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Abstract: Plants with ericoid mycorrhizal and ectomycorrhizal associations coexist at the tree
line and in many boreal forests. Both ericoid mycorrhizal and ectomycorrhizal roots are
known to produce extracellular enzymes, but ericoid mycorrhizal fungi have been demonstrated
in vitro to have higher enzyme activities. On hair roots of four ericoid mycorrhizal species
(Rhododendron ferrugineum, Vaccinium vitis-idaea, Vaccinium myrtillus, Calluna vulgaris) and on
ectomycorrhizal and non-mycorrhizal root tips of Picea abies growing at the tree line (1700 m) in the
Austrian Alps, potential activities of eight extracellular root enzymes were estimated. Our results
show that the activities of all the different extracellular root enzymes were generally similar among the
ericaceous plant species. The mean laccase enzyme activity of ectomycorrhizal root tips of Picea abies
was significantly higher than that of both the hair roots and fine roots of the ericaceous species.
Leucine-amino-peptidase activity on hair roots was significantly higher than on non-mycorrhizal fine
roots for the ericaceous vegetation. However, the mean activity of β-glucuronidase of the ericaceous
species was significantly higher in fine roots compared to the hair roots. Generally extracellular root
enzyme activity is not higher on ericaceous roots compared to ectomycorrhizas of Picea abies.

Keywords: Picea abies; ericaceous species; ericoid mycorrhizas; ectomycorrhizas; extracellular root
enzyme activity; tree line

1. Introduction

Tree lines are climatically-determined ecotones [1,2], and in the Alps form a transition zone
from tree dominated vegetation to ericaceous plants and grass dominated vegetation forms [2].
A number of ericaceous species co-exist at and above the tree line [2]. The tree line zone is also
a transition between areas dominated by different mycorrhizal types [3]. The tree species, mostly
Picea abies, Pinus mugo, and Larix decidua form ectomycorrhizas while the ericaceous plants form ericoid
mycorrhizas. Species such as Rhododendron ferrugineum, Vaccinium myrtillus, and Vaccinium vitis-idaea
are the dominant ericaceous plant species at the tree line [4], and often grow in discrete dense
patches. Studies conducted at high latitude tree lines in Alaska showed that nitrogen (N) and
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phosphorus (P) availability is generally low in Alaskan spruce forest as release of N and P from
dead organic matter is slow due to temperature limited decomposition [5]. Nitrogen limitation has
been suggested to be a major factor restricting plant growth at the alpine tree line [6,7]. A characteristic
of ericaceous plants is that they have low litter amounts of N and P, and a function attributed to
ericoid mycorrhizas is the ability to mobilize N and P from these low-quality litter substrates using
extracellular enzymes [8]. Many studies have demonstrated that ectomycorrhizas of trees also play a
major role in the mineral nutrition of the trees through a variety of mechanisms, one of them also being
the exudation of extracellular enzymes to degrade organic substrates to release, particularly, nitrogen
and phosphorus [9]. Thus, under low N and P conditions at the tree line, the relative extracellular
enzyme activities may be a factor effecting N and P acquisition of both trees and ericaceous plants
and may limit the spread of trees into the dense ericaceous patches. However, to the best of our
knowledge, the surface extracellular enzyme activity of ericoid mycorrhizas has never been determined,
presumably because of the thinness of the hair roots and associated problems of obtaining an accurate
measurement of root surface area.

In contrast to the lack of investigations on extracellular enzyme activity of ericoid roots
mycorrhizas, many investigations of enzyme activity have been conducted on pure cultures under
in vitro conditions [10,11]. Haselwandter et al. [12] provided evidence that selected ectomycorrhizal
and ericoid fungi have the potential to degrade lignin in axenic culture. The early work of Read and
co-workers demonstrated the presence of proteases and phosphatases, whereas later work has shown
that these fungi also produce extracellular enzymes capable of degrading components of the plant cell
wall such as β-l,4-endoxylanase [13], laccase, and phenol oxidase [14]. In all cases, ericoid fungi have
been shown to have high to very high levels of activity of these enzymes [13,15–17].

