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Abstract

Rocky habitats, globally distributed ecosystems, harbour diverse biota, including
numerous endemic and endangered species. Vascular plants thriving in these
environments face challenging abiotic conditions, requiring diverse morphological and
physiological adaptations. Their engagement with the surrounding microbiomes is,
however, equally vitalfortheiradaptation, fitness,and long-term survival. Nevertheless,
there remains a lack of understanding surrounding this complex interplay within this
fascinating biotic ecosystem. Using microscopic observations and metabarcoding
analyses, we examined the fungal abundance and diversity in the root system of the
rock-dwelling West Carpathian endemic shrub, Daphne arbuscula (Thymelaeaceae).
We explored the diversification of root-associated fungal communities in relation to
microclimatic variations across the studied sites. We revealed extensive colonization
of the Daphne roots by diverse taxonomic fungal groups attributed to different
ecological guilds, predominantly plant pathogens, dark septate endophytes (DSE), and
arbuscular mycorrhizal fungi (AMF). Notably, differences in taxonomic composition
and ecological guilds emerged between colder and warmer microenvironments. Apart
from omnipresent AMF, warmer sites exhibited a prevalence of plant pathogens,
while colder sites were characterized by a dominance of DSE. This mycobiome
diversification, most likely triggered by the environment, suggests that D. arbuscula
populations in warmer areas may be more vulnerable to fungal diseases, particularly

in the context of global climate change.
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1 | INTRODUCTION

Rocky outcrops owe their extraordinary biodiversity to spatial iso-
lation, enduring environmental stability, and pronounced microsite
heterogeneity. In addition to exposed open rocky outcrops, forma-
tions like shaded inverse gorges, overhangs, and various crevices
harbour sites with milder microclimates. This extensive landscape
heterogeneity fosters organismal adaptations and the gradual ac-
cumulation of species over an extended period (Larson et al., 2000;
Matthes & Larson, 2006; Porembski & Barthlott, 2000). Moreover,
the light-demanding species persist into interglacial or postglacial
periods when these regions remain naturally forest-free, resembling
isolated “ecological islands” within the broader landscape (Breman
et al., 2020; Coleine et al., 2021; Mraz et al., 2016). On the other
hand, rocky outcrops exhibit a stressful abiotic environment, pos-
ing significant challenges to the plant communities inhabiting these
habitats. Consequently, these habitats are predominantly inhabited
by stress-tolerant species that have adapted to the extreme envi-
ronmental conditions associated with rocky environments (Larson
et al., 2000; Matthes & Larson, 2006).

Beyond challenging abiotic conditions, the fitness and survival
of rocky species are subject to the influence of biotic factors, no-
tably interactions with the surrounding microbiome. In addition to
bacteria, lichens, and algae, fungal communities, in particular, exert
a profound influence on the environment and all organisms within
these habitats (e.g. Carvalho et al., 2012; Casazza et al., 2017; Krah
& March-Salas, 2022; Morén-Rios et al., 2017). Fungi form diverse
ecological interactions with rock-dwelling plants, spanning from
beneficial mutualism, asymptomatic endophytism, saprotroph-
ism to detrimental parasitism (Brundrett, 2009; Dighton, 2007,
Doehlemann et al., 2017; Kogel et al., 2006; Santos et al., 2021). In
these interactions, mycorrhiza is recognized as one of the most fun-
damental mutually beneficial symbiotic relationships between plants
and fungal partners (Brundrett, 2009; Smith & Read, 2008; van der
Heijden et al., 2015). The support of fungal partners enhances the
ability of host plants to better tolerate challenging abiotic conditions.
This positive impact manifests in various ways, such as water and
nutrient recovery, promoted plant growth, enhanced stress toler-
ance, boosted resistance to pathogens, and improved reproductive
success (Bothe et al., 2010; Ferrazzano & Williamson, 2013; Hempel
et al., 2013; Zabinski & Bunn, 2014). Arbuscular mycorrhiza, where
symbiotic fungi form arbuscules in the root of the host, plays a piv-
otal role not only in the evolution of vascular plants but also in their
essential functions (Smith & Read, 2008; Strullu-Derrien et al., 2018;
van der Heijden et al., 2015). Indeed, this symbiosis was detected
in numerous plants in rocky habitats (AMF; Carvalho et al., 2012;
Casazza et al., 2017; Pereira et al., 2019; Sanguin et al., 2016; Xiao
et al,, 2023; Zubek et al., 2008). Furthermore, beyond saprotrophic
fungi, which, together with bacteria, facilitate the decomposition
processes and contribute to the generation of available nutrients for
plants (Dighton, 2007), endophytic fungi, particularly dark septate
endophytes characterized by melanised septate mycelium (DSE;
Rodriguez et al., 2009), significantly facilitate the long-term survival

and adaptation of plants even in highly challenging environments
(e.g. Lugo et al., 2015; Santos et al., 2021). However, not all fungal-
plant interactions are necessarily beneficial. An imbalance in the nu-
trient exchange between fungal colonizers and a host can potentially
weaken the fitness of an individual plant or even an entire popu-
lation (Collinge et al., 2022; Kogel et al., 2006). Prominent among
harmful interactions are those involving pathogenic fungi, which
function as primary causal agents of plant diseases and mortality
(Doehlemann et al., 2017). This is particularly noteworthy because
the pathogen can reside within the plant either throughout its life
or during specific stages. Diversity and interactions between fun-
gal communities and other organisms are significantly shaped by
various environmental factors, predominantly geomorphology and
climate. Ecological guilds of soil fungi differ in their ecological niche
sizes (Vétrovsky et al., 2019, 2020) and are highly responsive to cli-
matic changes, which can alter their abundance and composition.
These changes have the potential to impact ecosystem processes
and plant performance at both micro and macro scales (Baldrian
et al., 2022). For instance, elevated temperatures induce drought
stress, which, apart from compromising plant resistance to fungal
infections, can increase the metabolic rates and aggressiveness
of fungal pathogens, resulting in higher infection rates (Dorrance
et al., 2003; Francioli et al., 2020; Miller et al., 2022; Ramegowda
& Senthil-Kumar, 2015; Thompson et al., 2010). Furthermore,
AMF colonization rates are positively correlated with lower ele-
vations (Gai et al., 2012; Geml, 2017; Kotilinek et al., 2017; Zubek
et al., 2009) and arid climatic conditions (Kivlin et al., 2013; Porras-
Alfaro et al., 2008). In contrast, DSES guilds have been reported to
be more abundant in cold and more humid mountain habitats (Bueno
de Mesquita et al., 2018; Kivlin et al., 2013; Newsham, 2011; Ranelli
et al., 2015). Indeed, recent studies indicate that DSE fungi interact
directly with root and soil microbiomes through various mechanisms
(Netherway et al., 2024). They can suppress the colonization and
growth of plant pathogens (e.g., Narisawa et al., 2004), modulate
the development and colonization of arbuscular mycorrhizal fungi
(AMF) (Scervino et al., 2009), and even substitute AMF assemblages
in harsh mountain environments (Pandey, 2019). In summary, the
intricate interplay of plant-fungal-environment interactions, em-
bracing all the aforementioned relationships, highlights the com-
plex nature of ecosystems in natural habitats, including rocky sites.
Understanding the dynamics and significance of these interactions is
crucial for gaining deeper insights into the adaptation and survival of
plants in the challenging environments of rocky habitats (cf. Casazza
et al., 2017; Ferrazzano & Williamson, 2013; Sanguin et al., 2016).
To advance our understanding of the intricate dynamics be-
tween plants and fungi in rocky habitats, we have opted for Daphne
arbuscula Celak (Thymelaeaceae) as a model system for our study.
This endemic, dwarf, evergreen shrub thrives in relict limestone
crevices and steep slopes in the Muranska planina Mts in the
Western Carpathians (Figure 1; Erdelska & Turis, 1995; Erdelska &
Turis, 1996). Well-adapted for thriving in demanding rocky environ-
ments, it is characterized by a cushion-shaped form, an extensive
deep root system, clonal spreading, and leaves with a thick upper
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FIGURE 1 Studied populations of
Daphne arbuscula in the area Muranska
planina Mts in the Western Carpathians.
(a) Aspect-slope map showing different o
slope directions in warmer (red circles) \“& -l

and colder sites (blue circles). (b) Shrub maps-for-free.com, 2023
of Daphne arbuscula in its natural rocky

. of slope. Hue indicates
habitat.

direction of aspect.

Muranska planina Mts

Saturation indicates steepness
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cuticle (Erdelska & Turis, 1995, 1996). The bedrock in these habi-
tats results in poorly developed, skeletal, alkaline soils (pH7.1-7.9),
occasionally featuring a relatively high humus content (32%-54%)
in the upper 0.5cm (Kukla et al., 1996). While AMF have been pre-
viously identified in D. arbuscula through microscopic examinations
(Erdelska & Turis, 1996), and their association with other Daphne
species has also been confirmed (Harley & Harley, 1987; Wang &
Qiu, 2006), the specific species spectrum and the extent of colo-
nization remain unknown. Similarly, despite reports of twig infec-
tion by some parasitic-saprotrophic fungal taxa in D. arbuscula
shrubs (Bacigalova, 1994), their diversity, abundance and role in the
survival of this West Carpathian endemic remain elusive. The oc-
currence of this species has been documented in up to 15 microlo-
calities and exhibits diverse microclimatic environments (Erdelska &
Turis, 1995, 1996; Kochjarova et al., 1999). In general, sites at lower
altitudes, facing south, typically have drier and warmer conditions
with a prevalence of thermophilous plant communities (associa-
tion Pulsatillo slavicae-Caricetum humilis (Sillinger 1933) Mucina ex
Uhlova & Bernatova (2004) (cf. Kochjarova et al., 2015; Valachovi¢ &
Jarolimek, 1994)). Conversely, higher-altitude sites on the northern
slopes experience colder and wetter conditions, hosting mainly sub-
alpine and dealpine vegetation in garland grassland communities (as-
sociation Seslerio-Festucetum tatrae Sillinger 1933; cf. Valachovic¢ &
Jarolimek, 1994; Valachovi¢ & Mucina, 2004) or in relict calcicolous
pine forests (alliance Pulsatillo slavicae-Pinion sylvestris Fajmonova
1978 (Uhlifova & Bernatova, 2003)). Our recent study indicates that
this site microclimatic heterogeneity has also an impact on species'
reproductive abilities (Gajdo3ova et al., 2024). The environmental
heterogeneity of D. arbuscula sites and the detection of diverse fun-
gal entities within the plant tissues present compelling questions
regarding the interactions between the mycobiome, the host plant
and the environment. Thus, it remains to be investigated whether

DTM 5.0, LLS: UGKK SR, 202?;

this geomorphological configuration influences the overall com-
position of the root-associated fungal communities and ecological
guild in D. arbuscula roots and, possibly, how the mycobiome may
affect the host plant's survival in these habitats. Daphne arbuscula
is a long-lived woody plant adapted to rocky habitats with extreme
environmental conditions and pronounced microsite heterogene-
ity (Erdelska & Turis, 1995, 1996). Its long-term survival and fitness
likely depend heavily on interactions with the surrounding mycobi-
ome, rendering it an ideal subject for the current study.

Our main objective is to empirically test the hypothesis that the
root system of the rock-dwelling endemic shrub accommodates ar-
buscular mycorrhizal fungi (AMF) and potentially also hosts various
other root-associated fungal groups. These endophytes may play a
crucial role in enhancing the Daphne shrub's survival in rocky habi-
tats. We posit that the composition of fungal endophytes in locali-
ties with warmer climates, as opposed to colder environments, may
exhibit a discernible bias toward different fungal ecological guilds.
To address these hypotheses, our investigation, based on repli-
cates of sites with distinct microclimatic conditions, aims to explore
whether the diversity of the root-associated fungal communities
correlates with the major climatic characteristics of the localities

under examination.

2 | MATERIALS AND METHODS

2.1 | Sampling design of the studied area

Root samples were gathered during the flowering period spanning
from May to June 2021. This specific timeframe was selected to
minimize potential fluctuations in associated fungal assemblages
influenced by seasonal variations in weather conditions, including
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humidity, temperature and, significantly, the physiological activity of
the model species. A total of six populations within the Muranska
planina Mts (Western Carpathians, Slovakia) were sampled and
categorized into two major groups based on distinct environmen-
tal factors (Figure 1a). The first group, termed “warmer localities”
(specifically Poludnica and Kaster; Table 1; Figure S1), is situated on
south-facing slopes with drier and warmer microclimates, ranging
from 780 to 950 meters above sea level. Collection in this group oc-
curred in mid-May 2021. The second group, encompassing “colder
localities” (including Zlatnica, Slaniniarka and Velka Stozka), is pre-
dominantly found on northern slopes at higher altitudes (940 to
1275 meters above sea level; Figure S3). These areas experience
colder and more humid mountain microclimates, with flowering oc-
curring 3-4weeks later compared to warmer localities. Sampling in
colder localities was conducted in mid-June 2021 to coincide with
the flowering season. The specific case represents the population
Siance, situated in an area with notable environmental heterogeneity
and spanning both habitat types. The first habitat, “Siance A,” con-
sists of shrubs on small limestone cliffs in full sun exposure, aligning
with the microclimate of “warmer localities,” and root samples from
there were collected in mid-May (designated as “Siance A”; samples
SI-A-1, SI-A-3, SI-A-6, SI-A-41; Figure S2a). Conversely, the second
habitat (“Siance B”; samples SI-B-47, SI-B-6ll, SI-B-71I; Figure S2b),
features plants on a north-oriented slope shaded by forest vegeta-
tion with D.arbuscula aligning with the microclimate of “colder locali-
ties,” flowering and being sampled later in mid-June. Unfortunately,
no replicates were available for this specific mixed environmental
setting due to the absence of a similar population in Muranska plan-
ina Mts. Authorization for field research and the collection of D. ar-
buscula samples, designated by permit number 6656/2021-6.3, was
granted by the Ministry of Environment of the Slovak Republic.

