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Not all long-distance-exploration types of ectomycorrhizae are the
same: differential accumulation of nitrogen and carbon in Scleroderma
and Xerocomus in response to variations in soil fertility
Long-distance-exploration type (LDET) ectomycorrhizae have been reported to
be best adapted to infertile soils, but variation within LDET ectomycorrhizae
have not been thoroughly examined. Concentrations of nitrogen (N) and carbon (C) in LDET ectomycorrhizae were examined in Xerocomus-Pinus sylvestris and Scleroderma-Quercus petraea ectomycorrhizae. The study determined how concentrations of these elements vary in ectomycorrhizae in fertile (organic, uppermost mineral) and infertile (brunic) soil layers. The organic
horizon in both Scots pine and sessile oak forest soils had the highest mineral
status and exchange cations. In contrast, low mineral concentrations, high
base saturation, and pH were characteristic of the brunic horizon in both forest stands. Xerocomus ectomycorrhizae had a higher concentration of N in the
fertile (organic and uppermost mineral) soil horizons (3.4%) than in the infertile (brunic) soil horizon (2.2%). N concentration in Scleroderma ectomycorrhizae varied from 2.8%-3.0 % and did not differ between the studied soil horizons. The mean concentration of carbon in Xerocomus ectomycorrhizae varied
from 29%-46% in Scots pine stands and from 41%-44% in Scleroderma ectomycorrhizae in sessile oak stands. The concentration of carbon in both Xerocomus
and Scleroderma ectomycorrhizae was significantly higher in the fertile horizons (organic and uppermost mineral) compared to the brunic (infertile) horizon. In summary, the analysis conducted in the present study indicates that
the LDET ectomycorrhizae, Xerocomus and Scleroderma, possess inherent variations in C and N content to manage soil resources.
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Introduction

Contact, short-, medium-, long-distance-,
and mat-forming-exploration types of ectomycorrhizae can be distinguished based on
their morphology and the biomass of emanating hyphae and rhizomorphs (Agerer
2001, 2006). Each of the exploration types
may be characterized by a distinct foraging
strategy, however, the variation that exists

within exploration types and its function
under field conditions is poorly understood. Trees have evolved a variety of nutrient-foraging strategies that include variation in root functional traits, as well as
an investment in hosting specific ectomycorrhizae (Chen et al. 2013, 2016, 2018).
Whether spatial partitioning occurs in the
functioning within a single long-distance
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ectomycorrhizal exploration type (LDET)
along a substrate-resource gradient, however, has not been determined.
Ectomycorrhizal exploration-types differ
in their ability to utilize resources and how
they explore soils determines their efficiency (Kuyper & Landeweert 2002, Baier
et al. 2006, Ostonen et al. 2011). Species
with extensive mycelia have been reported
to be very efficient in nitrogen uptake and
sequestration (Kottke et al. 1998, Read &
Perez-Moreno 2003, Hobbie & Agerer
2010). Thus, fungal exploration strategies
can affect tree nutrition (Van Der Heijden &
Kuyper 2003, Courty et al. 2010) due to
their differential accumulation and utilization of C and N (Trocha et al. 2010).
Nitrogen levels in fine roots are controlled by carbohydrate fluxes emanating
from the host tree (Saravesi et al. 2008,
Pena et al. 2010, Trocha et al. 2016), but ectomycorrhizal fungi also differ in the level
of N they provide to their hosts (Hobbie &
Colpaert 2003). The relationship between
soil N availability and N content in ectomycorrhizae has been characterized under controlled conditions (Högberg et al. 2006,
2011). How ectomycorrhizae within a specific exploration type employ resources
from soils that differ in their fertility in a
iForest 14: 48-52
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natural forest environment, however, has
not been examined.
In the present study, the long-distance
ectomycorrhizae, Xerocomus and Scleroderma, were used to examine LDET ectomycorrhizae in hosts with contrasting life
strategies: pioneer Scots pine (Pinus sylvestris L) and mid-successional sessile oak
(Quercus petraea Liebl.). These tree species
also vary in their nutritional requirements.
Scots pine can grow in infertile and dry
soils (Przybylski 1993), while sessile oak
generally prefers more fertile soils (Fober
2006). Their root systems also differ, while
sessile oak quickly forms a taproot capable
of reaching deep soil depths and levels of
ground water (Lyr & Hoffman 1967), the
root system of Scots pine is fibrous and extensive, and their depth of rooting is not as
great as in sessile oak (Roberts 1976).
We previously reported that root function is the most significant driver defining
levels of root N in a specific soil type, however, we also reported a significant decrease in the concentration of soil and root
N in infertile soil layers (Trocha et al. 2017).
Notably, the concentration of N in first-order roots was up to 20-fold higher than it
was in the soil layer in which the roots
were growing. This finding indicates that
there is a strong need to provide roots
with nitrogen irrespective of the N levels
present in the surrounding soil environment. In the present study, N and C concentrations in LDET ectomycorrhizae were
assessed to better determine the presence
of natural variation in response to soil resources. LDET ectomycorrhizae, among all
exploration types, have been reported to
be the most efficient in nutrient foraging;
however, there is a high cost for the hostplant to provide LDET ectomycorrhizae
with C (Kottke et al. 1998, Read & PerezMoreno 2003, Hobbie & Agerer 2010). We
hypothesized that N and C concentrations
in the LDET ectomycorrhizae, Xerocomus
and Scleroderma, would not be affected by
the fertility of the soil layer: the nutrient
concentration in the ectomycorrhizae will
be independent from soil nutrient level. We
did not aim to discover the exact mechanism for this observation in the current
study, but it possibly can be obtainable by
some internal mechanism in the ectomycorrhizae (either plant or fungal) regulating
the level of nutrient acquisition from the
surrounding soil.

