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A single ectomycorrhizal plant root system includes a diverse
and spatially structured fungal community
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Abstract
Although only a relatively small proportion of plant species form ectomycorrhizae with fungi, it is crucial for growth and survival
for a number of widespread woody plant species. Few studies have attempted to investigate the fine scale spatial structure of
entire root systems of adult ectomycorrhizal (EcM) plants. Here, we use the herbaceous perennial Bistorta vivipara to map the
entire root system of an adult EcM plant and investigate the spatial structure of its root-associated fungi. All EcM root tips were
sampled, mapped and identified using a direct PCR approach and Sanger sequencing of the internal transcribed spacer region. A
total of 32.1% of all sampled root tips (739 of 2302) were successfully sequenced and clustered into 41 operational taxonomic
units (OTUs). We observed a clear spatial structuring of the root-associated fungi within the root system. Clusters of individual
OTUs were observed in the younger parts of the root system, consistent with observations of priority effects in previous studies,
but were absent from the older parts of the root system. This may suggest a succession and fragmentation of the root-associated
fungi even at a very fine scale, where competition likely comes into play at different successional stages within the root system.
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Introduction

Although a relatively small number of plant species form
ectomycorrhizae compared to arbuscular mycorrhiza
(Brundrett and Tedersoo 2018), ectomycorrhizal (EcM) fungi
is crucial for growth and survival of a number of ecologically
and economically important woody plant species in boreal,
temperate and arctic regions (Smith and Read 2008). In these
environments, EcM fungi have been shown to play a promi-
nent role including, but not limited to; carbon sequestration

(Clemmensen et al. 2013; Averill et al. 2014), nutrient cycling
and decomposition of organic matter (Lindahl et al. 2007;
Kyaschenko et al. 2017; Sterkenburg et al. 2018).

An increasing amount of studies have addressed the spatial
variation in EcM fungal communities, ranging from local
(Genney et al. 2006; Buée et al. 2007; Bahram et al. 2011,
2015; Anderson et al. 2014), regional (Jarvis et al. 2013;
Miyamoto et al. 2015), continental (Talbot et al. 2014;
Glassman et al. 2015; van der Linde et al. 2018) and even
global scales (Tedersoo et al. 2010; Brundrett and Tedersoo
2018). At all scales, there is a high level of patchiness and a
rapid turnover in species composition. Fungal communities in
forest ecosystems are auto-correlated at relatively small spatial
scales, typically less than 3 m (Lilleskov et al. 2004; Pickles
et al. 2012), and forest microsite affects the EcM community
composition (Tedersoo et al. 2008). At smaller scales, the
abundance of EcM fungi in a mixed forest is highly variable
at a 5 cm scale, and a complete turnover in species composi-
tion can be observed at a 50 cm scale (Tedersoo et al. 2003).

Although the community composition of EcM fungi has
been widely studied at relatively local scales (cm–m), less is
known about the spatial distribution at smaller scales (μm–
cm) and within single root systems (Bogar and Peay 2017).
Although individual EcM genets can cover relatively large
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belowground areas, (up to 18 m in some species) (Dahlberg
and Stenlid 1994; Bergemann andMiller 2002), EcM root tips
may be located less than 1 mm from each other in the soil, and
individual hyphae interact at micrometre scale (Bogar and
Peay 2017). The few studies conducted on a `single host plant
scale` show that the EcM fungal community is very diverse
even within an individual host plant. A single tree of Populus
tremula hosted more than 200 root-associated fungal species,
as well as dozens of individuals of the same species (Bahram
et al. 2011). Even in seedlings and herbaceous plants, the
number of species is surprisingly high. The number of root-
associated operational taxonomic units (OTUs, a proxy for
species) may range from 37 to 159 within single root systems
of the EcM-forming plant B. vivipara (Yao et al. 2013), and
Yoshida et al. (2014) found 40 species of EcM fungi associ-
ated with three Tsuga diversifolia seedlings.

The processes structuring EcM fungal communities and
maintaining species richness at finer scales in root systems
may be attributed to several selective processes, ecological
drift and dispersal limitations (Bogar and Peay 2017). EcM
fungi are phylogenetically diverse, and their morphology
when colonising root tips varies between species, from contact
exploration types (i.e. no emanating hyphae from the mantle
covering the plant root tip), to rhizomorphic, long-distance
exploration types (Agerer 2001). However, exploration type
is often relatively conserved within genera or even family
(Agerer 2001). The exploration types of EcM fungi associated
with plant roots have been shown to correlate with both root
density (Peay et al. 2011) and forest age (Clemmensen et al.
2015). Therefore, exploration types may potentially be impor-
tant in structuring communities also at finer scales. Stochastic
events, such as timing of arrival of a species, can have major
effects on the outcome of the species distribution within a
single root system (Kennedy and Bruns 2005; Kennedy
et al. 2009), and may, at least in part, explain some variation
in root-associated communities found across host plants at
small scales (Yao et al. 2013). A stochastic event, such as
the timing of arrival of a species (i.e. priority effect) is thought
to play a major role in structuring EcM communities. There
are, however, some contrasting results regarding the impor-
tance of priority effects in EcM fungal communities. Lilleskov
& Bruns (2003) deemed competition more important than the
priority effect, as a slower colonising species had a greater
competitional advantage, in spite of a later colonisation. On
the contrary, Kennedy & Bruns (2005) found competition to
be an important factor, but a strong priority effect determined
the outcome of the dominant species in their EcM root sys-
tems. They later confirmed that root systems were dominated
by the earlier coloniser (Kennedy et al. 2009), and that priority
effects determined the outcome. Yoshida et al. (2014) investi-
gated the fine scale structure of three seedlings of
T. diversifolia from a natural environment, and similarly ob-
served that the priority effect was likely important in

structuring the EcM fungal community, as clusters of root tips
colonised by individual species were observed in the root
system. However, in mature forest systems, competitive inter-
actions seem to be the determining process in structuring EcM
communities at finer scales (Pickles et al. 2012). There is
strong evidence that priority effects play important roles in
structuring EcM communities for seedlings, however, EcM
competitive patterns may be life-stage dependent (Kennedy
et al. 2011), and should thus be investigated further.