2.2 | Root collection and preprocessing

Roots were collected from at least six individuals sampled per popu-
lation, resulting in a total of 42 root samples (Table 1). While col-
lecting root samples, the utmost care was taken to extract them

without causing significant disruptions to the root system, ensuring

the ongoing survival and well-being of the examined plants. The col-
lected roots were preserved in plastic bags in the refrigerator and
transported to the laboratory. Subsequently, the root samples were
washed under running tap water to eliminate soil debris. We care-
fully examined the samples under a stereomicroscope to identify
and remove potential root fragments from non-target co-occurring
plant species. Subsequently, the fine feeder roots of D. arbuscula
were collected, dried with a paper towel, and divided into two frac-
tions. The first fraction, consisting of two aliquots (~100mg fresh
weight), was stored at -80°C for subsequent DNA analyses. The
remaining roots underwent staining and microscopic assessment to
examine fungal structures.

2.3 | Root staining and microscopic observation

The root samples were cleaned with 10% potassium hydroxide and
then stained for fungal structures with 0.05% trypan blue in lac-
toglycerol, according to Koske and Gemma (1989). Given the dark
pigmentation of the roots, a post-clearing bleaching step with al-
kaline hydrogen peroxide was included, as described by Brundrett
et al. (1996). Thirty stained root fragments (1-1.5cm) were carefully
mounted on microscope slides in lactoglycerol and examined under
a compound microscope at 200-fold magnification (Olympus BX60).
Using the magnified intersection method (McGonigle et al., 1990),
we scored 100 root intercepts for the presence of AMF (hyphae,
arbuscules and vesicles) and DSE structures (hyphae and/or

microsclerotia).

2.4 | DNA amplification and
amplicon-based sequencing

Both frozen root samples of D. arbuscula were subjected to DNA
isolation using the DNeasy Plant Mini Kit (Qiagen). Fungal diversity
was assessed through amplicon sequencing, targeting the internal
transcribed spacer 2 of the ribosomal DNA (hereafter ITS2) with the
universal fungal primers fITS7 (lhrmark et al., 2012) and ITS4 (White
et al., 1990). Additionally, the V4/V5 region of the small subunit of

TABLE 1 Sampled localities of Daphne arbuscula and their characteristics. Average yearly temperature (t) and precipitation (prec) were
extracted from SolarGis.

Elevation Prec
Locality Microclimate  (ma.s.l.) Aspect t(°C) (mm)
Poludnica Warmer 780 S-SE 6.8 1053
Kaster Warmer 900 S-SW 6.3 984
Siance A Warmer 950 SE 6.4 1033
Siance B Colder 940 NW 5.9 1033
Zlatnica Colder 950 NE-E 5.8 1004
Slaniniarka Colder 1030 N-NE 4.9 1015
Velka Stozka Colder 1275 N-NE 5.5 1054

Date of No. of samples  No. of samples No. of samples
collection  collected for ITS for SSU
19.5.2021 6 6 6

18.5.2021 6 5 4

18.5.2021 4 4 4

17.6.2021 3 3 8

15.6.2021 7 6 6

15.6.2021 7 6 6

16.6.2021 9 6 6

42 36 35

85UB01 T SUOIWIOD BA11e81D) 8|qeol(dde ay) Aq pausenob ae Sa(1e YO 8sN JO SajnJ 10} ARIqIT 8UIUO AS]IA UO (SUOTHIPUD-PUE-SUIBY/0Y™A8 | 1M ARe.d]jBul[Uo//:Sdny) SUONIPUOD pUe SWiB | 38U 89S *[Z0Z/0T/y0] Uo A%iqiTauliuo A8iM ‘pd eeR N eNZBAIuN Ad Ti/T'98W/TTTT 0T/I0p/uco A 1M Ariqipuljuo//sdny woij pepeojumod ‘ST ‘720z ‘Xy62S9ET



GAJDOSOVA ET AL.

50f18
MOLECULAR ECOLOGY gAViVA i [l A%

rDNA (hereafter SSU) was analysed using AMF-specific primers
NS31 (Simon et al., 1992) and AML2 (Lee et al., 2008). AMF-specific
primers are significantly more efficient in amplifying and capturing
a broader diversity of AMF taxa than standard ITS primers (cf. Lee
et al., 2008; Rezacova et al., 2016). All primers were tagged with
sample-specific barcodes. The PCR reaction mixes for the amplifi-
cation of the target SSU and ITS2 regions included 0.5U Q5 High-
Fidelity DNA polymerase (New England BioLabs, Ipswich, MA, USA),
1x Q5 reaction buffer, 1x Q5 High GC Enhancer, 0.2mM of each
dNTP, 0.4 M of each tagged primer, 15 ug of BSA, 2.5 puL of the tem-
plate in the total volume of 25uL. Thermal cycling was done in an
Eppendorf Mastercycler Gradient (Eppendorf, Hamburg, Germany).
The PCR conditions for the primer combination fITS7/ITS4 were as
follows: initial denaturation at 94°C for 5min, 33 cycles of denatura-
tion at 94°C for 305, 30s of annealing at 56°C and 30s of extension
at 72°C and a final 10 min extension at 72°C. The cycling conditions
for the primer combination NS31/AML2 were 5min at 98°C, fol-
lowed by 35cycles of 10s at 98°C, 30s at 63°C and 20s at 72°C,
with the 10-min final extension at 72°C. Each root subsample un-
derwent two independent PCR reactions to ensure the avoidance
of PCR bias. Thus, four PCR products derived from the same plant
were pooled and purified using the QIAquick PCR Purification Kit
(Qiagen) according to the manufacturer's instructions. Sequencing
was carried out using the lllumina MiSeq platform at the company
SEQme (Dobfis, Czech Republic). Both molecular markers were se-
guenced in two independent sequencing runs, with each run cover-
ing all samples (Table S1). Raw amplicon sequence data have been
deposited in NCBI as BioProject PRINA1036833 under BioSamples
SAMN38152953-SAMN38152987.

2.5 | Sequence data processing

Altogether, 36 samples for the ITS2 region of the internal transcribed
spacer and 35 samples for the V4/V5 region of SSU were success-
fully sequenced (Table 1). Sample Kaster 14 was omitted from the
final analyses due to evident contamination with non-Daphne roots
as identified during data processing. Amplicon sequence data were
analysed using a pipeline implemented in SEED 2.1.2. (Vétrovsky
et al., 2018), with comprehensive stepwise sequence counts de-
tailed in Table S1. Prior to delving into further analysis, the ITS2 fastq
reads were pair-ended using fastg-join v. 1.1.2 (Aronesty, 2011),
with a minimum 40bp overlap and a maximum 15% difference.
SSU fastq reads were demultiplexed based on molecular identifier
tags, with sequences bearing tag mismatches excluded from fur-
ther analyses. Subsequently, sequences with average Phred scores
below 30 for ITS2 and 25 for SSU were excluded. Utilizing the bar-
code motifs, sequences were associated with their respective sam-
ple names. Subsequently, barcodes, along with primer sequences,
were trimmed, and the sequences were consolidated into a single
dataset for each marker. Further refinement was applied to the ITS2
dataset through trimming using ITSx v. 1.0.11 (Bengtsson-Palme
et al., 2013). Sequences were clustered into operational taxonomic

units (OTUs) using UPARSE in USEARCH v. 11.0.667 (Edgar, 2013),
employing a 97% similarity threshold. De novo detected chimeric
sequences and pruned low-abundance OTUs (those with fewer than
4 sequences for ITS2 and singletons for SSU) were discarded, yield-
ing 1228 ITS2 OTUs (comprising 763,680 reads) and 315 SSU OTUs
(with 138,847 reads; Table S1). To account for potential contamina-
tion, OTU read counts were adjusted by subtracting the counts de-
tected in the negative controls (sterile deionized water used instead
of a DNA template) from the respective sample counts, although
these numbers were negligible. The most abundant sequence from
each OTU was retrieved for subsequent taxonomical and fungal eco-
logical guild assignments.

2.6 | Taxonomy and ecology assignment

The most abundant sequence in each OTU in the ITS2 dataset was
BLAST searched against the UNITE fungal ITS reference database
release 9.0 (Kéljalg et al., 2020; Nilsson et al., 2019). Non-fungal
OTUs were excluded resulting in a dataset of 1202 OTUs comprising
519,822 sequences (Table S2). In the SSU dataset, the most abundant
sequence of each OTU underwent BLAST search against both the
GenBank (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and MaarjAM da-
tabases (Opik et al., 2010). Taxonomic classification followed guide-
lines from the GlobalAMFungi database (Vétrovsky et al., 2023) and
pertinent literature, with non-Glomeromycota OTUs removed, leav-
ing a final set of 270 OTUs encompassing 120,050 reads (Table S3).

Initial fungal ecological guild assignments to ITS2 OTUs were
conducted utilizing the FungalTraits database (Pélme et al., 2020).
Further refinement occurred manually, corroborated by relevant
literature, with a focus on five fungal guilds: plant pathogens, dark
septate endophytes (DSE), arbuscular mycorrhizal fungi (AMF), root
endophytes and saprotrophs. As the two later guilds eventually ex-
hibit partial overlap and their definitions might be considered am-
biguous, for the purposes of this study, we adhere to the definitions
provided by Pélme et al. (2020). Specifically, ‘other symbiotrophs’
include lichenized fungi and ectomycorrhizal, orchid mycorrhizal and
ericoid mycorrhizal fungi. Conversely, ‘root endophytes’ are classi-
fied as fungal OTUs known to colonize the interior of plant tissues.
Their functions vary, ranging from asymptomatic and commensal to
weakly mutualistic (P6lme et al., 2020). The remaining categories
(including animal parasites and mycoparasites) were classified as
“others.” In cases of conflicting literature assignments, OTUs were
labelled as “ambiguous.” A category “not defined” (ND) included taxa
lacking designated ecological functions, unidentified OTUs, or those

exhibiting <94% sequence similarity to a reference.
2.7 | Dataanalyses
Before calculating alpha diversity indices (including OTU richness,

Shannon-Wiener diversity index, Shannon entropy, inverse Simpson
diversity index, evenness, chao-1 and 80% species richness),
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FIGURE 2 The mean rate of root colonization by AMF (hyphae, arbuscules, vesicles) and DSE (hyphae and/or microsclerotia) in the
studied populations of Daphne arbuscula based on microscopic observations. If there are any statistically significant differences between
study sites according to Tukey's test, they are labelled by lowercase letters. Error bars represent the standard deviation of the mean.

sequence reads for each sample were normalized (rarefied) to match
the abundance of the least-read sample (1295 reads for ITS2 and 332
reads for SSU). To ensure higher accuracy, sample rarefaction and
alpha diversity indices were computed in 10 replications, each with
a different set of reads in SEED 2.1.2 (Vétrovsky et al., 2018), and
subsequently averaged. Differences between sites in alpha diversity
indices and also fungal colonization were analysed in R 4.1.0 (R Core
Team, 2021) using ANOVA with Post hoc comparisons (Tukey's test;
‘glht’ function of the package ‘multcomp’; Hothorn et al., 2008). For
all other analyses, the absolute number of sequence reads of both
datasets was transformed to relative read abundances. To examine
variations in root-fungal communities among different sites, one-
way permutational multivariate analysis of variance (PERMANQOVA)
was conducted based on Bray-Curtis dissimilarity (Bray &
Curtis, 1957) of fungal communities between pairs of localities with
9999 permutations. Non-metric multidimensional scaling (NMDS)
plots were generated to visualize the similarity of individual samples
within our dataset using the Bray-Curtis dissimilarity index. Both
PERMANOVA and NMDS analyses were performed in PAST version
4,03 (Hammer et al., 2001) using relative abundances derived
from both ITS2 and SSU amplicon data. To mitigate the impact
of dominant taxa, we conducted additional PERMANOVA and
NMDS analyses on datasets subjected to a binary transformation,
following the approach proposed by Cabon et al. (2021). The binary
transformation converted the data into a presence/absence matrix,
where presence was defined if the OTU's relative abundance of reads
in the sample exceeded 0.01%. Indicator OTUs for different sites
and their combinations were identified from relative abundances
using the ‘multipatt’ function (func="IndVal.g") of the ‘indicspecies’
package in R 4.1.0 (R Core Team, 2021), with 999 permutations and
p<.05 (De Céaceres & Legendre, 2009). For the identified indicator
species, Pearson's phi coefficient of association, with correction
for unequal sample sizes (func="r.g"), was calculated on presence/
absence transformed ITS2 and SSU datasets to determine the
ecological preferences of fungal OTUs (Chytry et al., 2002). OTUs
with a correlation value higher than 0.5 are considered specific
to the locality. The relationship of all indicator species to the
specific ecological setup of the localities was further tested using
principal components analysis (PCA) in PAST version 4.03 (Hammer

et al., 2001). Redundancy analysis (RDA) ordination was performed
to examine the relationship between the environmental parameters
and fungal communities using the ‘rda’ function of the ‘vegan’
package in R4.1.0 (R Core Team, 2021). The environmental variables
used in the analysis included elevation, temperature, precipitation,
aspect, longitude, and latitude. Extrapolated climatic data, precisely
long-term average yearly temperatures and precipitation for all sites,

were obtained from SolarGIS (https://apps.solargis.com/prospect/).

3 | RESULTS

3.1 | Microscopic evidence of fungal colonization
of Daphne arbuscula roots

Microscopic analysis revealed discernible fungal structures in D.
arbuscula roots, indicating colonization by AMF, including hyphae,
vesicles and arbuscules, as well as structures typical of DSE such
as microsclerotia and melanized hyphae (Figure S4). Significant vari-
ations in colonization levels were observed among study sites for
hyphae, vesicles and DSE, with no significant differences for arbus-
cules (Figure 2; Table $4). Warmer localities, Poludnica and Siance A,
exhibited a trend toward a little higher AMF colonization levels (par-
ticularly vesicles) compared to all colder localities. Conversely, the
colder populations of Slaniniarka and Zlatnica showed elevated DSE
colonization (25.7% and 10.3%, respectively) compared to warmer
sites.

3.2 | Metagenomic evidence of fungal
colonization of Daphne arbuscula roots

3.2.1 | Mycobiome diversity based on the
ITS2 dataset

The majority of fungal ITS2 amplicons, specifically 89% of reads (890
OTUs), were successfully classified up to the family level, while 88%
of reads (770 OTUs), can be classified at the genus level (Table S5).
Ascomycota dominated the fungal phyla, representing 84% of reads
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(882 OTUs), followed by Basidiomycota (15% of reads and 222 OTUs)
and Glomeromycota (1% of reads and 76 OTUs). Other phyla were
present in negligible amounts, collectively accounting for 0.08% of
reads and 21 OTUs (Table Sé).

