, the associations of the pathogens 
with less preferred hosts in mixtures may not induce disease symp-
toms in these plant species. Many plant-pathogenic fungi can also 
have a non-pathogenic lifestyle through endophytic root colonisa-
tion (i.e. without causing disease symptoms; Hernandez-Escribano 
et al., 2018; Kia et al., 2017; Lofgren et al., 2018; Selosse et al., 2018). 
Indeed, the three pathogens in our study have frequently been found 
as root endophytes of grassland plant species in previous studies 
(e.g. Glynou et al.,  2018; Mesny et al.,  2021; Pereira et al.,  2019; 
Sánchez Márquez et al., 2010). However, less preferred host species 
may serve as pathogen reservoirs (Dhingra & Coelho Netto, 2001; 
Malcolm et al., 2013) in mixed plant communities. Revealing whether 
these plant species indeed function as pathogen reservoirs and their 
role in disease epidemiology in diverse plant communities will be a 
necessary next step.

F I G U R E  3  Root-associated fungal pathogen relative abundance in plant species depends on plant functional group (PFG), plant species 
identity (PS) and plant diversity (PD). (a, b) Rhizoctonia solani (Rs) relative abundance, (c, d) Paraphoma chrysanthemicola (Pc) relative 
abundance, (e, f) Slopeiomyces cylindrosporus (Sc) relative abundance. Relative abundance expressed as percentage of reads (mean ± SE). 
Species within a black border were designated as hosts for either R. solani (b), P. chrysanthemicola (d) or S. cylindrosporus (f) based on 
monocultures (see Figure 2; Table S3). Asterisks represent significance levels of factor terms in negative binomial GLM (. p < 0.1; *p < 0.05; 
**p < 0.01; ***p < 0.001). Asterisks and letters above bars indicate significant post-hoc differences (asterisk indicates a significant effect 
of PD within plant species; different letters indicate significant differences between plant species). Species abbreviations are Achillea 
millefolium (Am), Centaurea jacea (Cj), Leontodon hispidus (Lh), and Sanguisorba officinalis (So), Anthoxanthum odoratum (Ao), Arrhenatherum 
elatius (Ae), Briza media (Bm), Festuca rubra (Fr).
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4.3  |  Effects of plant community composition on 
fungal root pathogens in plant species

In mixtures, plant community composition affected root-associated 
fungal pathogen accumulation in plant species. Two community de-
scriptors, neighbour functional group composition and the average 
predicted pathogen abundance based on monocultures, were poor 
predictors of pathogen accumulation in mixtures. However, the 
presence of specific neighbour plant species was a good predictor 
of root pathogen accumulation in mixtures. Effects of the presence 
of certain plant species in communities on pathogen accumulation 
have previously been shown, but only in foliar fungi in forests (Field 
et al., 2020; Hantsch et al., 2014; Rosenthal et al., 2021; Setiawan 
et al., 2014). Our findings thus add to a growing body of evidence 
that suggests that specific plant species can have key roles in patho-
gen accumulation in mixed communities. Differences in plant spe-
cies' (1) effects on pathogen growth (e.g. host quality) and (2) density 
may induce these specific effects. This suggests that it is important 
to focus on the characteristics of specific neighbour plant species 
rather than using a metric of community composition to understand 
the diversity–disease relationship.

We found that a particular neighbour plant species, A. millefo-
lium, was associated with both an increase in the pathogen P. chry-
santhemicola and a decrease in R. solani in several plant species. The 
decrease in R. solani accumulation was surprising, as the roots of 
this neighbour plant species harboured a high relative abundance 
of both pathogens in monoculture and mixtures. Such reducing ef-
fects of a host neighbour species may provide an additional expla-
nation about why community descriptors were poor predictors of 
pathogen accumulation in plant species in mixtures. The increase in 
P. chrysanthemicola in plant species with A. millefolium as a neighbour 
is likely due to accumulation of the pathogen in the A. millefolium 

roots, which may act as nutrient source for further exploration and 
potential exploitation of nearby heterospecific roots. The simulta-
neous decrease in R. solani in these plant species with A. millefo-
lium as neighbour is harder to explain. One possible explanation is 
competition between the two pathogens. Although co-infections 
by multiple pathogens are common in plants, interactions between 
co-infecting pathogens may be antagonistic when they compete for 
the same limited resources. This has recently been shown for foliar 
fungal pathogens (Dutt et al., 2021), but it is unknown whether R. 
solani and P. chrysanthemicola would occupy the same niche when 
co-infecting a host. Moreover, another explanation could be induced 
systemic resistance, that is, a plant defence response triggered by 
one pathogen, that blocks subsequent infections by other pathogens 
(Dutt et al., 2022). Alternatively, competitive or antagonistic inter-
actions with other soil microbes (Raaijmakers et al., 2009) that are 
stimulated by A. millefolium neighbour plants may suppress R. solani 
accumulation. Furthermore, any neighbouring plant species whose 
presence was associated with a reduced pathogen abundance in 
focal plant species might directly inhibit pathogen growth through 
antifungal compounds in root exudates (Baetz & Martinoia,  2014; 
Yang et al., 2014). Additionally, neighbouring plant species may in-
directly affect pathogen accumulation in plant species via resource 
competition, thereby increasing or decreasing the plant species' 
abundance (‘host regulation’; Keesing et al., 2006).

5  |  CONCLUSIONS

In this study, we assessed root pathogen relative abundance in in-
dividual plant species in plant monocultures and mixtures to shed 
more light on the below-ground diversity–disease relationship. We 
found that plant diversity did not significantly reduce root pathogen 

F I G U R E  4  Effect of the presence of A. millefolium as neighbour species (present at the time of sampling) on relative abundance (% of 
reads) of P. chrysanthemicola and R. solani in focal species roots in 4-species mixtures. Species within a black border were designated as hosts 
for either P. chrysanthemicola or R. solani based on monocultures (see Figure 2; Table S3). Note that only the four focal species with ≥3 plots 
with A. millefolium as a neighbour were included in the analysis. Asterisks indicate significant difference in pathogen relative abundance in 
focal species roots between 4-species mixtures with and without A. millefolium as neighbour species (***p < 0.001, **p < 0.01, *p < 0.05). A. 
millefolium as neighbour species was included as fixed term in final model after forward model selection (based on AIC) per focal species per 
pathogen [generalised linear model (GLM) with negative binomial errors, Likelihood Ratio Test].
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accumulation in host species, but often amplified fungal root patho-
gen accumulation in non-host and host plant species. Our approach 
thus reveals unexpected potential root pathogen reservoirs in di-
verse plant communities. Furthermore, we show that fungal root 
pathogen accumulation in diverse communities depends on interac-
tions between individual pathogen and neighbour plant species. The 
effects of neighbour plant species in mixtures could not be predicted 
from root-associated pathogen accumulation in monocultures alone. 
This highlights the need for further mechanistic understanding of 
the below-ground interactions that underly diversity–disease rela-
tionships. As we cannot directly infer disease incidence from path-
ogen accumulation in roots, an important next step will be to test 
whether root-associated relative abundance of a pathogen is indeed 
related to (a) the susceptibility of these plant species and (b) their 
ability to sustain pathogen growth and promote pathogen transmis-
sion. Our current identification of these potential key pathogens and 
a first insight into their interactions with individual plant species in 
diverse communities paves the way to understanding below-ground 
diversity–disease relationships.
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