Measuring potential enzymatic activities on root tips using the multi-enzyme assays developed
by Pritsch et al. [18] and Courty et al. [9] makes a contribution to estimating the ecological function of
ectomycorrhizas [19]. These enzymes play a role in carbon (C), N, or P degradation or mobilization
(Table S1). The enzymes β-glucosidase, cellobiohydrolase, β-xylosidase, and β-glucuronidase are all
involved in the degradation of cellulose [20,21]. Other commonly assayed enzymes are involved in
the degradation of more recalcitrant C-containing substances or release of N. For example, laccase is
involved in degradation of lignin [22]. N-acetyl-β-D-glucosaminidase is involved in degradation of
chitin, and leucine aminopeptidase in cleavage of polypeptides [23]. Acid phosphatases are able to
free phosphate groups from complex organic compounds and are widespread in living organisms.

In the present study, our aims were to compare the activity profiles of ectomycorrhizal root tips
and ericoid mycorrhizal hair roots, to detect differences in root surface enzyme activities among
different ericaceous species, and to detect differences in root surface enzyme activity of ericaceous
species between hair roots and fine roots. The ericoid mycorrhizal roots of ericaceous plants are
often referred to as ‘hair roots’, usually having a distal diameter of <100 µm [15]. Several studies
showed that the mycorrhizal colonization levels of hair roots of ericaceous plants are up to 99% [24,25].
The hair roots branch from thicker fine roots that contain few or no fungal tissues [26]. We tested
the two hypothesis: (i) ericoid mycorrhizal hair roots of ericaceous species have higher root surface
enzyme activity than ectomycorrhizal root tips of co-occurring Picea abies trees, and (ii) the activities
of all the different extracellular root enzymes were generally similar among the ericaceous plant
species. To this end, we measured root surface enzyme activity of four different ericaceous species
(Rhododendron ferrugineum, Vaccinium vitis-idaea, Vaccinium myrtillus, and Calluna vulgaris) and the tree
species Picea abies that co-exist at the alpine tree line. The eight enzyme assays were determined using
photometric and fluorometric techniques, and a method was developed to measure the projected
surface area of the fine and hair roots using ImageJ software (National Institute of Mental Health,
Bethesda, MA, USA) in order to compare the enzyme activity of tree roots and the hair roots.
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2. Materials and Methods

2.1. Site Description

The study site is located in the Wasserberg area of the Stift Heiligenkreuz forest estate
near Gaal in the central Alps in Austria. At the tree line, five replicate plots were established
between 1668 and 1791 m above sea level on a southeast facing slope (47◦19′ N, 14◦43′ E) [27].
Each plot contained discrete areas dominated by Rhododendron ferrugineum, Vaccinium vitis-idaea,
Vaccinium myrtillus, or Calluna vulgaris. The plots were ca. 120 m apart. In addition, five replicated
plots were established in a diffuse tree line of Picea abies at an elevation of 1800 m, ca. 300 to 500 m
from the plots of ericaceous plants. The trees were estimated to be 90–120 years old.

Soils at the sites are developed from gneiss and are Dystric Cambisols with an H
(Layers dominated by organic material, formed from accumulations of undecomposed or partially
decomposed organic material at the soil surface which may be underwater) layer of ca. 6 cm and an A
(Layers were made of highly decomposed organic matter) layer of ca. 10 cm.

2.2. Root Sampling

On 8 June 2016, one soil core was taken to a depth of 20 cm from the center of the bushes of
each of the ericaceous species Rhododendron ferrugineum, Vaccinium vitis-idaea, Vaccinium myrtillus,
and Calluna vulgaris on each of the five plots. Five soil cores were taken from each vegetation species
in total. From the closed Picea abies stand at the diffuse tree line site, two soil cores per plot were
taken using a 7 cm diameter stainless steel corer. In total, 30 soil cores were collected at the tree
line sites (Figure S1). Soil samples were directly returned to the laboratory and stored at 4 ◦C until
further analysis within two days. Enzyme activity does not change within two days in intact soil
cores [28]. Root segments were taken from each sample of the ericaceous species and carefully cleaned
to remove adhering soil particles using a brush and tap water. A 5–7 cm segment of the fine roots
from each species was placed under a ZEISS (Stemi 2000-CS, Carl Zeiss, Oberkochen, Germany)
dissecting microscope that was connected with an AxioCam ERc5s camera (Carl Zeiss, Oberkochen,
Germany). From this segment, a 1–3 cm long root section with either (1) many hair roots or (2) no
hair roots (Figure S2) was removed. For each root type, hair roots and fine roots (without hair roots),
replicate samples were removed for enzyme analysis. Three root sections of each root type from each
ericaceous species at each plot were taken (6 root segments for each of 5 plots for hair roots and 3 root
segments for each of 5 plots for fine roots from each ericaceous species). After estimation of enzyme
activity, each sample was photographed under the microscope for estimation of projected surface area.