The distribution of fungal classes exhibited variations across
study sites with distinct microclimatic conditions (Figures 3a and
S5a). In warmer localities, the dominant Ascomycota classes were
Sordariomycetes (41%-48.2% of reads; on average 44.4+10.3%) and
Dothideomycetes (17.6%-33.1% of reads; on average 25.4+9.4%).
Conversely, in colder localities, the most abundant classes included
Leotiomycetes (26.8%-44.2% of reads; on average 36.1+17.3%) and
Sordariomycetes (14.5%-25% of reads; on average 24.8+19.2%).

Other classes were present only in minor proportions.

3.2.2 | Fungal community structure based on the
ITS2 dataset

Among the 1202 observed ITS2 OTUs, their richness per sample
ranged from 52 to 257 (on average 155+ 52.5; Table S7). Significant
variations in total OTU richness were evident between study sites,
with warmer site Poludnica exhibiting the highest richness (174-257
OTUs per sample; on average 209 +31.2) and colder site Velka
Stozka recording the lowest (77-156 OTUs; on average 109 +27.3;
Table S7). Alpha diversity indices revealed comparable diversity
across all study sites, and no significant differences were detected
in Tukey's test (Table S7). PERMANOVA revealed also significant
differences between study sites (Table 2). The warmer localities
demonstrated similarity among themselves but were significantly
different from all but one (Slaniniarka) of the colder localities. No
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significant differences were observed among the colder localities,
except for Velka Stozka, which significantly differed from all warmer
and colder sites at the p<.05 significance level. NMDS analyses
(Figure 4a) also confirmed the division into two groups based on
colder versus warmer microclimate sites. Similarly, RDA showed
that the environmental parameters contributed significantly (p <.05)
to the fungal community-environment relationship and explained
25.3% of the total variation in the ITS2 fungal dataset (Figure 4c).
However, the only significant parameter in the model with relative
read abundances was latitude (p<.01; Table S9). Additionally, all
three analyses (PERMANOVA, NMDS, and RDA) conducted on the
transformed presence/absence ITS2 dataset supported this division
(Tables S8 and S9; Figure Séa,c). The RDA results also highlighted
other significant parameters such as elevation, temperature, and as-
pect (Figure Séc; Table S9).

3.2.3 | Fungal ecological guilds based on the
ITS2 dataset

Fungal OTUs were categorized into six ecological guilds (Table S10):
(1) plant pathogens (40.9% of reads; 126 OTUs); (2) DSE (19.8% of
reads; 124 OTUs); (3) AMF (0.8% of reads; 54 OTUs); (4) sapro-
trophs (14% of reads; 216 OTUs); (5) other symbiotrophs (5.8%
of reads; 118 OTUs); and (6) root endophytes (2.9% of reads; 11
OTUs). A portion of fungal reads (15% of reads; 524 OTUs) could
not be either unambiguously assigned to a specific ecological guild
or lacked defined ecological functions. The representation of eco-
logical fungal guilds varied between study sites (Figure 5a) and
samples (Figure S7).
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FIGURE 3 Representation of different fungal taxa in the studied sites from warmer (red) and colder (blue) sites based on mean
read numbers per studied site generated from (a) the ITS2 dataset (others: Lecanoromycetes, Mortierellomycetes, Orbiliomycetes,
Tremellomycetes) and (b) the SSU dataset (others: Acaulospora, Ambispora, Archaeospora; unclassified: other Glomeromycotina unclassified to

the genus level).
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TABLE 2 One-way PERMANOVA based on relative read abundances and Bray-Curtis dissimilarity of fungal communities between pairs

of study sites at 9999 permutations.

Poludnica .8932 .0180*
6447 Kaster .0310*
4061 4501 Siance A
.0121* .0288* .0278*
.0063** .0254* .0099**
.0240* 0624 .0389*
ITS2 .0020** .0064** .0034**

4458 .0084**
4053 .0369*
.2848 3766
Siance B .5435
1416 Zlatnica
.2653 .8589
.0120* .0125*

SsuU

.2321 .0187*

.2575 .5010

1298 .0775

.8860 .3422

7756 .0414*
Slaniniarka .0449*
.0148* Velka Stozka

Note: ITS2 dataset: F=2.141; p=.0001; SSU dataset: F=1.555; p=.017. Significant values are highlighted by bold and gray background and labelled

with an asterisk (*p<.05, **p<.01, ***p<.001).
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FIGURE 4 Non-metric multidimensional scaling (NMDS) ordination based on a Bray-Curtis dissimilarity matrix of fungal reads associated
with roots of Daphne arbuscula in warmer (red fill) and colder localities (blue fill) (on the top), and Redundancy analysis (RDA) ordination
showing relationship between the environmental variables and fungal communities (on the bottom) generated from (a, c) the ITS2 dataset
and (b, d) the SSU dataset. Arrows indicate the direction and magnitude of variables. Different studied sites are represented by different

colours and symbol shapes.

Plant pathogens

Plant pathogens were detected across all sites (Figure 5b). Out of
them, 71.8% of pathogen reads (46 OTUs) belonged to Hypocreales
from Sordariomycetes, and 21.9% of reads (39 OTUs) belonged
to Pleosporales from Dothideomycetes (Tables S2 and S10).
Pathogens were more prevalent in warmer localities (49.1%-69.1%

of total reads; on average 58.9 +14.2%), while their percentage
was noticeably lower in colder localities (17.6%-30.6% of total
reads; on average 26.1+19.2%). Warmer and colder localities
also differed in the taxonomic composition of pathogenic fungi
(Figure 5b). In warmer sites, species of the genera Fusarium, Phoma,
Neopyrenochaeta or Pyrenochaeta predominated. In contrast,
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FIGURE 5 Fungal ecological guilds represented in the ITS2 dataset based on mean read numbers per studied site; red—warmer sites;
blue—colder sites. (a) Representation of different fungal ecological guilds. (b) Representation of fungal genera in plant pathogens. (c)

Representation of fungal genera in DSE.

colder localities predominantly harboured the genera llyonectria
and Cyphellophora (Figure 5b). Genus Dactylonectria dominated
in all localities (22.5%-64.9% of pathogen reads; on average
36.9 +26.5%), except for Siance A. Dactylonectria macrodidyma
(OTU2) and Fusarium tricinctum (OTU8) were both present in 91%
of the samples and thus were the most prevalent pathogens across
all of the sites (Table S11).

DSE fungi
DSE ranked as the second most abundant group, with the major-
ity of reads assigned to Helotiales from Leotiomycetes (73.1% of
DSE reads, 51 OTUs), and a smaller portion to Chaetothyriales from
Eurotiomycetes (26.3% of DSE reads, 71 OTUs; Tables S2 and S10).
Unlike pathogens, DSE dominated in all colder localities, ranging from
29.9% to 36.7% of total reads (on average 33.8+14.1%). Their repre-
sentation in warmer sites, however, was significantly lower, ranging
from 2.9% to 9.3% of total reads (on average 6 +5.4%; Figure 5a).
Members of the genus Cadophora were prevalent in warmer
sites (31.1%-58.3% of DSE reads; on average 39.7+20.5%) but
much rarer in colder ones (9.9%-15.5% of DSE reads; on average
14.8 +15.1%). Noteworthy, DSE OTUs detected in the largest num-
ber of samples included Cadophora interclivium (OTU14; in 97% of
samples), Knufia sp. and Exophiala radicis (OTU23 and OTU96, re-
spectively, in 94% of samples), and Cadophora ferruginea (OTU29;
each in 91% of samples). Some DSE OTUs dominated at colder sites.
For example, Phialocephala and Cladophialophora species had the

highest abundances in Zlatnica and Slaniniarka (50.3% and 50.8%
of DSE reads; 17% and 14.9%, respectively). Acephala applanata was
overrepresented in Velka Stozka (22.3% of DSE reads; Figure 5c).

Other guilds

The remaining ecological guilds were represented in smaller pro-
portions (Figure 5a; Table $10). AMF were present in most samples
(27 out of 35) and all study sites. The remaining ecological guilds
were represented in smaller proportions. Over 99% of detected
AMF reads belonged to the Glomeraceae family, predominantly the
genera Glomus (61.2%), Rhizophagus (24%), and Dominikia (14.2%).
Furthermore, saprotrophs emerged as the most abundant group,
with Tetracladium furcatum (OTU21) being the most commonly iden-
tified species, present in 91% of samples. Their relative abundance
in localities was consistently low, averaging below 1% (Figure 5a).

3.2.4 | Analyses of indicator species within the
ITS2 dataset

The results of PCA analysis, focused on indicator fungal species
among localities, consistently confirmed differentiation between
colder and warmer sites (Figure 6a). In all three warmer localities, five
common indicator OTUs were identified, with four assigned to plant
pathogens (Parophoma chrysanthemicola, Pyrenochaeta sp., Fusarium

oxysporum and Fusarium hostae), and one species, Clonostachys rosea,
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FIGURE 6 Ordination diagram by principal coordinate analysis (PCA) based on all indicator OTUs for different study sites and their

combinations generated from (a) the ITS2 and (b) the SSU dataset.

had an ambiguous ecological guild affiliation (Table S12). Among the
colder sites, six indicator OTUs were shared, comprising five taxa
of DSE (Cladophialophora sp.—two taxa, Cladophialophora nyingchien-
sis, Polyphilus sp., and Rhinocladiella sp.) and one plant pathogen
(Ilyonectria crassa) (Table S12).

3.2.5 | OTUrichness and diversity of the
SSU dataset

The SSU dataset included 270 AMF OTUs corresponding to 54 unique
virtual taxa (VTX). Most of the AMF sequences belonged to unspe-
cific Glomeromycotina (70.5% of SSU reads; 88 OTUs; Tables S3 and
$13). Among OTUs identified to genus level prevailed Glomeraceae in
all study sites, especially Glomus s. I. (19.9% of SSU reads; 153 OTUs;
27 unique virtual taxa according to MaarjAM database). Less abun-
dant taxa (0%-4.5% of SSU reads; 29 OTUs) detected in all sites were
Septoglomus constrictum, Rhizophagus iranicus, R. intraradices and oth-
ers (for details see, Figures 3b and S5b; Tables S3 and S13). Per sample,
we observed from 8 to 72 OTUs (on average 24.2+12.7), which cor-
responded to 3-20 VTX (on average 11.7+4.5). No significant differ-
ences in the diversity and OTU richness were detected between study
sites (p>.05 according to Tukey's test; Table S7). Neither PERMANOVA
(Tables 2 and S8) nor NMDS (Figures 4b and Séb) uncovered significant
differences between warmer and colder localities. Only a total of eight
indicator OTUs were found in the whole dataset (Table $S14). According
to RDA, environmental characteristics significantly explained 26.5%
of the total variability in the SSU dataset (p<.05; Figure 4d; Table S9).
The only significant parameters were latitude in the model with rela-
tive abundances and elevation in the model with the transformed SSU
dataset (Figure Séd; Table S9). Indicators OTU1 and OTU7 (both un-
specific Glomeromycotina) explained most of the variability according
to PCA (Figure 6b).

4 | DISCUSSION

4.1 | The environmental heterogeneity has
triggered a composition divergence of the
root-associated fungal communities in rock-dwelling
Daphne arbuscula

Our study provides empirical support for the hypothesis that the root
system of the rock-adapted shrub Daphne arbuscula hosts, in addition
to the omnipresent arbuscular mycorrhizal fungi (AMF), a diverse array
of root-associated fungal communities. We demonstrated that the ex-
tensive diversity of root-associated fungal communities is, along with
AMF, predominantly composed of plant pathogens, DSE, and sapro-
trophs (see Figures 2, 5 and S4; Tables S4, S10 and S11). Importantly,
the proportion of ecological guilds across studied sites correlates with
environmental conditions, indicating a non-random pattern reflect-
ing the response of root-associated fungal communities to microcli-
matic heterogeneity (cf. Birnbaum et al., 2019; Merges et al., 2018;
Tian et al., 2017). Our analyses indicated that environmental param-
eters might contribute to the composition of fungal communities at
the studied localities in both the ITS2 and SSU datasets, as demon-
strated by the RDA results (see Figures 4c,d, Séc,d, and Table S9).
The fungal communities from the ITS2 dataset appeared to be more
closely associated with environmental factors than the AMF commu-
nities from the SSU dataset. Latitude emerged as the most significant
factor differentiating fungal communities, suggesting a geographic
distance-based pattern. However, we believe this primarily reflects the
environmentally induced biogeographic setup of D. arbuscula popula-
tions rather than a geographic distance-based pattern or bias in sam-
pling design. Specifically, sites with colder microclimates are situated
in the northern part of the distribution range, lacking localities with
south or southwest-oriented slopes and warmer microclimates, and

vice versa. This spatial arrangement underscores the role of latitude
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and associated climatic variables in shaping fungal community struc-
ture within the distribution range of D. arbuscula. This contrast was
also evident in the taxonomic composition, particularly in the preva-
lence of specific fungal classes between colder and warmer sites. In
warmer localities, Sordariomycetes and Dothideomycetes were domi-
nant, whereas colder sites exhibited a dominance of Leotiomycetes
and Sordariomycetes (cf. Geml, 2017). The environmental influence on
diversification is especially evident in the Siance population. The sunny
and warmer part of the locality (Siance A) exhibits root-associated
fungi diversity resembling that of warmer sites. In contrast, the shaded
colder part (Siance B), just a few meters away on a north-oriented
slope, shares a root fungal community composition more akin to colder
sites (Figure S2). Furthermore, the most divergent site is Velka Stozka
characterized by the colder microclimate, which exhibits remarkable
deviation in composition profile in fungal taxa, AMF composition and
in the taxonomic spectrum of DSE (Figure 5¢; Table 2). This shift in the
root-associated fungal composition is likely influenced by the unique
environmental characteristics of the site, particularly its higher eleva-
tion (cf. Bonfim et al., 2016). The elevated altitude of this locality, with
its more challenging conditions (Table 1), is likely the driving force be-
hind the observed diversification in the root-associated fungal commu-
nities. We are, however, aware that Siance and Velka Stozka deviated
from the rest of the studied sites by their unique environmental con-
figurations and require careful consideration in interpreting our find-
ings. However, the distinctive geomorphologies of both sites are not
duplicated in other locations within the Muranska planina Mts, thus
unfortunately lacking replicates in our sampling design. We maintain
that our recent sampling design has had no remarkable impact on the
crucial findings. We believe that this intricate root-associated fungal
network of this relictual shrub plays a pivotal role in the adaptation,
fitness, and overall survival of this species in the extreme environment
of limestone rocky habitats. Last but not least, plant survival and fit-
ness are influenced not only by environmental variables but also by
associated microorganisms, particularly root-associated bacterial com-
munities. These microorganisms play a crucial role in plant survival
by facilitating nutrient cycling, especially in nutrient-poor substrates
(Nicolitch et al., 2017; Zhang et al., 2019). The root-associated mycobi-
ome is also significantly shaped by bacterial assemblages co-inhabiting
plant roots, given their established bidirectional biological and ecologi-
cal interactions (Lastovetsky et al., 2022). Although exploring these
complex interactions was beyond the scope of this study, it highlights
the potential for future research into the root microbiome of plants in
extreme rocky habitats, providing deeper insights into the synergistic

relationships that underpin plant resilience and adaptation.