Most of the evidence for priority effects in EcM fungal
communities comes from studies on seedlings. To the best of
our knowledge, no exhaustive study looking at fine scale spa-
tial structure of root-associated fungi have been conducted on
adult EcM plants (i.e. investigating all EcM root tips within
the root system). This may be because most ectomycorrhizae-
forming plants are woody plant species with large root sys-
tems, and thus more challenging to investigate in detail.
However, a few herbaceous plants also form ectomycorrhizae
(Smith and Read 2008), including the Alpine bistort; a small,
perennial herb (Bistorta vivipara (L.) Delarbre, synonym
Persicaria vivipara (L). Ronse Decr.). Because of its small,
condensed root system, it is possible to investigate the entire
root systems, and several studies have shown that B. vivipara
hosts phylogenetically diverse root-associated fungal commu-
nities (Brevik et al. 2010; Blaalid et al. 2012, 2014; Kauserud
et al. 2012; Yao et al. 2013; Botnen et al. 2014; Mundra et al.
2015b).

In the present study, we take advantage of the small root
system of B. vivipara to assess the diversity and spatial distri-
bution of the root-associated fungal community within a sin-
gle plant root system at a root-tip level. The root morphology
of B. vivipara also allows us to investigate root system age, as
the plant grows directionally with an unbranched rhizome,
where the growth of the rhizome is restricted to the distal
end (Diggle 1997). Numerous fine roots, where the EcM tips
are formed, grows out from the rhizome. The exact turnover
rates of B. vivipara fine roots are not known. However, in a
study from the arctic focusing on temporal changes in the
root-associated fungal communities of B. vivipara (Mundra
et al. 2015a), fine roots were observed year-round, indicating
they have a longer persistence time, not just being produced
every growing season. Thus, we can expect that the fine roots
in general are younger in the actively growing end of the
rhizome and that there is an age gradient within the root
system.

Due to the likely influence of priority effects, we
hypothesise that there will be a spatial clustering of fungal
species in the root system, as observed earlier in other plant
root systems (Kennedy and Bruns 2005; Kennedy et al. 2009;
Yoshida et al. 2014). If competition and succession is a stron-
ger driver of structuring the fungal community, we expect to
observe a weaker signal of priority effects, and less spatial
clustering of species. This may also be reflected as a change
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in exploration types along the age gradient. To investigate this,
a single EcM root system of B. vivipara was dissected and all
EcM root tips mapped and sampled. A direct PCR approach,
where the entire internal transcribed spacer (ITS) region was
amplified from crushed root tips without DNA extraction,
followed by Sanger sequencing, was used to identify fungal
OTUs within the root system of one Bistorta vivipara
individual.

Materials and methods

Host plant description

The host plant, B. vivipara, is a long-lived perennial in the
family Polygonaceae, first reported as ectomycorrhizae-
forming by Hesselman (1900) and later confirmed in several
studies (e.g. Massicotte et al. 1998; Brevik et al. 2010;
Kauserud et al. 2012; Botnen et al. 2014). The plant is widely
distributed in the Northern Hemisphere and is common in
arctic and alpine ecosystems (Jonsell 2000). Reproductive
structures include flowers, but more commonly, reproduction
is through asexual bulbils. The plant produces an unbranched
rhizome (see Fig. 1) that grows plagiotropically 3–4 cm below
ground, fromwhich fine roots are growing (Diggle 1997). The
fungal community of B. vivipara has been found to be highly
diverse, comprising a wide range of both endo- and
ectomycorrhizal fungi as well as saprotrophs, parasites and
endophytes. Basidiomycota and Ascomycota have been found
to be the most dominant phyla, although Glomeromycota and
Zygomycota are found as well (Massicotte et al. 1998; Carlsen
2002; Eriksen et al. 2002; Brevik et al. 2010; Blaalid et al.
2012, 2014; Yao et al. 2013; Botnen et al. 2014).

Field description and sample preparation

Sampling was conducted August 1, 2012, at the glacier fore-
land in front of Blåisen, Finse, Norway (60° 33′ N, 7° 31′ E,
1388 m a.s.l.), which is an alpine ecosystem. The sampling
site was sparsely vegetated, with Salix herbaceae L. and
B. vivipara, as the dominating plant species. The site was
chosen because of the very sparse vegetation, making it pos-
sible to sample and analyse a single root system without
breaking off roots due to entanglement and intermixing with
roots from other plants.

One randomly chosen B. vivipara plant and its entire root
system was dug up and stored in a zip-lock bag in a cooler for
transportation, and later, in a fridge at 4 °C until further pro-
cessing. The root system was rinsed 1 day after sampling and
transportation, first gently in tap water and then thoroughly in
distilled water. A dissecting microscope was used to inspect
the roots to ensure that all debris and soil attached to the
plant’s rhizome or roots were removed. As a final rinsing step,

the roots were washed three times in milli-Q H2O (mqH2O)
for 30 s, before excess water was gently dried off with sterile
tissue paper. The root system was stored in a petri dish at 4 °C
until further processing.