Materials and methods
Study site and roots collection

Soil samples were collected in September/October 2013 and 2019 from 90-100year-old monoculture stands of sessile oak
and Scots pine, located in the Zielonka Forest (52° 33′ N, 17° 06′ E), in west-central
Poland. The two stands have been managed throughout their entire lifespan according to standards and policies obligatory for State Forests National Forest Holdings. This includes management practices
49

such as cleaning and thinning. Forest management plans in Poland are designed to
cover a 10-year period and are prepared by
the Bureau of Forest Management and
Geodesy (https://www.lasy.gov.pl/en/ourwork/forest-management). The two stands
were designated as research sites when
the trees had reached maturity. All management operations are synchronized with
research activities.
The forest site type for both stands has
been classified as a fresh mixed broadleaved forest. The classification of the site
conditions is based on the Polish forest typology system which utilizes distinctive
features of the soil, forest floor, and stand.
The two forest sites used in the study had
similar soil, climate, and terrain conditions.
Their productivity and utility in silviculture
was also similar.
The stands were in a close vicinity (about
100 m) to each other and share the same
soil type, i.e., rusty soils belonging to
Arenosols (Kabala et al. 2016). The tree
basal area in the oak stand was 35, and 40
m2 ha-1 in the Scots pine stand (measured in
2015). The forest floor consisted mainly of
Vaccinium myrtillus, Dryopteris filix-mas and
Pleurozium schreberi in the Scots pine
stand, and Carex digitata and Dryopteris
filix-mas in the sessile oak stand. The undergrowth in the Scots pine stand was
dense and completely covered the forest
floor, while it was scattered in the oak
stand with many bare-soil patches. The climate in this part of Poland is transitional
between maritime and continental, with an
average annual precipitation of 531 mm
and a mean annual temperature of 8.5 °C.
Three soil pits, ~1 × 2 × 2 m (W × L × D)
were dug up at the distance of 1-2 m from
the trees to visually characterize the soil
horizons. Soil horizons in the soil pits were
designated as: organic (O), uppermost mineral (A), brunic (Bbr), illuvial (Bv), and
bedrock (C). Soil samples were collected
from each horizon (a total of 0.5 kg) in
each pit for the analysis of soil texture and
chemistry. Soil analyses were conducted by
the Forest Management and Geodesy
Agency in Poznan, Poland (Trocha et al.
2017).
Root samples were simultaneously sampled from all pits. Each pit was surrounded
by a few trees and the roots were collected
from different sides of the pit, so roots encircled trees adjacent to soil pits, which resulted in a natural heterogeneity. Intact
roots were collected from individual soil
horizons and preliminarily separated from
the soil by hand. Once collected, the roots
were washed over sieves (pore size 1 mm)
under tap water and cleaned with tweezers in a Petri dish to remove attached organic and mineral particles.
Healthy looking ectomycorrhizae were
initially evaluated under a stereomicroscope (Olympus GmbH, Düsseldorf, Germany) and organized into morphological
groups (morphotypes) based on macroscopic characteristics. Different morpho-