4.2 | The prevalence of plant pathogens in
warmer sites suggests their susceptibility to climate
fluctuations and global warming

Our study uncovers a significant composition disparity among root-
associated fungal communities in colder and warmer environments.

Although they share similar fungal taxa and ecological guilds, they
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exhibit notable proportional differences (Figures 3a, 4a and S5a).
Specifically, plant pathogens predominate in warmer sites, while the
root systems of shrubs from the colder sites are mostly inhabited by
fungi belonging to the DSE guild (Figures 2, 5, and 6; Tables S10-
$12). This finding may suggest that the root landscapes of D. arbus-
cula in warmer localities are more susceptible to colonization by
plant pathogens, potentially rendering these plants more vulnerable
to diseases than those in colder sites. South-exposed rocky forma-
tions are more prone to overheating compared to north-oriented
sites with a colder microclimate. This environmental configuration
may induce alterations in soil water balances, causing variations in
the physiological drought stress encountered by shrubs on differ-
ent aspects (Ritchie, 1998), thereby impacting and modifying the
composition of their mycobiome (cf. Ferrazzano & Williamson, 2013;
Geml, 2017). Elevated temperatures, besides compromising plant re-
sistance to fungal infections, can increase the metabolic rates and ag-
gressiveness of fungal pathogens, resulting in higher infection rates
(Dorrance et al., 2003; Thompson et al., 2010). This might be particu-
larly relevant in the context of ongoing global warming. Responses
of soil fungal diversity to climate warming may vary across taxa and
guilds (Birnbaum et al., 2019; Looby & Treseder, 2018; Treseder
et al., 2016), however, numerous studies consistently propose an el-
evated presence of plant pathogen taxa within fungal communities
in response to environmental changes (Birnbaum et al., 2019; Looby
& Treseder, 2018) and especially during drought stress (Francioli
et al., 2020; Miller et al., 2022; Ramegowda & Senthil-Kumar, 2015).

Another factor that might influence the abundance of fun-
gal pathogens is the population density of the host species. It has
been documented that plants in monoculture-like systems, where
the density of a single or very few taxa is high, are more suscepti-
ble to increased pathogen loads (Wu et al., 2016). As observed by
Erdelska and Turis (1996) and corroborated by subsequent studies,
the abundance of Daphne shrubs exhibits substantial variability both
between and within localities. For instance, the density ranges from
25% to 50% in Poludnica, 1%-5% in Kaster, 25%-50% in Zlatnica,
5%-15% in the colder part of Siance B, and 5%-50% in Velka Stozka.
These findings indicate that population density is highly variable
within each site, regardless of thermal conditions, and is strongly in-
fluenced by geomorphological factors. Given this high level of vari-
ability, it seems unlikely that population density is a significant factor
affecting the level of root colonization by pathogens in this system.

Members of the genus Daphne often suffer from various fungal
diseases affecting different parts of the plants (Bacigélova, 1994,
Halda, 2001; Noshad et al., 2006; White, 2006). The most prevalent
taxa in almost all samples were two significant phytopathogenic spe-
cies (Figure 5b; Tables S2 and S11). The first is Dactylonectria mac-
rodidyma, a recognized causal agent causing severe root infections
(black foot disease), particularly affecting commercially important
woody crops (Cabral et al., 2012; Lombard et al., 2014; Urbez-Torres
et al., 2012; Vitale et al., 2012), while the second is Fusarium tricinc-
tum, known as a phytopathogen and mycotoxin producer causing
infections across a wide spectrum of plants (Wang et al., 2022, and
references therein). In fact, Fusarium tricinctum prefers temperatures
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between 15°C and 25°C for optimal infection and disease develop-
ment (Yan & Nelson, 2020). While this temperature range can occur
in both colder and warmer sites during the growing season, its prev-
alence and duration of infection are more likely in warmer sites (cf.
Erdelska & Turis, 1995, 1996), contributing to a higher rate of in-
fections there. We believe that our findings strongly suggest that
the dominance of potential plant pathogens in the root landscape of
populations inhabiting warmer climates poses a substantial threat to
their overall fitness and long-term survival. However, it is essential
to acknowledge that we did not assess the health status of shrubs in
the studied populations. At least from a basic visual inspection, we
did not observe shrubs with remarkable infestations or fatalities in
either colder or warmer sites (authors unpublished data). Moreover,
certain strains of F. oxysporum, fungal species also detected in our
samples (Tables S2 and S11 ), are typically recognized as vascular
plant pathogens but can also exhibit non-pathogenic behaviour to-
ward plants. Instead, they can produce metabolites that inhibit the
growth of various phytopathogenic fungi (Michielse & Rep, 2009;
Sajeena et al., 2020). This brings us back to recently proposed con-
cepts that emphasize the complex interactions between hosts and
fungal infections. Their association with the host plant can range
from mutualism and commensalism to amensalism and parasitism
(Collinge et al., 2022; Jgrgensen et al., 2020). Given our recent data,
we are currently limited to speculating about the dynamics of shifts
in D. arbuscula and root-associated fungal interactions. To gain a
more profound understanding, additional comprehensive empirical

investigations are imperative.

4.3 | Therole of DSE in the survival of Daphne
arbuscula in rocky habitats

One of the key strategies employed by plants to counteract patho-
gensordevelopresistance against them involves coexisting with AMF
or various endophytes, especially DSE (Hempel et al., 2013; Santos
et al., 2021; van der Heijden et al., 2015; Zabinski & Bunn, 2014). It
was proven that specific members of AMF (Akhtar & Siddiqui, 2008)
or DSE (Surono & Narisawa, 2018) can inhibit the growth of poten-
tially pathogenic fungi (Beccari et al., 2022; Constantin et al., 2021;
Santos et al., 2021). Our metabarcoding data reveal a distinct pat-
tern, underscoring the prevalence of DSE in colder sites, coupled
with a notably lower abundance of pathogens compared to warmer
sites (Figures 5 and 6; Table 510).

While direct causality between pathogen rates and DSE in colder
versus warmer environments remains unconfirmed by empirical ev-
idence, the observed pattern suggests that the prevalence of DSE,
beyond its mutualistic association with D. arbuscula, most likely
contributes to mitigating pathogens and alleviating environmentally
induced abiotic stress (Beccari et al., 2022; Constantin et al., 2021;
Santos et al., 2021). Indeed, DSE are better adapted to environmen-
tal extremes and tend to be more abundant in mountain habitats at
higher elevations with lower temperatures and colder environments
(Bueno de Mesquita et al., 2018; Kivlin et al., 2013; Newsham, 2011;

Ranelli et al., 2015). The essential role of DSE in benefiting plants
arises from their capacity to mineralize organic compounds in the
rhizosphere, enhancing the availability of inorganic nitrogen for
root uptake. However, once inorganic nitrogen becomes accessible
to root systems, the positive impact of DSE diminishes (Alberton
et al., 2005; Newsham, 2011). In rocky environments, such as the
habitats of D. arbuscula, where soil development is limited and the
slow decomposition of organic matter is exacerbated by conditions
like drought or low temperatures (Erdelskd & Turis, 1995, 1996),
there is often a reduction in available inorganic nitrogen and phos-
phorus levels (Santonja et al., 2015; Xiao et al., 2019). Thus, in stud-
ied rocky habitats, especially those featuring a colder microclimate,
DSE likely plays a pivotal role in mineralizing organic nitrogen and
phosphorus (cf. Newsham, 2011). Hence, the higher prevalence
of DSE in colder localities harmonizes with the general ecological
traits of DSE fungi, likely serving as a mechanism for the enhanced
or increased adaptation of D. arbuscula in colder environments.
Moreover, beyond the variation in DSE abundance between warmer
and colder sites, we also observed diversification concerning pre-
dominant DSE species. Specifically, in the colder sites of Zlatnica and
Slaniniarka, Phialocephla fortini dominates, while Acephla applanata
prevails in Velkd Stozka but is absent in warmer sites (Figure 5c¢;
Tables S2 and S11). Both species are recognized as commonly oc-
curring DSE root-associated fungi with no host specificity (Griinig
et al., 2008; Rodriguez et al., 2009; Santos et al., 2021). These DSEs
may play a role in mitigating water stress for various host plant spe-
cies and suppressing fungal pathogens (Santos et al., 2021; Stroheker
et al., 2021; Tellenbach et al., 2013). The genus Cadophora, which is
less abundant in colder sites, emerges as the dominant DSE genus
in these environments. Cadophora spp. have been shown to sup-
press the growth of various fungal pathogens in in vitro experiments
(Santos et al., 2021; Yakti et al., 2019). However, this antagonistic
effect was not confirmed in plants inoculated by both pathogens
and Cadophora spp., suggesting that plants are likely involved in al-
tering the mutual interaction of these root-associated fungi (Yakti
et al., 2019). In conclusion, this nuanced diversity in both abundance
and species composition underscores the complex dynamics of DSE
communities across different microclimatic conditions. We posit
that even subtle temperature fluctuations and variations in mois-
ture regimes may influence the specific types of DSE present in a
given environment. Nevertheless, this observation underscores the
necessity for more extensive and in-depth investigations, including
comparisons to another ecologically similar model system from dif-

ferent localities with a similar ecological setup.

4.4 | Despite its omnipresence, AMF exhibit stable
patterns and low diversity across studied sites

Confirming our expectations and aligning with earlier morphology-
based investigations (Erdelska & Turis, 1996), we verified the
presence of AMF in D. arbuscula roots in all study sites. However,
their proportion remained consistently stable regardless of the
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microenvironment of the studied sites (Figure 2). This becomes
particularly intriguing in the context of other detected root-
associated fungal communities and guilds, which displayed
relatively straightforward environmentally induced patterns. AMF
colonization rates are often positively correlated with temperature
and precipitation (Gai et al., 2012; Huo et al., 2021). It is commonly
suggested that colonization increases at lower elevations (Gai
et al., 2012; Geml, 2017; Kotilinek et al., 2017; Zubek et al., 2009)
and may be linked to arid and semiarid ecosystems, where AMF
can potentially enhance drought tolerance in host plants (Kivlin
etal., 2013; Porras-Alfaro et al., 2008). Although we did not observe a
clear environment-induced pattern in the occurrence of AMF across
ourstudysites, itis essential toremember that our study is designed to
capture microscale differences. These differences may be sufficient
to diversify other root-associated fungi, yet the composition and
spectrum of the AMF may remain without manifesting apparent
differentiations (but see e.g. Tipton et al., 2022). Nonetheless, some
deviations in mycobiome diversity were noted in Velka Stozka, which
exhibited the highest OTU richness in AMF (Table S7). This suggests
a potential correlation between AMF diversity and altitude, given
its elevated location compared to the other study sites (cf. Bonfim
et al,, 2016). However, we hesitate to draw definitive conclusions in
this regard due to the relatively modest altitudinal gradient in our
study, coupled with the lack of replication for this specific locality
(refer to the discussion above). Given their omnipresence across
all sites, we posit that AMF constitutes a stable root endophyte
community within the root landscape of D. arbuscula. These fungi
most likely play a substantial role in the adaptation and survival of
this species in highly environmentally challenging rocky habitats.

In terms of taxon diversity, the majority of AMF were assigned
to unclassified Glomeromycotina (Figures 3b and S5b; Tables S3 and
S$13) despite the dynamically evolving research in the field of tax-
onomy and phylogeny of AMF over the last decades (e.g. Morton
& Msiska, 2010; Redecker et al., 2013). This observation suggests
that rock-dwelling plant communities, including the studied species,
present not only excellent models for studying AMF-plant interac-
tions in environmentally extreme habitats but can also serve as a

reservoir of recently undiscovered AMF diversity.

5 | CONCLUSIONS

Rocky habitats, defined by their demanding environments, unveil
extraordinary geomorphological heterogeneity, prompting investi-
gations into the influence of both microclimatic and macroclimatic
conditions on root-associated fungal diversity. Root-associated fungi
play diverse ecological roles, ranging from enhancing plant fitness to
ensuring survival in challenging environments and fortifying resist-
ance against abiotic stress and pathogens, as indicated by our find-
ings. Apart from the remarkable diversity of root-associated fungi,
we uncover a distinct environmentally induced pattern: in rocky en-
vironments with warmer conditions, there is a notable increase in

plant pathogen abundance. At the same time, colder sites exhibit a
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higher prevalence of DSE. We posit that the observed pattern may
suggest that warmer sites are more susceptible to changing condi-
tions, especially those associated with ongoing climate change. On
the other hand, colder sites harbour not only a lower proportion of
pathogens but also an increased level of DSE, potentially suppress-
ing or mitigating biotic and abiotic stresses. Interaction among such
diverse root-associated fungal classes creates complex, mutualistic
and antagonistic networks that are currently underexplored and de-
mand further investigation. Striking a harmonious balance between
these positive and negative interactions becomes imperative for the
sustained survival of plant communities, especially in rocky habitats
subject to highly challenging environments and susceptible to rapid
climatic oscillations.