Root tip sampling

Within 2 days after sampling, the rhizome along with attached
fine root was dissected into four approximately equal sized
parts, which were named R1, R2, R3 and R4 (Fig. 1). R1
was the distal end (i.e. where the current year’s leaves and
flowers grow) and thereby the youngest part of the rhizome
and R4 the proximal and oldest part of the rhizome (Diggle
1997). The number of fine roots present at each rhizome part
was highly variable, ranging from three (R2, R4) to 13 (R1),
where newly formed roots were only observed in R1. The fine
roots were numbered chronological from distal to proximal
end and cut off from the rhizome, totalling 29 fine roots from
the entire root system, and further, stored in individual petri
dishes at − 18 °C until further processing. Root tips were sam-
pled and numbered from top (closest to the rhizome) to bottom

Fig. 1 Schematic drawing of B. vivipara, with its unbranched rhizome
with fine roots and EcM root tips. R1–R4 are the approximate parts the
rhizome was dissected into, and subsequently used as age groups, where
R1 is the youngest part of the root system, and R4 is the oldest.
Figure credit: Erlend Y. Fines
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of the fine roots and simultaneously mapped onto an overview
photograph to keep track of their relative position in the root
system (see also Fig. S2 for a photograph of a fine root). If root
tips were located on branches from the main fine root, this was
noted as well. The number of root tips per fine root varied
from three to 278 and were relatively even spaced on the fine
roots. All root tips had either a fungal mantle or signs of fungal
colonisation (i.e. hyphae were present when observed under
the dissection microscope).

Dissection of the fine roots was conducted in a petri dish
with mqH2O under a dissecting microscope. Each root tip was
cut off using a scalpel, transferred to an Eppendorf tube with
100 μl mqH2O and stored at − 18 °C. The total number of root
tips in the root system was 2302.

Molecular analyses

The ITS region was used to barcode the fungal component of
the root tips. The fungal-specific primers ITS1F and ITS4,
targeting the entire ITS region including ITS1, 5.8S and
ITS2 (White et al. 1990; Gardes and Bruns 1993) were used
for all PCR reactions. Before PCR, all samples were crushed
using two Qiagen® Tungsten Carbide beads (3 mm) on a
Rech Ball Mill MM301 (Verder Scientific, Haan, Germany)
for 2 × 2 min at 20 rounds per sec. Several approaches were
used to amplify as many root tips as possible. The Thermo
Scientific Direct PCR Plant kit (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) was used for DNA amplification of
most samples. The kit allows for direct amplification without
time-consuming DNA extraction and purifications steps. The
kit was modified for fungi as follows: for each reaction, 2 μl
crushed root tip in water (DNA template) was added to a
master mix consisting of 10-μl 3× plant buffer, 2 μl and
5 μM ITS1F, 2 μl and 5 μM ITS4, 3.6 μl mqH2O and
0.4-μl Phire Hot Start Polymerase (Thermo Fisher Scientific
Inc., Waltham, MA, USA). The PCR reaction was run with an
initial step for 5 min at 98 °C, 40 cycles of denaturation at
98 °C for 20 s, primer binding at 53 °C for 20 s and extension
at 72 °C for 2 min, and a final extension at 72 °C for 2 min,
before cooling down to 10 °C. For samples with unsuccessful
amplification after the first setup, a new PCR reaction was run
as previously, but the number of PCR cycles was reduced to
36. For those that still did not amplify, a 50× dilution of the
crushed root tips was used as template, using the above tem-
peratures and 36 cycles. Further, as a last try, the REDExtract-
N-Amp Plant PCR Kits (Sigma), slightly modifying the man-
ufacturer’s instructions, was used to amplify the root tips that
had not worked in the initial amplification attempts. In short,
2μl of the crushed root tip andmqH2O solutionwas incubated
in extraction solution for 10 min at 95 °C before adding 30 μl
of dilution buffer. PCR was set up using illustra™ PuReTaq
Ready-To-Go™ PCR Beads, according to the manufacturer’s
instructions. The PCR products were cleaned using illustra™

ExoStar™ (VWR international Ldt., Dublin, Ireland) and sub-
mitted for Sanger sequencing at the ABI lab, University of
Oslo or to the GATC biotech (Konstanz, Germany). The ITS
amplicons were sequenced in one direction only. Initially,
ITS4 was used as a sequencing primer for 63.9% of the
amplicons, but due to poor quality of some of the sequences,
ITS5 was used for the remaining samples.

Bioinformatics and statistical analyses

A total of 1891 ITS sequences were obtained and manually
trimmed and edited using Geneious® 8.1.7 Biomatters
(Biomatters Ltd., Auckland). After removing sequences
with low quality chromatograms, i.e. sequences with more
than ten ambiguities and read-length shorter than 350 base
pairs (bp), 1080 sequences remained for further analyses.

Because several of the PCR negatives produced clear
bands on the gel, additional quality control of the se-
quences was necessary to avoid including contaminants
in the dataset. All 1080 sequences were aligned using cus-
tom settings in the MAFT package included in Geneious ®
8.1.7. A neighbour joining (NJ) tree was constructed from
the alignment using custom settings in Genious® 8.1.7.
Clusters were manually extracted from the cladogram.
Each cluster of sequences was realigned using MAFT (as
above), further manually inspected, edited and quality
checked within the alignment, and one sequence from each
alignment of identical sequences was BLASTED against
UNITE (Kõljalg et al. 2013). Clusters of sequences that
included negative controls were altogether removed from
the dataset. Further, sequences that had top hits to known
laboratory contaminants and sequences from several ubiq-
uitous polyporid fungi were removed from the dataset
(Table S2). Only sequences with top hit to EcM fungi
and known root-associated fungi were included, with a
few exceptions (see “Discussion”).