For Picea abies, root segments were removed from each soil core to give a sample with
approximately 150–300 root tips per core. For the ectomycorrhizal root tips, all clearly definable
ectomycorrhizal root tips from each sample were sorted into morphotypes based on the method
described by Agerer [29], using a ZEISS (Stemi 2000-CS) dissecting microscope that was connected
with an AxioCam ERc5s camera. In total, 10 clearly defined morphotypes were determined,
and identification for ectomycorrhizal taxa was carried out by DNA extraction and PCR analysis
(see below and Table S2).

2.3. DNA Extraction and PCR Amplification

The 1.5 mL micro-centrifuge tubes containing the ectomycorrhizal root tips of each morphotype
were placed in liquid N for 5–10 min, and the tips were ground with a sterilized glass bar. DNA from
the crushed ectomycorrhizal root tips was extracted by using DNeasy Plant Mini kits (QIAGEN, Hilden,
Germany), and the extracted DNA was stored at −20 ◦C until the PCR reactions were run. For the PCR
reactions, 1 µL DNA template was mixed with 12.5 µL MyTaq mix (BIOLINE, London, UK), 0.5 µL
ITS1F (20 µM) primer (CTTGGTCATTTAGAGGAAGTAA forward), and 0.5 µL ITS4 (20 µM) primer
(TCCTCCGCTTATTGATATGC reverse) and then diluted with 10.5 µL distilled deionized H2O. For the
PCR, the Thermocyler (TProfessional Basic, Biometra, Germany) cycling parameters were an initial
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denaturation at 95 ◦C for 1 min, a second denaturation at 94 ◦C for 30 s, annealing at 50 ◦C for 40 s,
and extension at 72 ◦C for 30 s, followed by a final auto-extension step at 72 ◦C for 4.5 min. The step
from the second denaturation to extension was run for 35 cycles. To check the success of the PCR
amplification, electrophoresis was carried out using 1% regular agarose gel stained with SERVA DNA
Stain G in a 1% Tris-EDTA buffer solution. The gel was then visualized under UV light. If a clear single
band was visible on the gel, the PCR products were sent for sequencing. Sequencing was done by
Macrogen Inc., Seoul, Korea. Sequencing reactions were performed in a MJ Research PTC-225 Peltier
Thermal Cycler using an ABI PRISM® BigDyeTM Terminator Cycle Sequencing Kit with AmpliTaq®

DNA polymerase (FS enzyme) (Applied Biosystems, Foster City, CA, USA), following the protocols
supplied by the manufacturer. Single-pass sequencing was performed on each template using an
ITS4 primer. The fluorescent-labelled fragments were purified from the unincorporated terminators
using the BigDye® XTerminator™ purification protocol. The samples were re-suspended in distilled
water and subjected to electrophoresis in an ABI PRISM® 3730XL sequencer (Applied Biosystems,
Foster City, CA, USA). The sequences obtained were manually checked and edited using Finch
TV_1_4_0. Query sequences were compared with sequences on the UNITE and NBCI databases
to identify the species of ectomycorrhiza; all but one of the sequences had a similarity of over 97%
(Table S2). The sequences were deposited in GenBank with Accession No. MF784606-MF784613
and MF893218. Morphotypes could not be identified using the DNA analysis and were labelled
as unknown.

2.4. Root Staining

Roots were sampled and cleaned with tap water. For checking the presence of ericoid mycorrhizas,
roots were cut into 1 cm segments, soaked for 15 min in 10% KOH solution at 90 ◦C in an incubator,
cleared in 3% H2O2 for 3 min, rinsed with distilled water 3 times, and then acidified for 5 min in 1%
HCl at room temperature. The root segments were then stained with 0.05% trypan blue solution [30]
(Figure S3). The stained roots were then mounted in acid glycerol on to glass microscope slides and
examined under a ZEISS Axio Lab.A1 microscope (Carl Zeiss, Oberkochen, Germany).