AUTHOR CONTRIBUTIONS

The conception and design of the study were performed by Zuzana
Gajdosova, Zuzana Kolafikova and Marek Slovak. Zuzana Gajdosova,
Ingrid Turisova, Peter Turis, Jaromir Kucera and Marek Slovak con-
ducted the data collection. Radka Sudova, Jana Rydlova and Zuzana
Kolafikova performed the root samples processing in the laboratory,
microscopic observations and amplicon data generation. Zuzana
Gajdosova and Miroslav Cabon performed data analyses and plot-
ting. The first draft of the manuscript was written by Zuzana
Gajdosova, Miroslav Cabon and Marek Slovak, with all authors pro-
viding comments on previous versions of the manuscript. Finally, all

authors read and approved the final manuscript.

ACKNOWLEDGEMENTS

This work was supported by the Slovak Research and Development
Agency (grant number APVV-22-0365); by Scientific Grant Agency
of the Ministry of Education, Science, Research and Sport of the
Slovak Republic and the Slovak Academy of Sciences (grant number
VEGA 2/0098/22 and VEGA 2/0050/22), and the Grant Programme
for Slovak Academy of Sciences PhD students (grant number
APP0361). ZK, RS and JR were supported by the institutional project
RVO 67985939. We express our heartfelt gratitude to Drahos Blanar

for his invaluable assistance during the field collecting process.

CONFLICT OF INTEREST STATEMENT
The authors have no conflicts of interest.

DATA AVAILABILITY STATEMENT

The raw amplicon sequence reads have been deposited in the NCBI
(BioProject ID: PRJNA1036833, SRA: SRP470670; BioSamples:
SAMN38152953-SAMN38152987).

ORCID
Marek Slovdk "= https://orcid.org/0000-0001-9917-3099
REFERENCES

Akhtar, M. S., & Siddiqui, Z. A. (2008). Arbuscular mycorrhizal fungi as
potential bioprotectants against plant pathogens. In Z. A. Siddiqui,
M. S. Akhtar, & K. Futai (Eds.), Mycorrhizae: Sustainable agriculture

85UB01 T SUOIWIOD BA11e81D) 8|qeol(dde ay) Aq pausenob ae Sa(1e YO 8sN JO SajnJ 10} ARIqIT 8UIUO AS]IA UO (SUOTHIPUD-PUE-SUIBY/0Y™A8 | 1M ARe.d]jBul[Uo//:Sdny) SUONIPUOD pUe SWiB | 38U 89S *[Z0Z/0T/y0] Uo A%iqiTauliuo A8iM ‘pd eeR N eNZBAIuN Ad Ti/T'98W/TTTT 0T/I0p/uco A 1M Ariqipuljuo//sdny woij pepeojumod ‘ST ‘720z ‘Xy62S9ET


https://orcid.org/0000-0001-9917-3099
https://orcid.org/0000-0001-9917-3099

GAJDOSOVA ET L.

14 of 18
\YVAI A4 MOLECULAR ECOLOGY

and forestry (pp. 61-97). Springer. https://doi.org/10.1007/978-1-
4020-8770-7_3

Alberton, O., Kuyper, T. W., & Gorissen, A. (2005). Taking mycocentrism
seriously: Mycorrhizal fungi and plant responses to elevated CO,,.
New Phytologist, 167, 859-868. https://doi.org/10.1111/j.1469-
8137.2005.01458.x

Aronesty, E. (2011). ea-utils: Command-line tools for processing biological
sequencing data. https://github.com/ExpressionAnalysis/ea-utils

Bacigalova, K. (1994). Mycoflora of Daphne arbuscula Celak. dying twings.
Bulletin Slovenskej Botanickej spolo¢nosti, Bratislava, 16, 82-85.

Baldrian, P., Bell-Dereske, L., Lepinay, C., Vétrovsky, T., & Kohout, P.
(2022). Fungal communities in soils under global change. Studies in
Mycology, 103, 1-24. https://doi.org/10.3114/sim.2022.103.01

Beccari, G., Hao, G., & Liu, H. (2022). Editorial: Fusarium pathogene-
sis: Infection mechanisms and disease progression in host plants.
Frontiers in Plant Science, 13, 1020404. https://doi.org/10.3389/
fpls.2022.1020404

Bengtsson-Palme, J., Veldre, V., Ryberg, M., Hartmann, M., Branco,
S., Wang, Z., Godhe, A., Bertrand, Y., De Wit, P., Sanchez, M,
Ebersberger, 1., Sanli, K., de Souza, F., Kristiansson, E., Abarenkov,
K., Eriksson, K. M., & Nilsson, R. H. (2013). ITSx: Improved soft-
ware detection and extraction of ITS1 and ITS2 from ribosomal ITS
sequences of fungi and other eukaryotes for use in environmental
sequencing. Methods in Ecology and Evolution, 4, 914-919. https://
doi.org/10.1111/2041-210X.12073

Birnbaum, C., Hopkins, A. J. M., Fontaine, J. B., & Enright, N. J. (2019).
Soil fungal responses to experimental warming and drying in a
Mediterranean shrubland. Science of the Total Environment, 683,
524-536. https://doi.org/10.1016/j.scitotenv.2019.05.222

Bonfim, J. A., Vasconcellos, R. L. F., Gumiere, T., Mescolotti, D. L. C.,
Oehl, F., & Cardoso, E. J. B. N. (2016). Diversity of arbuscular
mycorrhizal fungi in a Brazilian Atlantic forest toposequence.
Microbial Ecology, 20, 202-210. https://doi.org/10.1007/s0024
8-015-0661-0

Bothe, H., Turnau, K., & Regvar, M. (2010). The potential role of arbus-
cular mycorrhizal fungi in protecting endangered plants and hab-
itats. Mycorrhiza, 20, 445-457. https://doi.org/10.1007/s0057
2-010-0332-4

Bray, J. R., & Curtis, J. T. (1957). An ordination of upland forest commu-
nities of southern Wisconsin. Ecological Monographs, 27, 325-349.
https://doi.org/10.2307/1942268

Breman, E., Hurdu, B., Kliment, J., Kobiv, Y., Kucera, J., Mraz, P., Puscas,
M., Renaud, J., Ronikier, M., Sibik, J., Schmotzer, A., Stubiiova,
E., Szatmari, P., Tasenkevich, L., Turis, P., & Slovak, M. (2020).
Conserving the endemic flora of the Carpathian region: An interna-
tional project to increase and share knowledge of the distribution,
evolution and taxonomy of Carpathian endemics and to conserve
endangered species. Plant Systematics and Evolution, 306, 1-15.
https://doi.org/10.1007/s00606-020-01685-5

Brundrett, M., Bougher, N., Dell, B., Grove, T., & Malajczuk, N. (Eds.).
(1996). Working with mycorrhizas in forestry and agriculture. Australian
Centre for International Agricultural Research (ACIAR), Monograph 32.
https://doi.org/10.13140/2.1.4880.5444

Brundrett, M. C. (2009). Mycorrhizal associations and other means of nu-
trition of vascular plants: Understanding the global diversity of host
plants by resolving conflicting information and developing reliable
means of diagnosis. Plant and Soil, 320, 37-77. https://doi.org/10.
1007/s11104-008-9877-9

Bueno de Mesquita, C. P, Sartwell, S. A., Ordemann, E. V., Porazinska,
D. L., Farrer, E. C., King, A. J., Spasojevic, M. J,, Smith, J. G., Suding,
K. N., & Schmidt, S. K. (2018). Patterns of root colonization by ar-
buscular mycorrhizal fungi and dark septate endophytes across a
mostly-unvegetated, high-elevation landscape. Fungal Ecology, 36,
63-74. https://doi.org/10.1016/j.funeco.2018.07.009

Cabon, M., Galvéanek, D., Detheridge, A. P., Griffith, G. W., Marédkova, S.,
& Adamcik, S. (2021). Mulching has negative impact on fungal and

plant diversity in Slovak oligotrophic grasslands. Basic and Applied
Ecology, 52, 24-37. https://doi.org/10.1016/J.BAAE.2021.02.007

Cabral, A., Rego, C., Crous, P. W., & Oliveira, H. (2012). Virulence
and cross-infection potential of Ilyonectria spp. to grapevine.
Phytopathologia Mediterranea, 51, 340-354. https://doi.org/10.
14601/Phytopathol_Mediterr-10480

Carvalho, F,, Souza, F. A., Carrenho, R., Moreira, F. M. S., Jesus, E. C., &
Fernandes, G. W. (2012). The mosaic of habitats in the high-altitude
Brazilian rupestrian fields is a hotspot for arbuscular mycorrhizal
fungi. Applied Soil Ecology, 52, 9-19. https://doi.org/10.1016/j.ap-
50il.2011.10.001

Casazza, G., Lumini, E., Ercole, E., Dovana, F., Guerrina, M., Arnulfo, A.,
Minuto, L., Fusconi, A., & Mucciarelli, M. (2017). The abundance
and diversity of arbuscular mycorrhizal fungi are linked to the
soil chemistry of screes and to slope in the Alpic paleo-endemic
Berardia subacaulis. PLoS One, 12, e0171866. https://doi.org/10.
1371/journal.pone.0171866

Chytry, M., Tichy, L., Holt, J., & Botta-Dukat, Z. (2002). Determination
of diagnostic species with statistical fidelity measures. Journal of
Vegetation Science, 13, 79-90. https://doi.org/10.1111/j.1654-
1103.2002.tb02025.x

Coleine, C., Stajich, J. E., delos Rios, A., & Selbmann, L. (2021). Beyond the
extremes: Rocks as ultimate refuge for fungi in drylands. Mycologia,
113, 108-133. https://doi.org/10.1080/00275514.2020.1816761

Collinge, D. B., Jensen, B., & Jgrgensen, H. J. (2022). Fungal endophytes
in plants and their relationship to plant disease. Current Opinion
in Microbiology, 69, 102177. https://doi.org/10.1016/j.mib.2022.
102177

Constantin, M. E., Fokkens, L., de Sain, M., Takken, F. L. W., & Rep, M.
(2021). Number of candidate effector genes in accessory genomes
differentiates pathogenic from endophytic Fusarium oxysporum
strains. Frontiers in Plant Science, 12, 761740. https://doi.org/10.
3389/fpls.2021.761740

De Caceres, M., & Legendre, P. (2009). Associations between species
and groups of sites: Indices and statistical inference. Ecology, 90,
3566-3574. https://doi.org/10.1890/08-1823.1

Dighton, J. (2007). Nutrient cycling by saprotrophic fungi in terrestrial
habitats. In C. P. Kubicek & I. S. Druzhinina (Eds.), Environmental
and microbial relationships. The Mycota IV (pp. 287-300).
Springer-Verlag.

Doehlemann, G., Okmen, B., Zhu, W., & Sharon, A. (2017). Plant patho-
genic fungi. Microbiology Spectrum, 5. https://doi.org/10.1128/
microbiolspec.funk-0023-2016

Dorrance, A. E., Kleinhenz, M. D., McClure, S. A., & Tuttle, N. T. (2003).
Temperature, moisture, and seed treatment effects on Rhizoctonia
solani root rot of soybean. Plant Disease, 87, 533-538. https://doi.
org/10.1094/PDIS.2003.87.5.533

Edgar, R. C. (2013). UPARSE: Highly accurate OTU sequences from mi-
crobial amplicon reads. Nature Methods, 10, 996-998. https://doi.
org/10.1038/nmeth.2604

Erdelska, O., & Turis, P. (1995). Biology of Daphne arbuscula Celak.
(Thymelaeaceae). Biologia, 50, 333-348.

Erdelska, O., & Turis, P. (Eds.). (1996). Lykovec murdnsky (Daphne arbuscula
Celak.). SAZP - Sprava CHKO Muranska Planina.

Ferrazzano, S., & Williamson, P. S. (2013). Benefits of mycorrhizal inocu-
lation in reintroduction of endangered plant species under drought
conditions. Journal of Arid Environments, 98, 123-125. https://doi.
org/10.1016/j.jaridenv.2013.08.007

Francioli, D., van Ruijven, J., Bakker, L., & Mommer, L. (2020). Drivers
of total and pathogenic soil-borne fungal communities in grass-
land plant species. Fungal Ecology, 48, 100987. https://doi.org/10.
1016/j.funeco.2020.100987

Gai, J. P, Tian, H., Yang, F. Y., Christie, P., Li, X. L., & Klironomos, J. N.
(2012). Arbuscular mycorrhizal fungal diversity along a Tibetan el-
evation gradient. Pedobiologia (Jena), 55, 145-151. https://doi.org/
10.1016/j.pedobi.2011.12.004

85UB01 T SUOIWIOD BA11e81D) 8|qeol(dde ay) Aq pausenob ae Sa(1e YO 8sN JO SajnJ 10} ARIqIT 8UIUO AS]IA UO (SUOTHIPUD-PUE-SUIBY/0Y™A8 | 1M ARe.d]jBul[Uo//:Sdny) SUONIPUOD pUe SWiB | 38U 89S *[Z0Z/0T/y0] Uo A%iqiTauliuo A8iM ‘pd eeR N eNZBAIuN Ad Ti/T'98W/TTTT 0T/I0p/uco A 1M Ariqipuljuo//sdny woij pepeojumod ‘ST ‘720z ‘Xy62S9ET


https://doi.org/10.1007/978-1-4020-8770-7_3
https://doi.org/10.1007/978-1-4020-8770-7_3
https://doi.org/10.1111/j.1469-8137.2005.01458.x
https://doi.org/10.1111/j.1469-8137.2005.01458.x
https://github.com/ExpressionAnalysis/ea-utils
https://doi.org/10.3114/sim.2022.103.01
https://doi.org/10.3389/fpls.2022.1020404
https://doi.org/10.3389/fpls.2022.1020404
https://doi.org/10.1111/2041-210X.12073
https://doi.org/10.1111/2041-210X.12073
https://doi.org/10.1016/j.scitotenv.2019.05.222
https://doi.org/10.1007/s00248-015-0661-0
https://doi.org/10.1007/s00248-015-0661-0
https://doi.org/10.1007/s00572-010-0332-4
https://doi.org/10.1007/s00572-010-0332-4
https://doi.org/10.2307/1942268
https://doi.org/10.1007/s00606-020-01685-5
https://doi.org/10.13140/2.1.4880.5444
https://doi.org/10.1007/s11104-008-9877-9
https://doi.org/10.1007/s11104-008-9877-9
https://doi.org/10.1016/j.funeco.2018.07.009
https://doi.org/10.1016/J.BAAE.2021.02.007
https://doi.org/10.14601/Phytopathol_Mediterr-10480
https://doi.org/10.14601/Phytopathol_Mediterr-10480
https://doi.org/10.1016/j.apsoil.2011.10.001
https://doi.org/10.1016/j.apsoil.2011.10.001
https://doi.org/10.1371/journal.pone.0171866
https://doi.org/10.1371/journal.pone.0171866
https://doi.org/10.1111/j.1654-1103.2002.tb02025.x
https://doi.org/10.1111/j.1654-1103.2002.tb02025.x
https://doi.org/10.1080/00275514.2020.1816761
https://doi.org/10.1016/j.mib.2022.102177
https://doi.org/10.1016/j.mib.2022.102177
https://doi.org/10.3389/fpls.2021.761740
https://doi.org/10.3389/fpls.2021.761740
https://doi.org/10.1890/08-1823.1
https://doi.org/10.1128/microbiolspec.funk-0023-2016
https://doi.org/10.1128/microbiolspec.funk-0023-2016
https://doi.org/10.1094/PDIS.2003.87.5.533
https://doi.org/10.1094/PDIS.2003.87.5.533
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1016/j.jaridenv.2013.08.007
https://doi.org/10.1016/j.jaridenv.2013.08.007
https://doi.org/10.1016/j.funeco.2020.100987
https://doi.org/10.1016/j.funeco.2020.100987
https://doi.org/10.1016/j.pedobi.2011.12.004
https://doi.org/10.1016/j.pedobi.2011.12.004

GAJDOSOVA ET AL.