The remaining dataset of 739 sequences were clustered
into OTUs using BlastClust (Alva et al. 2016) with 97.0%
sequence similarity and minimum 70.0% query cover. All
OTUs were manually inspected in Geneious® 8.1.7. Most
of the OTUs contained only identical sequences.

All further analyses were conducted in R (R Core Team
2017). To examine if the sampling depth was sufficient, spe-
cies accumulation curves were constructed (Oksanen et al.
2013), with fine roots as sites. Richness and Shannon diversity
index (H′) was calculated for each part of the rhizome and
each fine root using the vegan package (Oksanen et al.
2013) to assess species richness and diversity. OTUs that
had taxomonic affinity to EcM fungi were assigned to explo-
ration types by species using determination and characterisa-
tion of ectomycorrhizae (DEEMY) (Agerer & Rambold,
2004–2018). For instances where OTUs had poor match to a
species, but exploration type was consistent throughout the
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genus, exploration type was also assigned. Eleven OTUs were
assigned to mycorrhizal exploration type: contact, short dis-
tance smooth, medium distance smooth or medium distance
fringe according to DEEMY.

Spatial structure

To investigate spatial structure in the root system, a matrix
of the abundances of OTUs per fine root (site) was con-
structed. Fine roots with less than ten observations (suc-
cessfully sequenced root tips) were excluded, leaving 18
fine roots and 701 root tips. Because ordination results
strongly depend on the choice of ordination method and
weighting function, a multiple parallel ordination (MPO)
approach was used, as recommended by van Son &
Halvorsen (2014). MPO was conducted using fine roots
as plots, and OTUs as “species” observations. Three dif-
ferent weighting functions (data transformations) using
power-function weighting (van der Maabel 1979; Clymo
1980) with raw data (w = 1), intermediate weighting (w =
0.5) and presence–absence (w = 0) were used, as described
in van Son & Halvorsen (2014, for details see also Økland
1986). If ordination structure is similar between parametric
and non-parametric ordination methods, there is an indica-
tion of a robust structuring of the dataset (Son and
Halvorsen 2014). Therefore, two ordination methods were
used: detrended correspondence analyses (DCA, Hill &
Gauch 1980) and global non-metric multidimensional scal-
ing (GNMDS, Kruskal 1964) ordinations were constructed
using the vegan package v. 2.0–10 (Oksanen et al. 2013).
For the DCA ordinations, default settings were used. For
GNMDS, the following settings were used: two dimen-
sions, dissimilarity measure used was Jaccard distance
with an isometric geodesic step-across measure for
Jaccard distance > 0.8 (Tenenbaum 2000); maximum num-
ber of iterations was set to 200 and 100 random initial
starting configurations were used. The same settings were
used for all three weighting functions. To see if axes of
GNMDS and DCA correlated and which variables covar-
ied with each other and the ordination axes, a correlation
test with Kendall’s τ rank correlation coefficient (Kendall
1938; Kruskal 1958) was conducted. In addition, explora-
tion types, diversity (Shannon’s H), richness per fine root,
number of root tips (i.e. root density), length, branching
and position of fine roots along the rhizome were fitted
onto the ordination diagram using the envar function in
the vegan package v. 2.0–10 (Oksanen et al. 2013), where
only variables with a significant correlation to ordination
axes were plotted.

To investigate whether a species tended to form clusters
within the root system (i.e. indication of priority effect), a
Jaccard distance matrix using the assigned OTU per root tip
was constructed, where dissimilar OTUs would get a value of

1 and identical OTUs would get a value of 0. We used an
approximation, because it is impossible to accurately estimate
the actual position of root tips and how the fine roots are
oriented in the soil before rinsing. Even though the spatial
orientation in the soil and the actual physical distance between
each root tip are unknown, root tips located on the same fine
root or branch on fine roots were assumed to be in closer
proximity than root tips located on other fine roots, and sim-
ilarly, root tips that were sampled in sequence on the same
branch were assumed to be located in close proximity in the
soil (see also Fig. 1 for a schematic drawing of the B. vivipara
root system and Fig. S2 for a photograph and description of
our assumptions). Accordingly, three distance classes were
defined: neighbours (strict neighbouring root tips, sampled
in sequence on the same branch), adjacent (root-tip sample
on the same branch on a fine root) and non-neighbours.
These classes were used for constructing a distance matrix,
such that strict neighbouring root tips were assigned a spatial
distance of 1; adjacent root tips were scored as 2–23 (max
number of root tips on branches), and non-neighbouring root
tips were assigned a much higher number to emphasise non-
adjacency (>> 300). Because initial tests showed very similar
results for neighbouring and adjacent root tips, we only focus
on neighbour (i.e. adjacent was merged into the neighbour
class) and non-neighbour in the downstream results and dis-
cussion. Neighbours and non-neighbours were extracted from
the matrix into data frames consisting of values of dissimilar-
ities, so that pairs of root tips sharing an OTU obtained a value
of 0, and pairs not sharing an OTU obtained a value of 1. The
subsets were compared using a two-sided Welch T test, which
takes into account the differences in sample size in the two
classes. The root system was analysed as a whole, and subse-
quently, each rhizome part (R1–R4) was analysed separately,
to see whether patterns were similar across the entire root
system.

A Pearson’s χ2 test was conducted using the stats package
(R Core Team 2017) to see whether the fungal community
within parts of the root system was different from other parts
than expected by chance. For each OTU, the actual distribu-
tion was tested against an expected random distribution in
each part of the rhizome.