types were then classified to the genus or
species level based on ITS-barcoding (data
not shown; see Fig.S3 in Trocha et al. 2017
for the results). A total of 52 root tips of
Scleroderma and 23 root tips of Xerocomus
morphotypes were used for molecular
identification. Briefly, total genomic DNA
was extracted from individual root tips
possessing specific morphotypes using a
NucleoSpin® Plant II kit (Macherey-Nagel
GmbH & Co., Düren, Germany). The ITS15.8S-ITS2 region was amplified using a fungal-specific ITS1-F primer (Gardes & Bruns
1993) and a universal ITS4 reverse primer
(White et al. 1990). PCR products were purified and sequenced according to the manufacturer’s directions using a BigDye Terminator® v3.1 kit and an ABI Prism ® 3130xl Genetic Analyzer (Applied Biosystems, USA).
Sequence chromatographs were checked
for accuracy in Chromas LITE v.2.01 (http://
www.techenysium.com.au) and aligned by
the CodonCode Aligner (http://www.codon
code.com/aligner/) using a ≥97% identity
threshold to group ectomycorrhizal sequences into operational taxonomic units
(OTUs), which were subsequently used to
query sequences in GenBank (https://
blast.ncbi.nlm.nih.gov/blast.cgi) and UNITE
(https://unite.ut.ee) databases. Sequences
representing each OTU, including Xerocomus and Scleroderma, were deposited
in GenBank under accession numbers
KP731808-64.
After all of the collected ectomycorrhizal
morphotypes were identified at the molecular level, ectomycorrhizal roots of Xerocomus in Scots pine and Scleroderma in sessile oak were specifically collected from the
soil horizons of interest and used for C and
N analyses. Molecular identification was
not explicitly applied for these ectomycorrhizae as the samples were dried prior to C
and N analyses.

Total nitrogen and carbon
concentrations

Samples (approximately 500 mg) of fresh
Xerocomus and Scleroderma ectomycorrhizal roots were collected from the soil
horizons of interest in September 2013 and
2019. Depending on the size of ectomycorrhizae, samples comprised ca. 10 to 30 ECM
root tips that were obtained from different
root branches (to avoid root homogeneity). In total, 54 samples of Xerocomus and
70 samples of Scleroderma were analyzed.
Samples were oven-dried (65 °C for 48 h),
ground, and subsequently analyzed for total N and C with an elemental analyzer
(model CHNS-O 4010, Costech Instruments,
Italy/USA).