Gajdosova, Z., Slenker, M., Svitok, M., Sramkové, G., Blanar, D.,
Cetlova, V., Kucéera, J., Turisova, |, Turis, P., & Slovak, M. (2024).
Unravelling some factors affecting sexual reproduction in rock-
specialist shrub: Insight from an endemic Daphne arbuscula
(Thymelaeaceae). PLoS One, 19, e0300819. https://doi.org/10.
1371/journal.pone.0300819

Geml, J. (2017). Altitudinal gradients in mycorrhizal symbioses - The
current state of knowledge on how richness and community struc-
ture change with elevation. In L. Tedersoo (Ed.), Ecological studies:
Biogeography of mycorrhizal symbioses (pp. 107-123). Springer.

Grinig, C. R, Queloz, V., Sieber, T. N., & Holdenrieder, O. (2008). Dark
septate endophytes (DSE) of the Phialocephala fortinii s.|.-Acephala
applanata species complex in tree roots: Classification, population
biology and ecology. Botany, 86, 1355-1369. https://doi.org/10.
1139/B08-108

Halda, J. J. (2001). The genus Daphne. SEN Dobré.

Hammer, @., Harper, D. A. T., & Ryan, P. D. (2001). PAST: Paleontological
statistics software package for education and data analysis.
Palaeontologia Electronica, 4, 1-9.

Harley, J. L., & Harley, E. L. (1987). A check-list of mycorrhiza in the
British flora. New Phytologist, 105, 1-102. https://doi.org/10.1111/j.
1469-8137.1987.tb00674.x

Hempel, S., Gétzenberger, L., Kihn, I., Michalski, S. G., Rillig, M. C., Zobel,
M., & Moora, M. (2013). Mycorrhizas in the central European flora:
Relationships with plant life history traits and ecology. Ecology, 94,
1389-1399. https://doi.org/10.1890/12-1700.1

Hothorn, T., Bretz, F., & Westfall, P. (2008). Simultaneous inference
in general parametric models. Biometrical Journal, 50, 346-363.
https://doi.org/10.1002/bimj.200810425

Huo, L., Gao, R., Hou, X., Yu, X., & Yang, X. (2021). Arbuscular mycor-
rhizal and dark septate endophyte colonization in Artemisia roots
responds differently to environmental gradients in eastern and
central China. The Science of the Total Environment, 795, 148808.
https://doi.org/10.1016/j.scitotenv.2021.148808

lhrmark, K., Bodeker, I. T., Cruz-Martinez, K., Friberg, H., Kubartova,
A., Schenck, J., Strid, Y., Stenlid, J., Brandstrém-Durling, M.,
Clemmensen, K. E., & Lindahl, B. D. (2012). New primers to amplify
the fungal ITS2 region-evaluation by 454-sequencing of artificial
and natural communities. FEMS Microbiology Ecology, 82, 666-677.
https://doi.org/10.1111/j.1574-6941.2012.01437.x

Jargensen, H. J. L., Collinge, D. B., Rojas, E. C., Latz, M. A. C., Manzotti,
A., Ntana, F., & Jensen, B. (2020). Plant endophytes. In Encyclopedia
of life sciences. John Wiley & Sons, Ltd. https://doi.org/10.1002/
9780470015902.a0028893

Kivlin, S. N., Emery, S. M., & Rudgers, J. A. (2013). Fungal symbionts alter
plant responses to global change. American Journal of Botany, 100,
1445-1457. https://doi.org/10.3732/ajb.1200558

Kochjarova, J., Skodova, I., & Blanar, D. (2015). Thermophilous and moun-
tain non-forest vegetation pattern on the crossing of Carpathian
and Pannonian region: An example from Muranska planina Mts
(Central Slovakia). Tuexenia, 35, 195-220. https://doi.org/10.
14471/2015.35.008

Kochjarova, J., Turis, P., & Ferakova, V. (1999). Daphne arbuscula Celak.
In J. Cefovsky, V. Ferakova, J. Holub, 5. Maglocky, F. Prochazka,
A. Zezula, & F. Gregor (Eds.), Cervend kniha ohrozenych a vzdcnych
druhov rastlin a Zivoéichov SR a CR 5 - Viyssie rastliny (p. 125). Priroda.

Kogel, K. H., Franken, P., & Hickelhoven, R. (2006). Endophyte or par-
asite-what decides? Current Opinion in Plant Biology, 9, 358-363.
https://doi.org/10.1016/j.pbi.2006.05.001

Koljalg, U., Nilsson, H. R., Schigel, D., Tedersoo, L., Larsson, K.-H., May,
T. W,, Taylor, A. F. S, Jeppesen, T. S,, Frgslev, T. G., Lindahl, B. D.,
Példmaa, K., Saar, |., Suija, A., Savchenko, A., Yatsiuk, |., Adojaan, K.,
Ivanov, F., Piirmann, T., P6hénen, R., ... Abarenkov, K. (2020). The
taxon hypothesis paradigm—On the unambiguous detection and

150f 18
MOLECULAR ECOLOGY gAViVA i [l A%

communication of taxa. Microorganisms, 8, 1910. https://doi.org/
10.3390/microorganisms8121910

Koske, R. E., & Gemma, J. N. (1989). A modified procedure for staining
roots to detect Va-mycorrhizas. Mycological Research, 92, 486-505.
https://doi.org/10.1016/50953-7562(89)80195-9

Kotilinek, M., Hiiesalu, I., Kognar, J., Smilauerova, M., Smilauer, P., Altman,
J., Dvorsky, M., Kopecky, M., & Dolezal, J. (2017). Fungal root sym-
bionts of high-altitude vascular plants in the Himalayas. Scientific
Reports, 7, 6562. https://doi.org/10.1038/s41598-017-06938-x

Krah, F. S., & March-Salas, M. (2022). eDNA metabarcoding reveals high
soil fungal diversity and variation in community composition among
Spanish cliffs. Ecology and Evolution, 12, €9594. https://doi.org/10.
1002/ece3.9594

Kukla, J., Kontrisova, O., & Kontris, J. (1996). Geobiocenotic conditions
for subsistence of the Daphne arbuscula Celak species. Ecology
(Bratislava), 15, 283-293.

Larson, D. W., Matthes, U., & Kelly, P. E. (Eds.). (2000). Cliff ecology:
Pattern and process in cliff ecosystems. Cambridge University Press.

Lastovetsky, O. A., Caruso, T., Brennan, F. P., Wall, D. P, McMahon, S.,
& Doyle, E. (2022). Evidence of a selective and bi-directional rela-
tionship between arbuscular mycorrhizal fungal and bacterial com-
munities co-inhabiting plant roots. Environmental Microbiology, 24,
5378-5391. https://doi.org/10.1111/1462-2920.16227

Lee, J, Lee, S., & Young, J. P. W. (2008). Improved PCR primers for the
detection and identification of arbuscular mycorrhizal fungi. FEMS
Microbiology Ecology, 65, 339-349. https://doi.org/10.1111/j.1574-
6941.2008.00531.x

Lombard, L., van der Merwe, N. A., Groenewald, J. Z., & Crous, P. W.
(2014). Lineages in Nectriaceae: re-evaluating the generic status
of llyonectria and allied genera. Phytopathologia Mediterranea,
53, 515-532. https://doi.org/10.14601/Phytopathol_Medit
err-14976

Looby, C. I., & Treseder, K. K. (2018). Shifts in soil fungi and extracellular
enzyme activity with simulated climate change in a tropical mon-
tane cloud forest. Soil Biology and Biochemistry, 117, 87-96. https://
doi.org/10.1016/j.s0ilbio.2017.11.014

Lugo, M. A., Reinhart, K. O., Menoyo, E., Crespo, E. M., & Urcelay, C.
(2015). Plant functional traits and phylogenetic relatedness explain
variation in associations with root fungal endophytes in an extreme
arid environment. Mycorrhiza, 25, 85-95. https://doi.org/10.1007/
s00572-014-0592-5

Matthes, U., & Larson, D. W. (2006). Microsite and climatic controls of
tree population dynamics: An 18-year study on cliffs. Journal of
Ecology, 94, 402-414. https://doi.org/10.1111/j.1365-2745.2005.
01083.x

McGonigle, T. P, Miller, M. H., Evans, D. G., Fairchild, G. L., & Swan, J.
A. (1990). A new method which gives an objective measure of col-
onization of roots by vesicular arbuscular mycorrhizal fungi. New
Phytologist, 115, 495-501. https://doi.org/10.1111/j.1469-8137.
1990.tb00476.x

Merges, D., Balint, M., Schmitt, I., Bohning-Gaese, K., & Neuschulz, E. L.
(2018). Spatial patterns of pathogenic and mutualistic fungi across
the elevational range of a host plant. Journal of Ecology, 106, 1545~
1557. https://doi.org/10.1111/1365-2745.12942

Michielse, C. B., & Rep, M. (2009). Pathogen profile update: Fusarium
oxysporum. Molecular Plant Pathology, 10, 311-324. https://doi.org/
10.1111/j.1364-3703.2009.00538.x

Miller, I. F., Jiranek, J., Brownell, M., Coffey, S., Gray, B., Stahl, M., &
Metcalf, C. J. E. (2022). Predicting the effects of climate change on
the cross-scale epidemiological dynamics of a fungal plant patho-
gen. Scientific Reports, 12, 14823. https://doi.org/10.1038/s4159
8-022-18851-z

Morén-Rios, A., Gomez-Cornelio, S., Ortega-Morales, B. O., de la Rosa-
Garcia, S., Partida- Martinez, L. P., Quintana, P., Alayéon-Gamboa, J.

85UB01 T SUOIWIOD BA11e81D) 8|qeol(dde ay) Aq pausenob ae Sa(1e YO 8sN JO SajnJ 10} ARIqIT 8UIUO AS]IA UO (SUOTHIPUD-PUE-SUIBY/0Y™A8 | 1M ARe.d]jBul[Uo//:Sdny) SUONIPUOD pUe SWiB | 38U 89S *[Z0Z/0T/y0] Uo A%iqiTauliuo A8iM ‘pd eeR N eNZBAIuN Ad Ti/T'98W/TTTT 0T/I0p/uco A 1M Ariqipuljuo//sdny woij pepeojumod ‘ST ‘720z ‘Xy62S9ET


https://doi.org/10.1371/journal.pone.0300819
https://doi.org/10.1371/journal.pone.0300819
https://doi.org/10.1139/B08-108
https://doi.org/10.1139/B08-108
https://doi.org/10.1111/j.1469-8137.1987.tb00674.x
https://doi.org/10.1111/j.1469-8137.1987.tb00674.x
https://doi.org/10.1890/12-1700.1
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1016/j.scitotenv.2021.148808
https://doi.org/10.1111/j.1574-6941.2012.01437.x
https://doi.org/10.1002/9780470015902.a0028893
https://doi.org/10.1002/9780470015902.a0028893
https://doi.org/10.3732/ajb.1200558
https://doi.org/10.14471/2015.35.008
https://doi.org/10.14471/2015.35.008
https://doi.org/10.1016/j.pbi.2006.05.001
https://doi.org/10.3390/microorganisms8121910
https://doi.org/10.3390/microorganisms8121910
https://doi.org/10.1016/S0953-7562(89)80195-9
https://doi.org/10.1038/s41598-017-06938-x
https://doi.org/10.1002/ece3.9594
https://doi.org/10.1002/ece3.9594
https://doi.org/10.1111/1462-2920.16227
https://doi.org/10.1111/j.1574-6941.2008.00531.x
https://doi.org/10.1111/j.1574-6941.2008.00531.x
https://doi.org/10.14601/Phytopathol_Mediterr-14976
https://doi.org/10.14601/Phytopathol_Mediterr-14976
https://doi.org/10.1016/j.soilbio.2017.11.014
https://doi.org/10.1016/j.soilbio.2017.11.014
https://doi.org/10.1007/s00572-014-0592-5
https://doi.org/10.1007/s00572-014-0592-5
https://doi.org/10.1111/j.1365-2745.2005.01083.x
https://doi.org/10.1111/j.1365-2745.2005.01083.x
https://doi.org/10.1111/j.1469-8137.1990.tb00476.x
https://doi.org/10.1111/j.1469-8137.1990.tb00476.x
https://doi.org/10.1111/1365-2745.12942
https://doi.org/10.1111/j.1364-3703.2009.00538.x
https://doi.org/10.1111/j.1364-3703.2009.00538.x
https://doi.org/10.1038/s41598-022-18851-z
https://doi.org/10.1038/s41598-022-18851-z

GAJDOSOVA ET L.