Results

After discarding sequences of low quality and tentative con-
taminants, 739 sequences representing 32.1% of the total
number of root tips in the root system remained for further
analyses. The number of fine roots, root tips and OTUs varied
considerably throughout the root system, as shown in Table 1.
Three fine roots had the appearance of being newly formed
(i.e. within the same year), and all three were found attached to
R1 of the rhizome. A total of 41 fungal OTUs were observed
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in the root system. A large proportion (60.5%) of the success-
fully sequenced root tips was located in the youngest part (R1)
of the root system, likely because this was also the part with
the largest proportion of fine roots and total root tips. Themost
successfully sequenced part of the root system was R2, where
53.1% of all root tips gave an acceptable sequence. The
frequency distribution of OTUs showed that the root sys-
tem was dominated by a few abundant OTUs, and 36.6%
of the OTUs was observed once (Fig. 2a). All non-
singleton OTUs are listed in Table 2 (singleton OTUs in
Table S2). Representative sequences of all OTUs are de-
posited to GenBank, under accession nos. MK614825–
MK614865.

The accumulation curve of OTUs did not level off, which
was to be expected since only 32.1% of the root tips in the root
system was analysed (Fig. 2b). The fungal diversity, assessed
by Shannon’s H, varied consistently throughout the root sys-
tem, with the older parts of the root system (R3 and R4) having
higher scores than the younger parts (R1 and R2, Table 1).

The majority of OTUs of the sequenced root tips belonged
to Basidiomycota (85.3%) whilst 13.9% belonged to
Ascomycota. Most of the sequenced root tips (84.6%) that
were included in the analyses had taxonomic affinity to
known EcM fungi. More than half (58.0%) of the sequenced
root tips belonged to the family Thelephoraceae, and the sec-
ond most common family was Cortinariaceae (10.3%),
followed by Russulaceae (6.2%). OTU1 (Pseudotomentella
sp.) was the most abundant OTU throughout the root system,
and more common in the younger part (R1) of the root system
than would be expected by chance (Pearson’s χ2 test, χ2 =
40.825, df = 3, p < 0.001). OTU3 (Cortinarius sp. 1) wasmore
abundant in R3 and R4 than expected by chance (Pearson’s χ2

test, χ2 = 25.244, df = 3, p < 0.001), and OTU4 (Russula
subrubens) was more widespread in the oldest part (R4) than
in an expected distribution (Pearson’s χ2 test, χ2 = 25.244,
df = 3, p < 0.001). OTU12, although only represented by ten
successfully sequenced root tips, had a top hit to the
Geoglossaceae, Sarcoleotia globosa (99.9% similarity),
which is not a known root associate, but still included in
downstream analysis (see “Discussion”). This OTU was only

Table 1 The distribution of fine roots and root tips throughout the root
system. R1–R4 represent the different rhizome parts or age classes in the
root system (see Fig. 1). The % coverage is the percent of how many root

tips of the total amount sampled root tips that passed quality control and
produced an acceptable sequence. Richness is the number of OTUs per
age class; Shannon’s H is used as a diversity measure

R1 R2 R3 R4 Sum

No. of fine roots 13 3 10 3 29

No. of root tips 1317 32 637 316 2302

No. of successfully sequenced root tips 448 17 193 83 741

% coverage 34.02 53.13 30.98 26.27 100

Richness 27 7 25 19

Shannon’s H 1.978 1.809 2.368 2.552

Fig. 2 Barplot of the frequency of the 26 non-singleton OTUs (a), where
a fewOTUs are very frequent, whilst most OTUs are rare, and the species
accumulation curve (b) using fine roots as samples curve does not level
off
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found in the older parts of the root system (R3 and R4,
Pearson’s χ2 test, χ2 = 14.665, df = 3, p = 0.002).

To investigate the spatial structure and compositional var-
iation of fungi in the root system, ordination diagrams of
OTU/fine root matrices were constructed, where each sample
represents one fine root (as sites). DCA and GNMDS axes
were strongly correlated with Kendall’s τ rank correlation test
for all ordination methods, and in all ordination diagrams,
point configurations were similar (Fig. S1), suggesting a ro-
bustly structured dataset (Son and Halvorsen 2014). Hence,
we only focus on the GNMDS constructed using power-
weighting (w = 0.5), which was the GNMDS with the lowest
stress values (stress = 0.122). The ordination diagram showed
a clear spatial structuring of the root-associated fungal com-
munity throughout the root system (Fig. 3), where fine roots
from the different age classes clustered together. GNMDS1
represented to a large extent the length of the rhizome, as
shown by the high correlation of position of fine roots along

the rhizome with axis 1 (Fig. 3; Table S3). Fine roots from R1
were located at one end of the axis, and a shift from this part
throughout to R4 was observed. Significant variables fitted
onto the ordination diagrams showed that diversity was
strongly positively correlated with the position of fine roots
along the rhizome (proxy for age) and GNMDS1; short
smooth exploration type (sh_smooth) was negatively
correlated with GNMDS1. This indicate that this explo-
ration type was more common in the younger part of
the root system, whilst contact exploration type
(contact) was positively correlated with position, indicat-
ing that this was more common in the older parts of the
root system. The structure along GNMDS2 was mainly
driven by richness.