2.5. Estimation of Hair Root and Fine Root Surface Area.

Digital images of the roots were made under a ZEISS (Stemi 2000-CS) microscope using an
AxioCam ERc5s camera and were used to calculate the projected surface area of both hair roots and
fine roots of ericaceous plants and ectomycorrhizas root tips of Picea abies. For each root section,
a digital image was made of a calibration graticule. From the digital images, the projected surface
area was determined using ImageJ software (http://imagej.nih.gov/ij/). The color threshold was set
to give a high contrast black and white image. Once after the threshold was applied to the images,
root area was quantified with the “Analyze particles” command. The root projected area was measured
as the number of pixels belonging to the threshold region. It was based on the formula: area = (1/dpi)2,
where dpi is the number of dots per inch used in scanning in mm. The ImageJ software offers direct
calculation of area, with the correct scale setting. Using this method, the projected surface area of the
roots less than 200 µm in diameter, and shown to contain mycorrhizal structures, could be calculated.

2.6. Potential Activity of Extracellular Root Enzymes

Using six replicates of hair root and three replicates of fine roots per species per plot, potential
ectoenzyme activities were determined using the high-throughput photometric and fluorimetric
96-well black microplate assays described by Pritsch and Garbaye [31] and Courty et al. [9] (the analysis
on the hair roots was repeated two times using separate root samples). For ectomycorrhizas and
non-mycorrhizal roots tips, 3 replicates (3 single root tips) for each morphotype were used for enzyme
analysis. In total, the enzyme activity of 10 different ectomycorrhizal taxa was determined (Table S3).
For comparison to the extracellular enzyme activity of ericoid mycorrhizas, we used the mean values
of the 10 ectomycorrhizal taxa.

http://imagej.nih.gov/ij/
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Eight enzyme activities were measured: β-glucosidase (BG), N-acetyl-β-D-glucosaminidase
(NAG), acid phosphatase (AP), leucine aminopeptidase (LAP), β-xylosidase (Xyl), cellobiohydrolase
(Cel), β-Glucuronidase (Glr), and laccase. The substrates for the BG, NAG, AP, LAP, Xyl, Cel,
and Glr assays were 4-methylumbelliferone (MUF)-β-D-glucopyranoside, MUF-N-actyl-β-D-glucosamine,
MUF-phosphate, L-leucine-7-amido-4-methylcoumarin hydrochloride, MUF-xyloside, MUF-cellobioside,
and MUF-glucuronide, respectively. For the determination of laccase activity, clear flat-bottom 96-well
microfiltration plates (Sarstedt, Newton, NC, USA) were used, and the root tips were incubated in 100 µL
of 2,2′-azinobis-3-ethylbenzothiazoline-6-sulfonate (ABTS; Sigma, St Quentin Fallavier, France) solution at
21 ◦C for 1 h. After incubation, 120 µL of incubation solution was added, and the intensity of the green
color that had developed was immediately measured at 420 nm using an xMark™ Microplate Absorbance
Spectrophotometer (Bio-Rad, Hercules, CA, USA) [27].

Laccase activity was expressed as µmol mm−2 min−1 of projected area of root tips. The rest of the
enzymes activities were expressed as pmol mm−2 min−1 of projected area of root tips.

2.7. Soil Properties

The H-layer of the soil of the cores was sieved using a 2 mm mesh size sieve. Soil pH was
determined on field moist soil using a 1:2 soil suspension in distilled water. For analysis of total C
and total N, the sieved soil was then dried at 80 ◦C for 24 h. The dried soil was finely ground in
a mortar, and C and N were determined in 100–150 mg samples using automated dry combustion
(LECO TruSpec CN, LECO, St. Joseph, MI, USA).

2.8. Statistical Analysis

T-tests were used for comparison of the average enzymatic activity among different vegetation
species, means and standard errors of soil parameters were calculated from each plot, the Student-
Newman-Keuls test was used for Post-Hoc multiple comparison in SPSS. We refer to a p value of ≤0.05
as statistically significant and indicate in some cases a p value of ≤0.1 as marginally significant.