Data analysis

Two-way analysis of variance was used to
determine the effect of soil horizon and
year of harvest on levels of nitrogen (N%)
and carbon (C%), and C:N ratios in ectomycorrhizae. The data on Xerocomus and Scleroderma ectomycorrhizae were analyzed
separately. Due to a lack of normal distribuiForest 14: 48-52

Tab. 1 - Mean (± standard error) abundance (%) of species of Scleroderma and Xerocomus ectomycorrhizae in the studied soil horizons. Means were calculated from the total number of ectomycorrhizal root tips collected in each horizon ( n = 3). (a): Scleroderma
bovista and Xerocomus cisalpinus were not found in the studied soil horizons, but were found in the other soil horizons (illuvial and
bedrock).
Quercus petraea
Soil horizon

Pinus sylvestris

Scleroderma
areolatum

S. bovistaa

S. citrinum

S. verrucosum

Xerocomus
badius

X. cisalpinusa

X. ferrugineus

Organic (O)

7.0 ± 4.0

0.0

4.0 ± 3.6

0.0

51 ± 22

0.0

0.0

Mineral (A)

0.8 ± 0.8

0.0

3.0 ± 2.0

0.0

43 ± 28

0.0

0.0

Brunic (Bbr)

1.4 ± 0.2

0.0

4.0 ± 2.7

22.0 ± 22.0

0.0

0.0

34 ± 4

tion, data were log-transformed prior to
analysis. Post-hoc Tukey-Kramer HSD comparisons were performed for all pairs. The
analyses were performed in JMP ® v.8.0
(SAS Institute Inc., Cary, NC, USA).

Results
Soil structure and chemistry

The soil chemical and structural parameters for each of the horizons in the soil pits
were measured (Trocha et al. 2017). The organic horizon in both sessile oak and Scots
pine soil pits had the highest mineral status, exchange cations, and soil porosity,
while low mineral concentrations, high
density, base saturation, and pH were characteristic of the brunic horizon in both forest stands.

horizon. Surprisingly, the mean concentration of C was as low as 29% in Xerocomus
ectomycorrhizae growing in the brunic horizon. Overall, the mean concentrations of
N and C in Xerocomus were higher in ectomycorrhizae collected in 2019 than in those
collected in 2013 (Tab. 3). In contrast, the
concentration of carbon was higher in Scleroderma ectomycorrhizae collected in 2013
than in those collected in 2019, while no
differences in mean carbon levels were observed for Xerocomus (data not shown).
The C/N ratio of Xerocomus ectomycorrhizae did not vary among the soil horizons
in Scots pine (Tab. 2, Tab. 3). The C/N ratio,
however, was lower in Scleroderma ectomycorrhizae growing in the brunic (infertile) horizon of the sessile oak stand, relative to the Scleroderma ectomycorrhizae

growing in the organic horizon.

Discussion

Contrary to our hypothesis, LDET ectomycorrhizae possess natural variations in N
mobilization and/or uptake (expressed as
N concentration) in response to soil fertility. As shown, Scleroderma is capable of absorbing N in infertile soil layers comparable
to the N it absorbs in fertile soil horizons,
while Xerocomus depends mostly on the
fertile soil layer to obtain its N. It should be
noted, however, that the Scleroderma and
Xerocomus samples analyzed in our study
may have contained more than one EMF
species, which may also explain the interhorizons variations that were observed. Although LDET ectomycorrhizae with higher
mycelial biomass are more enriched in 15N

Molecular analysis

Analysis of the ITS data indicated that the
Scleroderma and Xerocomus morphotypes
were composed of four and three species,
respectively. Three species of Scleroderma
(S. areolatum, S. citrinum, and S. verrucosum) were detected in the studied soil horizons (Tab. 1). S. citrinum dominated in the
organic horizon, S. areolatum in the uppermost mineral, and S. verrucosum in the brunic horizon. Xerocomus badius was abundant in all three of the studied soil horizons, while X. ferrugineus was only present
in low abundance in the brunic horizon.