To see whether root tips of the same OTU tended to
cluster in the root system, a Bray–Curtis dissimilarity ma-
trix of all successfully sequenced root tips and a distance
matrix of their relative position in the root system were

Table 2 Summary of all non-singletonOTUs, their abundance and their
corresponding top hit in to sequence ID in UNITE (Kõljalg et al.
2013,Unite Top Hit ID) and top hit to species hypothesis (UNITE Top
Hit SH). The distribution of OTUs throughout the rhizome’s four parts

R1, R2, R3 and R4 is given, as well as χ2 test results, degrees of freedom
(df) and p value (only calculated for OTUs with more than ten
observations)

OTU ID # of seq. UNITE Top Hit ID/SH Taxonomy Identity Score e value R1 R2 R3 R4 χ2 df p value

OTU1 265 LC035237|SH587854.07FU Pseudotomentella sp. 98% 1142 0.0 202 3 83 29 40.825 3 < 0.001

OTU2 131 KF514695|SH007290.07FU Thelephorales sp.1 98% 1193 0.0 83 3 42 3 15.025 3 0.002

OTU3 67 KM403065|SH353253.07FU Cortinarius sp. 99% 1101 0.0 29 2 29 7 9.926 3 0.019

OTU4 46 AY061705|SH312994.07FU Russula subrubens 99% 1290 0.0 12 0 17 16 25.244 3 < 0.001

OTU5 38 GU998390|SH338338.07FU Helotiales sp.1 98% 1020 0.0 23 2 9 4 4.679 3 0.197

OTU6 17 FJ378794|SH317877.07FU Tomentella sp.1 99% 1236 0.0 14 0 1 2 5.789 3 0.166

OTU7 22 JX630403|SH323713.07FU Serendipita sp.1 99% 1131 0.0 22 0 0 0 16.454 3 < 0.001

OTU8 18 KF617590|SH422994.07FU Sordariales sp. 99% 1054 0.0 17 0 1 0 10.264 3 0.016

OTU9 18 FJ378858|SH392777.07FU Lachnum sp. 99% 1029 0.0 2 1 7 8 22.126 3 < 0.001

OTU10 15 KU176247|SH229647.07FU Tomentella sp.2 99% 1191 0.0 4 5 0 6 124.296 3 < 0.001

OTU11 11 GU211939|SH320635.07FU Sebacinales sp. 98% 1043 0.0 0 0 6 5 17.383 3 < 0.001

OTU12 10 AY789429|SH419762.07FU Sarcoleotia globosa 99% 1555 0.0 0 0 6 4 14.665 3 0.002

OTU13 9 FJ553656|SH290706.07FU Cadophora finlandica 99% 1548 0.0 1 0 4 4 – – –

OTU14 9 UDB017644|SH448082.07FU Laccaria laccata 99% 1144 0.0 1 0 5 3 – – –

OTU15 8 UDB011255SH353127.07FU Cortinarius sp.2 99% 996 0.0 8 0 0 0 – – –

OTU16 7 UDB025680SH417154.07FU Pulvinula sp. 99% 994 0.0 7 0 0 0 – – –

OTU17 8 KU176240|SH401042.07FU Phialocephala sp. 99% 1510 0.0 1 1 4 1 – – –

OTU18 9 EU862204|SH445618.07FU Clavulina sp. 100% 1269 0.0 6 0 2 1 – – –

OTU19 3 EU697244|SH362287.07FU Clitocybe subditopoda 99% 1139 0.0 0 0 2 1 – – –

OTU20 3 FJ378854|SH326471.07FU Pezoloma ericae 99% 915 0.0 0 0 2 1 – – –

OTU21 2 KP742955|SH596590.07FU Geoglossum sp. 94% 780 0.0 0 0 1 1 – – –

OTU22 2 JX630752|SH250316.07FU Thelephora sp. 99% 1148 0.0 2 0 o 0 – – –

OTU23 2 KJ421158|SH581131.07FU Cortinarius sp.3 99% 1115 0.0 0 0 2 1 – – –

OTU24 2 KF218970|SH341492.07FU Sistotrema sp. 99% 1200 0.0 0 1 0 1 – – –

OTU25 2 HQ850136|SH338142.07FU Helotiales sp.2 99% 946 0.0 2 0 0 0 – – –

OTU26 2 KC965976|SH404461.07FU Helotiales sp. 3 99% 949 0.0 1 0 1 0 – – –
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used to compare differences in mean dissimilarity between
neighbouring and non-neighbouring root tips using Welch
two-sided T test. The differences between dissimilarities in
neighbouring and non-neighbouring root tips were signifi-
cant (Welch two-sided T test, t = − 12.920, df = 515.620,
p < 0.001) when analysing root system as a whole. The
mean value of adjacent root tips was estimated to 0.53,
meaning that almost half of the neighbouring root tips were
identified to the same OTU, whilst for non-neighbours, the
mean dissimilarity was estimated to 0.82, meaning that
most pairs of root tips throughout the root system were
dissimilar. The different parts of the root system were sub-
jected to the same test, to see whether this pattern varied
throughout the root system. The parts R1 and R3 had a
s ign i f ican t d i f fe ren t mean of d iss imi la r i t i es in
neighbouring and non-neighbouring (Welch two-sided T
test, t = 11.569, df = 329.900, p < 0.001, and t = 4.759, df-
= 135.590, p < 0.001, respectively), whilst in R2 and R4,
the difference was not significant (Welch two-sided T test,
t = 1.727, df = 9.289, p = 0.117 and t = 1.213, df = 39.843,
p = 0.232, respectively). There were probably not enough
observations in R2 to infer any statistical significance (on-
ly 17 successfully sequenced root tips). From R1 through
R4, there was an increase in estimated mean values for
neighbouring and non-neighbouring root tips, indicating
that it was more likely to be located next to root tips
assigned to the same OTU in the younger of the root

system than in the old (i.e. more clustering; Fig. 4).
Clustering of root tips belonging to the same OTU is
visualised schematically in Fig. 5.