16 of 18
\YVAI A4 MOLECULAR ECOLOGY

A., Cappello-Garcia, S., & Gonzalez-Gémez, S. (2017). Interactions
between abundant fungal species influence the fungal community
assemblage on limestone. PLoS One, 12,e0188443. https://doi.org/
10.1371/journal.pone.0188443

Morton, J. B., & Msiska, Z. (2010). Phylogenies from genetic and mor-
phological characters do not support a revision of Gigasporaceae
(Glomeromycota) into four families and five genera. Mycorrhiza, 20,
483-496. https://doi.org/10.1007/s00572-010-0303-9

Mréz, P., Barabas, D., Lengyelova, L., Turis, P., Schmotzer, A., JaniSova,
M., & Ronikier, M. (2016). Vascular plant endemism in the Western
Carpathians: Spatial patterns, environmental correlates and taxon
traits. Biological Journal of the Linnean Society, 119, 630-648.
https://doi.org/10.1111/bij.12792

Narisawa, K., Usuki, F., & Hashiba, T. (2004). Control of Verticillium yel-
lows in Chinese cabbage by the dark septate endophytic fungus
LtVB3. Phytopathology, 94, 412-418. https://doi.org/10.1094/
PHYTO.2004.94.5.412

Netherway, T., Bengtsson, J., Buegger, F., Fritscher, J., Oja, J., Pritsch, K.,
Hildebrand, F., Krab, E. J., & Bahram, M. (2024). Pervasive associ-
ations between dark septate endophytic fungi with tree root and
soil microbiomes across Europe. Nature Communications, 15, 159.
https://doi.org/10.1038/s41467-023-44172-4

Newsham, K. K. (2011). A meta-analysis of plant responses to dark sep-
tate root endophytes. New Phytologist, 190, 783-793. https://doi.
org/10.1111/j.1469-8137.2010.03611.x

Nicolitch, O., Colin, Y., Turpault, M. P., Fauchery, L., & Uroz, S. (2017).
Tree roots select specific bacterial communities in the subsurface
critical zone. Soil Biology and Biochemistry, 115, 109-123. https://
doi.org/10.1016/j.50ilbio.2017.07.003

Nilsson, R. H., Larsson, K.-H., Taylor, A. F. S., Bengtsson-Palme, J,,
Jeppesen, T. S., Schigel, D., Kennedy, P., Picard, K., Glockner, F. O.,
Tedersoo, L., Saar, |, Kéljalg, U., & Abarenkov, K. (2019). The UNITE
database for molecular identification of fungi: Handling dark taxa
and parallel taxonomic classifications. Nucleic Acids Research, 47,
D259-D264. https://doi.org/10.1093/nar/gky1022

Noshad, D., Riseman, A., & Punja, Z. K. (2006). First report of
Thielaviopsis basicola on Daphne cneorum. Canadian Journal of
Plant Pathology, 28, 310-312. https://doi.org/10.1080/07060
660609507300

Opik, M., Vanatoa, A., Vanatoa, E., Moora, M., Davison, J., Kalwij, J. M.,
Reier, U., & Zobel, M. (2010). The online database MaarjAM reveals
global and ecosystemic distribution patterns in arbuscular my-
corrhizal fungi (Glomeromycota). New Phytologist, 188, 223-241.
https://doi.org/10.1111/j.1469-8137.2010.03334.x

Pandey, A. (2019). Are dark septate endophytes bioindicators of climate
in mountain ecosystems? Rhizosphere, 9, 110-111. https://doi.org/
10.1016/j.rhisph.2019.01.001

Pereira, E., Vazquez de Aldana, B. R., San Emeterio, L., & Zabalgogeazcoa,
1. (2019). A survey of culturable fungal endophytes from Festuca
rubra subsp. pruinosa, a grass from marine cliffs, reveals a core
microbiome. Frontiers in Microbiology, 9, 3321. https://doi.org/10.
3389/fmich.2018.03321

Pélme, S., Abarenkov, K., Henrik Nilsson, R., Lindahl, B. D., Clemmensen,
K. E., Kauserud, H., Nguyen, N., Kjgller, R., Bates, S. T., Baldrian,
P, Fraslev, T. G., Adojaan, K., Vizzini, A., Suija, A., Pfister, D., Baral,
H. O, Jarv, H., Madrid, H., Nordén, J., ... Tedersoo, L. (2020).
FungalTraits: A user-friendly traits database of fungi and fungus-
like stramenopiles. Fungal Diversity, 105, 1-16. https://doi.org/10.
1007/513225-020-00466-2

Porembski, S., & Barthlott, W. (Eds.). (2000). Inselbergs: Biotic diversity
of isolated rock outcrops in tropical and temperate regions. Springer-
Verlag. https://doi.org/10.1007/978-3-642-59773-2

Porras-Alfaro, A., Herrera, J., Sinsabaugh, R. L., Odenbach, K. J., Lowrey,
T., & Natvig, D. O. (2008). Novel root fungal consortium asso-
ciated with a dominant desert grass. Applied and Environmental

Microbiology, 74, 2805-2813. https://doi.org/10.1128/AEM.
02769-07

R Core Team. (2021). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R-proje
ct.org/

Ramegowda, V., & Senthil-Kumar, M. (2015). The interactive effects of
simultaneous biotic and abiotic stresses on plants: Mechanistic
understanding from drought and pathogen combination. Journal of
Plant Physiology, 176, 47-54. https://doi.org/10.1016/j.jplph.2014.
11.008

Ranelli, L. B., Hendricks, W. Q., Lynn, J. S., Kivlin, S. N., & Rudgers, J.
A. (2015). Biotic and abiotic predictors of fungal colonization in
grasses of the Colorado Rockies. Diversity and Distributions, 21,
962-976. https://doi.org/10.1111/ddi.12310

Redecker, D., SchiuBler, A., Stockinger, H., Stirmer, S. L., Morton, J.
B., & Walker, C. (2013). An evidence-based consensus for the
classification of arbuscular mycorrhizal fungi (Glomeromycota).
Mycorrhiza, 23, 515-531. https://doi.org/10.1007/s0057
2-013-0486-y

Rezacova, V., Gryndler, M., Bukovska, P., Smilauer, P., & Jansa, J. (2016).
Molecular community analysis of arbuscular mycorrhizal fungi—
Contributions of PCR primer and host plant selectivity to the de-
tected community profiles. Pedobiologia, 59, 179-187. https://doi.
org/10.1016/J.PEDOBI.2016.04.002

Ritchie, J. T. (1998). Soil water balance and plant water stress. In G. Y.
Tsuji, G. Hoogenboom, & P. K. Thornton (Eds.), Understanding op-
tions for agricultural production. Systems approaches for sustainable
agricultural development (Vol. 7, pp. 41-54). Springer. https://doi.
org/10.1007/978-94-017-3624-4_3

Rodriguez, R. J., White, J. F., Jr., Arnold, A. E., & Redman, R. S.
(2009). Fungal endophytes: Diversity and functional roles. New
Phytologist, 182, 314-330. https://doi.org/10.1111/j.1469-8137.
2009.02773.x

Sajeena, A., Nair, D. S., & Sreepavan, K. (2020). Non-pathogenic Fusarium
oxysporum as a biocontrol agent. Indian Phytopathology, 73, 177-
183. https://doi.org/10.1007/s42360-020-00226-x

Sanguin, H., Mathaux, C., Guibal, F.,, Prin, Y., Mandin, J.-P., Gauquelin,
T., & Duponnois, R. (2016). Ecology of vertical life in harsh
environments: The case of mycorrhizal symbiosis with sec-
ular cliff climbing trees (Juniperus phoenicea L.). Journal of Arid
Environments, 134, 132-135. https://doi.org/10.1016/j.jaridenv.
2016.07.008

Santonja, M., Fernandez, C., Gauquelin, T., & Baldy, V. (2015). Climate
change effects on litter decomposition: Intensive drought leads to
a strong decrease of litter mixture interactions. Plant and Soil, 393,
69-82. https://doi.org/10.1007/s11104-015-2471-z

Santos, M., Cesanelli, I., Didanez, F., Sdnchez-Montesinos, B., & Moreno-
Gavira, A. (2021). Advances in the role of dark septate endophytes
in the plant resistance to abiotic and biotic stresses. Journal of Fungi,
7, 939. https://doi.org/10.3390/jof7110939

Scervino, J. M., Gottlieb, A,, Silvani, V. A., Pérgola, M., Fernandez, L., &
Godeas, A. M. (2009). Exudates of dark septate endophyte (DSE)
modulate the development of the arbuscular mycorrhizal fungus
(AMF) Gigaspora rosea. Soil Biology and Biochemistry, 41, 1753-1756.
https://doi.org/10.1016/j.s0ilbio.2009.04.021

Simon, L., Lalonde, M., & Bruns, T. D. (1992). Specific amplification of 185
fungal ribosomal genes from vesicular-arbuscular endomycorrhizal
fungi colonizing roots. Applied and Environmental Microbiology, 58,
291-295. https://doi.org/10.1128/aem.58.1.291-295.1992

Smith, S. E., & Read, D. J. (2008). Mycorrhizal symbiosis. Academic press.

Stroheker, S., Dubach, V., Vogtli, I., & Sieber, T. N. (2021). Investigating
host preference of root endophytes of three european tree species,
with a focus on members of the Phialocephala fortinii—Acephala ap-
planata species complex (PAC). Journal of Fungi, 7, 317. https://doi.
org/10.3390/jof7040317

85UB01 T SUOIWIOD BA11e81D) 8|qeol(dde ay) Aq pausenob ae Sa(1e YO 8sN JO SajnJ 10} ARIqIT 8UIUO AS]IA UO (SUOTHIPUD-PUE-SUIBY/0Y™A8 | 1M ARe.d]jBul[Uo//:Sdny) SUONIPUOD pUe SWiB | 38U 89S *[Z0Z/0T/y0] Uo A%iqiTauliuo A8iM ‘pd eeR N eNZBAIuN Ad Ti/T'98W/TTTT 0T/I0p/uco A 1M Ariqipuljuo//sdny woij pepeojumod ‘ST ‘720z ‘Xy62S9ET


https://doi.org/10.1371/journal.pone.0188443
https://doi.org/10.1371/journal.pone.0188443
https://doi.org/10.1007/s00572-010-0303-9
https://doi.org/10.1111/bij.12792
https://doi.org/10.1094/PHYTO.2004.94.5.412
https://doi.org/10.1094/PHYTO.2004.94.5.412
https://doi.org/10.1038/s41467-023-44172-4
https://doi.org/10.1111/j.1469-8137.2010.03611.x
https://doi.org/10.1111/j.1469-8137.2010.03611.x
https://doi.org/10.1016/j.soilbio.2017.07.003
https://doi.org/10.1016/j.soilbio.2017.07.003
https://doi.org/10.1093/nar/gky1022
https://doi.org/10.1080/07060660609507300
https://doi.org/10.1080/07060660609507300
https://doi.org/10.1111/j.1469-8137.2010.03334.x
https://doi.org/10.1016/j.rhisph.2019.01.001
https://doi.org/10.1016/j.rhisph.2019.01.001
https://doi.org/10.3389/fmicb.2018.03321
https://doi.org/10.3389/fmicb.2018.03321
https://doi.org/10.1007/s13225-020-00466-2
https://doi.org/10.1007/s13225-020-00466-2
https://doi.org/10.1007/978-3-642-59773-2
https://doi.org/10.1128/AEM.02769-07
https://doi.org/10.1128/AEM.02769-07
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1016/j.jplph.2014.11.008
https://doi.org/10.1016/j.jplph.2014.11.008
https://doi.org/10.1111/ddi.12310
https://doi.org/10.1007/s00572-013-0486-y
https://doi.org/10.1007/s00572-013-0486-y
https://doi.org/10.1016/J.PEDOBI.2016.04.002
https://doi.org/10.1016/J.PEDOBI.2016.04.002
https://doi.org/10.1007/978-94-017-3624-4_3
https://doi.org/10.1007/978-94-017-3624-4_3
https://doi.org/10.1111/j.1469-8137.2009.02773.x
https://doi.org/10.1111/j.1469-8137.2009.02773.x
https://doi.org/10.1007/s42360-020-00226-x
https://doi.org/10.1016/j.jaridenv.2016.07.008
https://doi.org/10.1016/j.jaridenv.2016.07.008
https://doi.org/10.1007/s11104-015-2471-z
https://doi.org/10.3390/jof7110939
https://doi.org/10.1016/j.soilbio.2009.04.021
https://doi.org/10.1128/aem.58.1.291-295.1992
https://doi.org/10.3390/jof7040317
https://doi.org/10.3390/jof7040317

GAJDOSOVA ET AL.

Strullu-Derrien, C., Selosse, M.-A., Kenrick, P., & Martin, F. M. (2018). The
origin and evolution of mycorrhizal symbioses: From palaeomycol-
ogy to phylogenomics. New Phytologist, 220, 1012-1030. https://
doi.org/10.1111/nph.15076

Surono, S., & Narisawa, K. (2018). The inhibitory role of dark septate
endophytic fungus Phialocephala fortinii against Fusarium disease
on the Asparagus officinalis growth in organic source conditions.
Biological Control, 121, 159-167. https://doi.org/10.1016/j.bioco
ntrol.2018.02.017

Tellenbach, C., Sumarah, M. W., Grunig, C. R., & Miller, J. D. (2013).
Inhibition of Phytophthora species by secondary metabolites pro-
duced by the dark septate endophyte Phialocephala europaea.
Fungal Ecology, 6, 12-18. https://doi.org/10.1016/j.funeco.2012.
10.003

Thompson, S., Alvarez-Loayza, P., Terborgh, J. W., & Katul, G. (2010).
The effects of plant pathogens on tree recruitment in the Western
Amazon under a projected future climate: A dynamical systems
analysis. Journal of Ecology, 98, 1434-1446. https://doi.org/10.
1111/j.1365-2745.2010.01726.x

Tian, J., Wu, B., Chen, H., Jiang, N., Kang, X., & Liu, X. (2017). Patterns
and drivers of fungal diversity along an altitudinal gradient on
Mount Gongga, China. Journal of Soils and Sediments, 17, 2856~
2865. https://doi.org/10.1007/s11368-017-1701-9

Tipton, A. G., Nelsen, D., Koziol, L., Duell, E. B., House, G., Wilson, G.
W. T., Schultz, P. A., & Bever, J. D. (2022). Arbuscular mycorrhizal
fungi taxa show variable patterns of micro-scale dispersal in prairie
restorations. Frontiers in Microbiology, 13, 827293. https://doi.org/
10.3389/fmicb.2022.827293

Treseder, K. K., Marusenko, Y., Romero-Olivares, A. L., & Maltz, M. R.
(2016). Experimental warming alters potential function of the fun-
gal community in boreal forest. Global Change Biology, 22, 3395-
3404. https://doi.org/10.1111/gcb.13238

Uhlifova, J., & Bernatova, D. (2003). Prispevok k flére a vegetacii skalnych
stanovist Muranskej planiny. Zbornik Slovenského Ndrodného Muzea,
Prirodné Vedy, Bratislava, 49, 55-67.