Tab. 2 - Mean (± standard error) carbon (C) and nitrogen (N) concentration (%) and the
C/N ratio in Xerocomus and Scleroderma ectomycorrhizae collected in the studied soil
horizons: organic (O), uppermost mineral (A), and brunic (Bbr) across soil vertical profiles in Pinus sylvestris and Quercus petrea stands in the Zielonka Forest, west-central
Poland. Means with different letters are significantly different.
EMF

Horizon

Xerocomus

Scleroderma

iForest 14: 48-52

C%

N%

C/N

22

46 ± 0.2

a

3.4 ± 0.1

a

14

A

18

45 ± 0.3

a

3.4 ± 0.1

a

14

Bbr

14

29 ± 2.0

b

2.2 ± 0.1

b

13

44 ± 0.7

a

2.8 ± 0.1

16

ab

43 ± 0.5

a

2.8 ± 0.1

16

a

41 ± 0.9

b

3.0 ± 0.1

14

b

O

32

A

Concentrations of total nitrogen and
carbon in the ectomycorrhizae

19

Bbr

19

Tab. 3 - ANOVA of the effect of soil horizon (organic, uppermost mineral, and brunic)
and harvest year (2013 and 2019) on the concentration of nitrogen and carbon and C/
N ratio in Scleroderma and Xerocomus ectomycorrhizae collected in the studied soil
horizons

EMF
Xerocomus Scleroderma

Mean nitrogen concentrations in Xerocomus ectomycorrhizae ranged from 2.2%3.4% and from 2.8%-3.0% in Scleroderma ectomycorrhizae across all of the studied soil
horizons (Tab. 2). The mean concentration
of carbon in Xerocomus ectomycorrhizae
ranged from 29%-46% and from 41%-44% in
Scleroderma ectomycorrhizae across all of
the studied soil horizons. Xerocomus ectomycorrhizae had a higher concentration of
N (3.4%) in the fertile soil horizons (i.e., organic and uppermost mineral soil horizons)
than in the infertile (brunic) soil horizon
(2.2%). The concentration of N in Scleroderma ectomycorrhizae did not vary in the
studied soil horizons. The concentration of
carbon in both Xerocomus and Scleroderma
ectomycorrhizae was significantly higher in
the fertile horizons, relative to the brunic

n

O

Dependent
variables

Independent variables
Soil horizon (H)
F

Nitrogen (%)

0.8

Carbon (%)

0.001

C/N
Nitrogen (%)
Carbon (%)
C/N

Prob

F

F

Prob

0.3

0.9

0.4

23

< 0.0001

5.2

0.008

3.8

0.03

10

0.002

0.1

0.9

4.1

0.05

43

< 0.0001

14

< 0.0001

<0.0001

13

0.0008

18

< 0.0001

0.5

0.6

1.3

H×Y

Prob

< 0.0001

69

0.5

Harvest year (Y)