Discussion

Spatial structure within the root system

The ordination analyses showed a clear spatial structure with-
in the root system for the community recovered from fine
roots from different parts of the rhizome, with a shift in the
fungal community from the youngest end of the rhizome to
the older. This pattern was evident although only 32.1% of the
total number of root tips was included in this analysis. Neither
weighting functions nor ordination method (DCA or
GNMDS) affected the overall structure; therefore, it is reason-
able to believe that the structure found was not due to mathe-
matical artefacts caused by weighting function or ordination
method (Son and Halvorsen 2014). Previous studies have not
found any clear structural patterns at finer scales (< 3 m) for
the fungal communities of B. vivipara (Mühlmann et al. 2008;
Blaalid et al. 2012, 2014; Yao et al. 2013; Botnen et al. 2014),
except that Blaalid (2012) observed a spatial auto-correlation
below 50-cm scale. In other studies, spatial heterogeneity and
patchiness of fungal communities at finer scales have been
observed (Taylor and Bruns 1999; Tedersoo et al. 2003;

Fig. 3 GNMDS ordination diagram of power-weighted data (w = 0.5) for
all analysed root tips, where fine roots are used as sites. The diagram is
showing a gradient from the younger (R1) part of the root system through
to the older (R4). Arrows depict significant variables fitted onto the
ordination diagrams using envar function in the vegan package
(Oksanen et al. 2013). Position = position of fine roots along the

rhizome, diversity = Shannon’s H calculated per fine roots, richness =
richness per fine root, length = relative length of fine roots, branching =
number of branches per fine root, no_root_tip = number of root tips per
fine root. Assigned exploration types are the following: contact, short
smooth (sh_smooth), medium smooth (med_smooth), and additionally,
hydrophilic for hydrophilic exploration types
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Lilleskov et al. 2004; Pickles et al. 2012; Blaalid et al. 2014).
Several studies have found that some fungal species exhibit
preference for certain microhabitats in the soil (Taylor and
Bruns 1999; Tedersoo et al. 2003, 2008; Genney et al. 2006;
Buée et al. 2007). However, for EcM species, the scale that
species are occupying as root tips may be very different from
the scale species are occupying as mycelium (Genney et al.
2006; Pickles et al. 2012). Yoshida et al. (2014) revealed a
tendency towards a spatial clustering of individual EcM spe-
cies within the root systems of T. diversifolia seedlings, but the
present study is, to our knowledge, the first time, a clear spatial
structuring at such a fine scale of the root-associated fungal
community is shown for a full grown plant.

In addition to a shift in the overall root-associated fungal
community throughout the root system, richness and diversity
of the fungal community also changed throughout the root
system. For the EcM fungi, exploration type recovered from
fine roots also changed from the younger to the older end of
the rhizome. The higher abundance of the contact exploration
type found in association with the older end of the rhizome
was mainly because OTU4 (Russula pascua); the only OTU
assigned to this exploration type was more abundant in this
part of the root system.

Spatial distribution of OTUs within the root system

From the χ2 tests, the structuring of the fungal community
was evident at a scale ranging from rhizome parts to indi-
vidual OTUs. OTU1 (Pseudotomentella sp.), although

common throughout the whole root system, was more
common in the youngest part of the root system than ex-
pected by a random distribution. Although at very different
spatial scales, Pseudotomentella has been reported to be
observed in younger rather than older forest stands
(Kyaschenko et al. 2017), suggesting that it may be a weak
competitor. OTU3 (Cortinarius sp.) and OTU4 (Russula
subrubens) were relatively more abundant in R3 and R4.
There might be a succession with age of the root system of
root-associated fungi within this root system, similar to
what is observed at larger scales.

Priority effects?

Priority effects have been observed for several species
(Alford and Wilbur 1985; Shorrocks and Bingley 1994), in-
cluding fungi (Kennedy and Bruns 2005; Yoshida et al. 2014;
Hiscox et al. 2015). For EcM fungi, the priority effect may be
observed as clustering of species within a root system, and a
dominance of one or a few species, when the timing of arrival
of species is unknown (Yoshida et al. 2014). Although only
relative distances are recorded in this study, root tips located in
sequence on a branch from a fine root were assumed to be
closer in proximity to each other than root tips not located on
the same branch or on other fine roots. With these assump-
tions, it was possible to investigate whether or not the
neighbourhood of a root tip included several root tips sharing
the same OTU (i.e. clusters). There was a higher mean of
neighbouring root tips sharing the same OTU than non-

Fig. 4 The proportion of pairs of
root tips sharing the same OTU
per age class (R1, R2, R3 and
R4). Shared OTU between pairs
of root tips is shown in dark grey,
and pairs of root tips not sharing
OTU is shown in light grey. The
proportion of shared OTUs
between pairs of root tips is larger
in R1 and declines throughout the
age classes
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neighbouring root tips, indicating clustering of species, and
this was particularly evident in the younger part of the rhizome
where more than half of all neighbouring root tips shared
OTUs (Fig. 3). The mean number of neighbouring root tips
sharing OTUs was much higher in the younger parts (R1 and
R2) than in the older parts (R3 and R4). In the oldest part of
the root system, almost none of the investigated neighbouring
root tips shared an OTU (estimated mean = 0.9; Fig. 4).

According to priority effects, colonisation in the early
stages of root formation may result in clusters of species.
Clusters similar to what Yoshida et al. (2014) found in their
study were observed only in the youngest parts of this
particular root system, but in the older parts, no evident
clustering of OTUs was observed. As freshly formed fine
roots were only observed in the youngest part of the rhi-
zome, we deem it likely that these clusters are a result of
priority effects rather than competition. This was seen from
the T test on str ict neighbours, but also for the
neighbourhood (i.e. branches on fine roots, data not
shown). Similarly, Pickles et al. (2012) found that in a
mature forest system, competition, or processes generating
similar patterns, was determining the fine scale distribution

of EcM fungi. It is possible that succession and competi-
tion play a more prominent role in structuring the fungal
community in more established root systems compared to
younger root systems, where more newly formed roots are
available colonisation.