Urbez-Torres, J. R., Peduto, F., & Gubler, W. D. (2012). First report of
Ilyonectria macrodidyma causing root rot of olive trees (Olea eu-
ropaea) in California. Plant Disease, 96, 1378. https://doi.org/10.
1094/PDIS-04-12-0330-PDN

Valachovi¢, M., & Jarolimek, . (1994). Rastlinné spolocenstva s vyskytom
Daphne arbuscula Celak. na Muranskej planine. Bulletin Slovenskej
Botanickej Spoloc¢nosti, 16, 75-82.

Valachovi¢, M., & Mucina, L. (2004). Variabilita kostravovych porastov na
vapencovych skaldch Muranskej planiny. Reussia, 1, 75-86.

van der Heijden, M. G. A., Martin, F. M., Selosse, M. A., & Sanders, I. R.
(2015). Mycorrhizal ecology and evolution: The past, the present,
and the future. New Phytologist, 205, 1406-1423. https://doi.org/
10.1111/nph.13288

Vétrovsky, T., Baldrian, P., Morais, D., & Berger, B. (2018). SEED 2: A user-
friendly platform for amplicon high-throughput sequencing data
analyses. Bioinformatics, 34, 2292-2294. https://doi.org/10.1093/
bioinformatics/bty071

Vétrovsky, T., Kohout, P., Kopecky, M., Machac, A., Man, M., Bahnmann,
B. D., Brabcova, V., Choi, J., MeszaroSova, L., Human, Z. R., Lepinay,
C., Llado, S., Lépez-Mondéjar, R., Martinovié, T., Masinova, T,
Morais, D., Navratilova, D., Odriozola, I., Stursova, M., ... Baldrian,
P. (2019). A meta-analysis of global fungal distribution reveals
climate-driven patterns. Nature Communications, 10, 5142. https://
doi.org/10.1038/541467-019-13164-8

Vétrovsky, T., Kolafikova, Z., Lepinay, C., Awokunle Holla, S., Davison, J.,
Fleyberkova, A., Gromyko, A., Jelinkova, B., Kolafik, M., Kriiger, M.,
Lejskova, R., Michalcikova, L., Michalova, T., Moora, M., Moravcova,
A., Moulikova, S., Odriozola, 1., Opik, M., Pappova, M., ... Kohout,
P. (2023). GlobalAMFungi: A global database of arbuscular

17 of 18
MOLECULAR ECOLOGY gAViVA i [l A%

mycorrhizal fungal occurrences from high-throughput sequencing
metabarcoding studies. New Phytologist, 240, 2151-2163. https://
doi.org/10.1111/nph.19283

Vétrovsky, T., Morais, D., Kohout, P., Lepinay, C., Algora, C., Awokunle
Holla, S., Bahnmann, B. D., Bilohnéda, K., Brabcova, V., D'Alo, F.,
Human, Z. R., Jomura, M., Kolarik, M., Kvasnickova, J., Lladé, S.,
Lopez-Mondéjar, R., Martinovié, T., Masinova, T., Meszarosova,
L., ... Baldrian, P. (2020). Global Fungi, a global database of fungal
occurrences from high-throughput-sequencing metabarcoding
studies. Scientific Data, 7, 1-14. https://doi.org/10.1038/s4159
7-020-0567-7

Vitale, A., Aiello, D., Guarnaccia, V., Perrone, G., Stea, G., & Polizzi, G.
(2012). First report of root rot caused by llyonectria (=Neonectria)
macrodidyma on avocado (Persea americana) in Italy. Journal of
Phytopathology, 160, 156-159. https://doi.org/10.1111/j.1439-
0434.2011.01869.x

Wang, B., & Qiu, Y. L. (2006). Phylogenetic distribution and evolution
of mycorrhizas in land plants. Mycorrhiza, 16, 299-363. https://doi.
org/10.1007/s00572-005-0033-6

Wang, X., Wang, T., Xu, J., Shen, Z., Yang, Y., Chen, A., Wang, S., Liang, E.,
& Piao, S. (2022). Enhanced habitat loss of the Himalayan endemic
flora driven by warming-forced upslope tree expansion. Nature
Ecology & Evolution, 6, 890-899. https://doi.org/10.1038/s41559-
022-01774-3

White, R. (2006). Daphnes a practical guide for gardeners. USA Timber
Press, Inc. The Haseltine Building.

White, T. J.,, Bruns, T. D,, Lee, S. B., & Taylor, J. W. (1990). Amplification
and direct sequencing of fungal ribosomal RNA genes for phyloge-
netics. In M. A. Innis, D. H. Gelfand, J. J. Sninsky, & T. J. White (Eds.),
PCR protocols: A guide to methods and applications (pp. 315-322).
Academic Press Inc. https://doi.org/10.1016/B978-0-12-372180-
8.50042-1

Wu, L., Chen, J.,, Wu, H,, Wang, J.,, Wu, Y., Lin, S., Khan, M. U., Zhang,
Z., & Lin, W. (2016). Effects of consecutive monoculture of
Pseudostellaria heterophylla on soil fungal community as determined
by pyrosequencing. Scientific Reports, 6, 26601. https://doi.org/10.
1038/srep26601

Xiao, D., Che, R., Liu, X., Tan, Y., Yang, R., Zhang, W., He, X., Xu, Z.,
& Wang, K. (2019). Arbuscular mycorrhizal fungi abundance
was sensitive to nitrogen addition but diversity was sensi-
tive to phosphorus addition in karst ecosystems. Biology and
Fertility of Soils, 55, 457-469. https://doi.org/10.1007/s00374-
019-01362-x

Xiao, D., Gai, S., He, X., Zhang, W., Hu, P., Soromotin, A. V., Alharbi, H.
A., Kuzyakov, Y., & Wang, K. (2023). Habitat heterogeneity drives
arbuscular mycorrhizal fungi and shrub communities in karst eco-
systems. Catena, 233, 107513. https://doi.org/10.1016/j.catena.
2023.107513

Yakti, W., Kovacs, G. M., & Franken, P. (2019). Differential interaction of
the dark septate endophyte Cadophora sp. and fungal pathogens
in vitro and in planta. FEMS Microbiology Ecology, 95, fiz164. https://
doi.org/10.1093/femsec/fiz164

Yan, H., & Nelson, B. (2020). Effect of temperature on Fusarium solani and
F. tricinctum growth and disease development in soybean. Canadian
Journal of Plant Pathology, 42, 527-537. https://doi.org/10.1080/
07060661.2020.1745893

Zabinski, C. A., & Bunn, R. A. (2014). Function of mycorrhizae in ex-
treme environments. In Z. M. Solaiman, L. K. Abbott, & A. Varma
(Eds.), Mycorrhizal fungi: Use in sustainable agriculture and land res-
toration (pp. 201-214). Springer. https://doi.org/10.1007/978-3-
662-45370-4

Zhang, Q., Acufia, J. J., Inostroza, N. G., Mora, M. L., Radic, S., Sadowsky,
M. J., & Jorquera, M. A. (2019). Endophytic bacterial communi-
ties associated with roots and leaves of plants growing in Chilean

85UB01 T SUOIWIOD BA11e81D) 8|qeol(dde ay) Aq pausenob ae Sa(1e YO 8sN JO SajnJ 10} ARIqIT 8UIUO AS]IA UO (SUOTHIPUD-PUE-SUIBY/0Y™A8 | 1M ARe.d]jBul[Uo//:Sdny) SUONIPUOD pUe SWiB | 38U 89S *[Z0Z/0T/y0] Uo A%iqiTauliuo A8iM ‘pd eeR N eNZBAIuN Ad Ti/T'98W/TTTT 0T/I0p/uco A 1M Ariqipuljuo//sdny woij pepeojumod ‘ST ‘720z ‘Xy62S9ET


https://doi.org/10.1111/nph.15076
https://doi.org/10.1111/nph.15076
https://doi.org/10.1016/j.biocontrol.2018.02.017
https://doi.org/10.1016/j.biocontrol.2018.02.017
https://doi.org/10.1016/j.funeco.2012.10.003
https://doi.org/10.1016/j.funeco.2012.10.003
https://doi.org/10.1111/j.1365-2745.2010.01726.x
https://doi.org/10.1111/j.1365-2745.2010.01726.x
https://doi.org/10.1007/s11368-017-1701-9
https://doi.org/10.3389/fmicb.2022.827293
https://doi.org/10.3389/fmicb.2022.827293
https://doi.org/10.1111/gcb.13238
https://doi.org/10.1094/PDIS-04-12-0330-PDN
https://doi.org/10.1094/PDIS-04-12-0330-PDN
https://doi.org/10.1111/nph.13288
https://doi.org/10.1111/nph.13288
https://doi.org/10.1093/bioinformatics/bty071
https://doi.org/10.1093/bioinformatics/bty071
https://doi.org/10.1038/s41467-019-13164-8
https://doi.org/10.1038/s41467-019-13164-8
https://doi.org/10.1111/nph.19283
https://doi.org/10.1111/nph.19283
https://doi.org/10.1038/s41597-020-0567-7
https://doi.org/10.1038/s41597-020-0567-7
https://doi.org/10.1111/j.1439-0434.2011.01869.x
https://doi.org/10.1111/j.1439-0434.2011.01869.x
https://doi.org/10.1007/s00572-005-0033-6
https://doi.org/10.1007/s00572-005-0033-6
https://doi.org/10.1038/s41559-022-01774-3
https://doi.org/10.1038/s41559-022-01774-3
https://doi.org/10.1016/B978-0-12-372180-8.50042-1
https://doi.org/10.1016/B978-0-12-372180-8.50042-1
https://doi.org/10.1038/srep26601
https://doi.org/10.1038/srep26601
https://doi.org/10.1007/s00374-019-01362-x
https://doi.org/10.1007/s00374-019-01362-x
https://doi.org/10.1016/j.catena.2023.107513
https://doi.org/10.1016/j.catena.2023.107513
https://doi.org/10.1093/femsec/fiz164
https://doi.org/10.1093/femsec/fiz164
https://doi.org/10.1080/07060661.2020.1745893
https://doi.org/10.1080/07060661.2020.1745893
https://doi.org/10.1007/978-3-662-45370-4
https://doi.org/10.1007/978-3-662-45370-4

GAJDOSOVA ET L.

18 of 18
\YVAI A4 MOLECULAR ECOLOGY

extreme environments. Scientific Reports, 9, 4950. https://doi.org/
10.1038/541598-019-41160-x

Zubek, S., Turnau, K., & Btaszkowski, J. (2008). Arbuscular mycorrhiza of
endemic and endangered plants from the Tatra Mts. Acta Societatis
Botanicorum Poloniae, 77, 149-156. https://doi.org/10.5586/asbp.
2008.019

Zubek, S., Turnau, K., Tsimilli-Michael, M., & Strasser, R. J. (2009).
Response of endangered plant species to inoculation with arbus-
cular mycorrhizal fungi and soil bacteria. Mycorrhiza, 19, 113-123.
https://doi.org/10.1007/s00572-008-0209-y

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Gajdosova, Z., Cabon, M., Kolafikova,
Z.,Sudova, R., Rydlova, J., Turisova, I., Turis, P., Kucera, J., &
Slovak, M. (2024). Environmental heterogeneity structures
root-associated fungal communities in Daphne arbuscula
(Thymelaeaceae), a shrub adapted to extreme rocky habitats.
Molecular Ecology, 33, e17441. https://doi.org/10.1111/

mec.17441

85UB01 T SUOIWIOD BA11e81D) 8|qeol(dde ay) Aq pausenob ae Sa(1e YO 8sN JO SajnJ 10} ARIqIT 8UIUO AS]IA UO (SUOTHIPUD-PUE-SUIBY/0Y™A8 | 1M ARe.d]jBul[Uo//:Sdny) SUONIPUOD pUe SWiB | 38U 89S *[Z0Z/0T/y0] Uo A%iqiTauliuo A8iM ‘pd eeR N eNZBAIuN Ad Ti/T'98W/TTTT 0T/I0p/uco A 1M Ariqipuljuo//sdny woij pepeojumod ‘ST ‘720z ‘Xy62S9ET


https://doi.org/10.1038/s41598-019-41160-x
https://doi.org/10.1038/s41598-019-41160-x
https://doi.org/10.5586/asbp.2008.019
https://doi.org/10.5586/asbp.2008.019
https://doi.org/10.1007/s00572-008-0209-y
https://doi.org/10.1111/mec.17441
https://doi.org/10.1111/mec.17441

	Environmental heterogeneity structures root-­associated fungal communities in Daphne arbuscula (Thymelaeaceae), a shrub adapted to extreme rocky habitats
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Sampling design of the studied area
	2.2|Root collection and preprocessing
	2.3|Root staining and microscopic observation
	2.4|DNA amplification and amplicon-­based sequencing
	2.5|Sequence data processing
	2.6|Taxonomy and ecology assignment
	2.7|Data analyses

	3|RESULTS
	3.1|Microscopic evidence of fungal colonization of Daphne arbuscula roots
	3.2|Metagenomic evidence of fungal colonization of Daphne arbuscula roots
	3.2.1|Mycobiome diversity based on the ITS2 dataset
	3.2.2|Fungal community structure based on the ITS2 dataset
	3.2.3|Fungal ecological guilds based on the ITS2 dataset
	Plant pathogens
	DSE fungi
	Other guilds

	3.2.4|Analyses of indicator species within the ITS2 dataset
	3.2.5|OTU richness and diversity of the SSU dataset


	4|DISCUSSION
	4.1|The environmental heterogeneity has triggered a composition divergence of the root-­associated fungal communities in rock-­dwelling Daphne arbuscula
	4.2|The prevalence of plant pathogens in warmer sites suggests their susceptibility to climate fluctuations and global warming
	4.3|The role of DSE in the survival of Daphne arbuscula in rocky habitats
	4.4|Despite its omnipresence, AMF exhibit stable patterns and low diversity across studied sites

	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