2.6

0.1

0.3

0.8
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than those with lower mycelial biomass
(Hobbie & Agerer 2010), suggesting the existence of a fungal strategy for nitrogen acquisition that supports biomass accumulation, specific species of ectomycorrhizal
fungi may be able to utilize nutrients from
a broad range of soil resources using a variety of different processes including enzymes (Courty et al. 2010). Alterations in N
and C levels in LDET ectomycorrhizae may
also be a function, however, of varying levels of nutrients in the different nutrient
pools being accessed by the fungi (Pena et
al. 2017).
Forest soils possess diverse sources of nitrogen, mainly as a result of litter decomposition, including labile amino acids, amino sugars, nucleotides, and complex molecules like chitin and polypeptides (Courty
et al. 2010). ECM fungi are capable of utilizing complex molecules through the secretion of proteases (Nygren et al. 2007, Talbot et al. 2013) whose production can be
inhibited by various soil factors, including
high amounts of inorganic N (Lilleskov et
al. 2002). Inter- and intraspecific variation
in the capacity to synthesize proteolytic enzymes (Nygren et al. 2007, Courty et al.
2010), as well as sensitivity to inorganic N
loads (Lilleskov et al. 2011), have also been
reported to provide the opportunity for
ECM fungi to differentially utilize N
sources. Utilization of diverse N sources
also varies among ECM exploration types
(Lilleskov et al. 2002), especially in those
that form a hydrophobic medium-distance
fringe exploration type, which are strongly
sensitive to inorganic N deposition (Lilleskov et al. 2011). In contrast, hydrophilic exploration types, including contact, shortdistance, and medium-distance types of ectomycorrhizae, respond positively or exhibit a mixed response to N inorganic deposition. This is most likely due to a lower
investment in their extramatrical hyphae
(Lilleskov et al. 2011). These authors also indicated that the variable response of hydrophobic long-distance exploration type
fungi to inorganic N loads suggests that C
allocation in this exploration type (which
probably requires high amounts of C from
their host) is not limited to inorganic N-sensitive taxa alone (Lilleskov et al. 2011). In
this regard, the response of Xerocomus and
Scleroderma to soil fertility can be understood as interspecific variability in their
preferences to N sources. Xerocomus may
need to obtain N from soil organic matter
decomposition (high N and C in fertile soil
horizons), while Scleroderma can also utilize labile N compounds that are mostly in
infertile soil horizons, possibly also via the
weathering of minerals (Landeweert et al.
2001). To further explore this question, another study on diverse LDET ectomycorrhizae in relation with diverse forms of nitrogen (inorganic vs. organic) could be applied.
Ectomycorrhizal fungi are highly dependent on receiving carbon from their host
(Nehls et al. 2010, Teramoto et al. 2016),
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even though some have some capacity to
utilize carbon from soil organic matter
(Hobbie et al. 2014, Lindahl & Tunlid 2015).
It has been proposed that the high carbon
cost associated with ectomycorrhizal fungi
is due to their high nutrient uptake (Bogar
et al. 2019), which varies among ectomycorrhizal fungal species, as they differ in carbon sink strength (Bidartondo et al. 2001,
Pena et al. 2010). It is also believed that
long-distance-exploration type ectomycorrhizae are more effective in nutrient acquisition than other ectomycorrhizal exploration-types due to the extensive hyphae
that they protrude out from the root surface. This mycelial extension is used to explore the surrounding soil for nutrients.
The ability to acquire nutrients, however,
can vary considerably between different
species LDET ectomycorrhizae, independent of the biomass of mycelia produced
(Bidartondo et al. 2001, Taylor et al. 2003).
Ectomycorrhizal species of fungi also utilize different nitrogen sources with varying
degrees of efficiency (Finlay et al. 1992),
suggesting that nitrogen source may (Bidartondo et al. 2001) or may not (Taylor et
al. 2003) impact the amount of carbon
transferred to the ectomycorrhizal fungus.
Ectomycorrhizal fungi can also retain and
store nitrogen when N in the soil is limited
(Hobbie & Agerer 2010, Högberg et al.
2011). Trees also allocate less carbon to ectomycorrhizal fungi when nitrogen levels
are in excess (Högberg et al. 2006, Morrison et al. 2016); suggesting that the level of
soil N is a key factor regulating the function
of ectomycorrhizae. Tedersoo et al. (2012)
reported a strong effect of ectomycorrhizal fungal lineage, rather than ectomycorrhizal exploration-type, on measured levels of stable nitrogen (15N). Although the
level of enzymes in long-distance ectomycorrhizal exploration-types has been reported to be higher than in other exploration types (Tedersoo et al. 2012), we suggest that an unknown mechanism may allow Scleroderma in sessile oak stands to acquire similar amounts of nitrogen in unfertile soil horizons as it does in more fertile
soil horizons (e.g., organic layer). Whether
the mechanism is related enzyme production, mineral weathering, or specific interactions among ECM fungi, is unknown. Additional experiment could help to explain
the extent to which LDET ectomycorrhizae
are capable of using natural N sources
from a specific soil as well as the cost to
the host for this investment.
Long-distance-exploration type ectomycorrhizae have been suggested to be best
adapted to infertile soils, but variation
within this exploration type exists. While N
and C concentrations in Xerocomus were
lowered significantly with a decrease in soil
fertility along a soil vertical profile in a
Scots pine stand, N and C concentrations in
Scleroderma in a sessile oak stand were for
the most part unaffected. This finding suggests that not all LDET ectomycorrhizae exhibit the same response to soil fertility.
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