3. Results

3.1. Soil Chemical Properties

Table 1 shows that there were no significant differences in soil pH, percentage C and N, and the CN
ratio among the four ericaceous vegetation species. The soil of the Picea abies stand had a lower pH and
higher levels of soil C and N, and a higher CN ratio than those of the soil under the ericaceous plants.

Table 1. Chemical properties of soils taken from under Rhododendron ferrugineum, Vaccinium vitis-idaea,
Vaccinium myrtillus, and Calluna vulgaris at the tree line (1668 to 1791 m) and from a neighboring
Picea abies diffuse tree line at Wasserberg in the central Alps, Austria. Mean ± SE. Data points within a
row not followed by the same letter are significantly different (p ≤ 0.05) between species.

Picea abies Rhododendron
ferrugineum

Vaccinium
vitis-idaea

Vaccinium
myrtillus

Calluna
vulgaris

Soil pH (water) 4.3 ± 0.1 b 4.8 ± 0.1 a 4.9 ± 0.04 a 4.8 ± 0.1 a 4.7± 0.1 a
C% 31.8 ± 3.1 b 16.3 ± 1.1 a 18.4 ± 2.5 a 21.8 ± 5.6 a 20.7 ± 3.3 a
N% 1.2 ± 0.1 a 0.7 ± 0.1 a 0.9 ± 0.1 a 0.9 ± 0.2 a 1.0 ± 0.1 a
C/N 26.4 ± 1.0 b 22.2 ± 0.9 a 20.1 ± 0. 8 a 22.8 ± 1.1 a 21.5 ± 0.5 a

3.2. Root Surface Enzyme Activity

Of the eight enzymes measured, only β-glucuronidase, laccase, leucine aminopeptidase,
and N-acetyl-β-D-glucosaminidase showed consistent significant differences. The mean activity
of β-glucuronidase of the ericaceous species was significantly higher in fine roots compared to that
of the hair roots (Figure 1a). The activity in fine roots of Vaccinium vitis-idaea was significantly lower



Forests 2018, 9, 575 6 of 12

than that of the other three species. The β-glucuronidase enzyme activity of ectomycorrhizal root
tips of Picea abies was significantly higher than that of hair roots of the ericaceous species (Figure 1a).
For all ericaceous species, the hair roots had significant higher laccase enzyme activity than that of fine
roots. However, no significant differences were found in laccase enzyme activity among the ericaceous
species (Figure 1b). The mean laccase enzyme activity of ectomycorrhizal root tips of Picea abies was
significantly higher than that of both the hair roots and fine roots of the ericaceous species (Figure 1b).
The activities of three ectomycorrhizal taxa were over five times that of the hair roots of the ericaceous
species (Table 2). The potential activities of leucine aminopeptidase in hair roots of all ericaceous species
were higher than those in fine roots (Figure 1c), and the activity in hair roots of Vaccinium vitis-idaea
was significantly lower than those of the other three species. In the fine roots, no significant differences
were shown among species, and the activities were very low in all species. The mean leucine
aminopeptidase activity in ectomycorrhizal roots of Picea abies was significantly higher than that
in both non-mycorrhizal roots tips and fine roots of the ericaceous species, but not the hair roots except
those of Vaccinium vitis-idaea (Figure 1c). The high mean activity of the ectomycorrhizal root tips is
due primarily to the very high activity of one of the taxa, Russula xerampelina (Table 2). This taxon
had significantly higher leucine aminopeptidase activity than those of the other ectomycorrhizal taxa
(Table 2). Hair roots of ericaceous species had similar activity of N-acetyl-β-D-glucosaminidase with
exception of Calluna vulgaris which had significantly higher activity than that of Vaccinium myrtillus
(Figure 1d). Mean enzyme activities of ectomycorrhizal root tips of Picea abies were significantly higher
than that of the hair roots of all ericaceous species (Figure 1d). Although some individual taxa had
similar activity to that of hair roots, the majority of the taxa had higher activity (Table 2). However,
no significant differences were found in N-acetyl-β-D-glucosaminidase activity between hair roots and
fine roots for all ericaceous species with exception of Vaccinium myrtillus (Figure 1d).