Richness and community composition

A total of 41 root-associated fungal OTUs were recovered
from the analysed root system. Although only 32.1% of all
root tips were successfully sequenced in the present study, this
accords well with previous studies on root-associated fungi in
B. vivipara using high throughput sequencing of entire root
systems (e.g. Blaalid et al. 2012, 2014; Yao et al. 2013;
Botnen et al. 2014), where ranges of root-associated OTUs
generally fall between (10–159). However, as indicated by
the accumulation curve, the root system most likely possesses
a somewhat richer community than we were able to recover.
Few other studies have been conducted where the entire
mycobiome of whole root systems has been profiled root tip
by root tip. Bahram et al. (2011) recovered 122 EcM fungal
species in 103 root samples from an extensively sampled root

Fig. 5 Schematic map of the entire root system the B. vivipara individual.
R1–4 are the four parts the rhizome was dissected into and subsequently
used as age classes in the analyses of the root system. Fine roots and
branches are scaled in lengths relative to each other based on

photographic measurements, but the spatial distance between fine roots
and root tips are not realistically depicted in the map. Root tip colour
indicate OTUs as described in the legend; light grey root tips were not
identified
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system of a P. tremula individually, whilst Yoshida et al.
(2014) recovered 40 EcM species when mapping the entire
EcM community of three T. diversifolia seedlings.

The OTUs followed a log-normal distribution, where a few
OTUs were common and the majority was represented by ten or
less root tips (Fig. 2a). Similar to these results, Yoshida et al.
(2014) observed that the majority of fungal species recovered
from three seedlings of T. diversifolia occupied less than ten root
tips, with only one or a few species dominating the root system of
a seedling. Bahram et al. (2011) observed the same pattern,
where a single species was found in 59.2% of all samples.
Dominance of one or a few species seems to be common in
root-associated fungal communities.

In accordance with earlier studies on the fungal community of
B. vivipara (Massicotte et al. 1998; Mühlmann et al. 2008;
Brevik et al. 2010; Blaalid et al. 2012, 2014; Yao et al. 2013;
Botnen et al. 2014), most of the detected OTUs were EcM fungi.
The two most dominant orders, Thelephorales and Agaricales,
are well established as EcM-forming linages (Smith & Read
2008; Tedersoo et al. 2010). In contrast to the abovementioned
studies of B. vivipara, only typical EcM root tips or tips with
signs of fungal colonisation were investigated, and a dominance
of EcM fungi is therefore not surprising. The order Thelephorales
accounted for more than half of all the successfully sequenced
root tips. Thelephorales is found to be among the most common
orders in several studies in arctic and alpine EcM communities
(e.g. Clemmensen & Michelsen 2006; Mühlmann et al. 2008;
Bjorbækmo et al. 2010; Timling et al. 2012; Blaalid et al. 2012;
Yao et al. 2013; Botnen et al. 2014;Morgado et al. 2015;Mundra
& Halvorsen 2015), suggesting that several species within this
order tolerate harsh climatic and environmental conditions. All of
the most common OTUs, Pseudotomentella sp. (OTU1),
Thelephorales sp.1 (OTU2), Cortinarius sp. (OTU3, OTU15,
OTU23) and Russula (OTU4) were ectomycorrhizal.

Due to problems with contaminants, a strict criterion for in-
cluding OTUs in downstream analysis was used: OTUswith hits
to all yeasts and/or fungi that had not previously been reported
from plant roots were excluded with two exceptions: OTU12
(99.9% match to Sarcoleotia globosa) and OTU19 (99.0%
match to Clitocybe subditopoda). Clitocybe is generally consid-
ered a saprotrophic genus, OTU19 clustered together with ITS
sequences with affinity to Tricholoma, a known EcM genus, in
the initial NJ tree, and Clitocybe subidtopoda has been found to
be unrelated to the core Clitocybe group (Alvarado et al. 2015).
Hence, it might be a root-associated fungus. S. globosa within
Geoglossales forms small, stipitate fruit bodies, and due to its
small size, most likely overlooked in field surveys. Its distribu-
tion has previously been described as arctic and sub-arctic, al-
though stretching as far south as cool temperate (Jumpponen
et al. 1997). It is often found in open vegetation and on disturbed
ground (Schumacher and Sivertsen 1987; Jumpponen et al.
1997), which fits the sample site of the B. vivipara root system
used in this study. It has been suggested to have saprotrophic

lifestyle, however, in a survey of stable isotopes, a relatively high
enrichment in δ15N was shown for species within Geoglossales
(Griffith et al. 2002). Additionally, several collections have been
made where S. globosa has been found in association with
mosses or the ericaceous Empetrum nigrum (Schumacher and
Sivertsen 1987). Extreme isotopic profiles for δ15N and δ13C and
associations with plants may suggest a possibility of unknown
biotrophic lifestyles (also discussed in Tedersoo et al. 2010).

Conclusion

For the first time, an attempt to map the entire root-associated
fungal community of an adult EcM plant was conducted.
Although the direct PCR approach was not suitable for recover-
ing the entire fungal community associated with this plant, and
only a third of the root-associated fungal community could be
identified, a diverse and spatially structured fungal community
was discovered. Indications of possible priority effects were re-
stricted to the younger parts of the root system, whereas in the
older parts, we did not observe these patterns, suggesting that
competition may be more important in structuring mature root
systems. This study provides a first glimpse into the fine scale
structuring of the root-associated fungal community of an adult
EcM plant.
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