Table 2. β-glucuronidase, laccase, leucine amino peptidase, and N-acetyl-β-D-glucosaminidase activity
on root tips of 10 different ectomycorrhizal taxa of Picea abies at the tree line (1668 to 1791 m). The activity
was calculated on the basis of projected surface area. The roots were collected at Wasserberg in the
central Alps, Austria. Values show means ± SE. Data points within a column not followed by the same
letter are significantly different (p ≤ 0.05) between taxa for each enzyme.

Ectomycorrhizal Taxa β-glucuronidase
(pmol mm−2 min−1)

Laccase (µmol mm−2

min−1)

Leucine
Aminopeptidase

(pmol mm−2 min−1)

N-acetyl-β-D-
glucosaminidase

(pmol mm−2 min−1)

Thelephoraceae 11.6 ± 2.1 bc 4011 ± 891 b 3.2 ± 1.0 b 86 ± 12 bcd
Russula xerampelina 2.8 ± 0.4 e 4053 ± 756 b 40.6 ± 6.7 a 103 ± 6 ac
Lactarius aurantiacus 3.8 ± 0.7 de 253 ± 68 c 3.9 ± 0.5 b 107 ± 14 ab
Amphinema byssoides 20.2 ± 3.6 a 1246 ± 328 c 4.5 ± 0.6 b 91 ± 13 abcd

Unknown 1 4.1 ± 0.5 de 493 ± 271 c 3.3 ± 1.8 b 85 ± 7 bcd
Unknown 2 10.2 ± 0.5 bcd 889 ± 241 c 3.4 ± 0.6 b 32 ± 1 cd
Luellia sp. 8.0 ± 1.7 bcde 1407 ± 540 c 1.9 ± 0.5 b 106 ± 12 ab
Helotiales 7.5 ± 2.0 cde 5497 ± 530 a 2.3 ± 0.2 b 123 ± 10 ab

Leotiomycetes 9.0 ± 2.0 bcde 856 ± 211 c 1. 5 ± 0.4 b 22 ± 4 d
Tylospora sp. 14.8 ± 3.8 ab 424 ± 110 c 2.6 ± 1.2 b 162 ± 62 a
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Figure 1. β-glucuronidase (a), laccase (b), leucine amino peptidase (c), and N-acetyl-β-D-glucosaminidase
(d) activity of fine roots and hair roots of ericaceous species (Rhododendron ferrugineum, Vaccinium vitis-idaea,
Vaccinium myrtillus, or Calluna vulgaris) and ectomycorrhizal and non-mycorrhizal root tips of Picea abies at
tree line (1668 to 1791 m). The activity is calculated on the basis of projected surface area. The roots were
collected at the Wasserberg, Gaal in the central Alps, Austria. Bars show means ± SE. Bars not followed
by the same letters are significantly different (p≤ 0.05) among ericaceous species, ectomycorrhizal species,
or non-mycorrhizal roots tips (ab). Asterisks indicate significant differences between hair roots and fine
roots for the same ericaceous species (p ≤ 0.05).

The enzyme activities of β-glucosidase, β-xylosidase, cellobiohydrolase, and acid phosphatase
in the roots of the ericaceous species and ectomycorrhizas of Picea abies are shown in Figure 2.
For β-glucosidase (Figure 2a), β-xylosidase (Figure 2b), and cellobiohydrolase (Figure 2c), there were
no differences among ericaceous species both for hair roots and fine roots, and no significant differences
between hair and fine roots (Figure 2). For cellobiohydrolase, the activity of ectomycorrhizal root tips
was significantly higher than that of hair roots of all ericaceous species except Vaccinium myrtillus
(Figure 2c). The majority of the ectmycorrhizal taxa had higher cellobiohydrolase activity compared to
that of fine roots and hair roots of all ericaceous species (Table S3). For β-xylosidase, significantly lower
activity was found in non-mycorrhizal root tips of Picea abies compared to that of hair roots of ericaceous
species (Figure 2b). Figure 2d shows that acid phosphatase activity of Rhododendron ferrugineum in
hair roots was significantly higher than that of the hair roots of Vaccinium myrtillus, and that acid
phosphatase activity in ectomycorrhizal root tips of Picea abies was significant higher than that of
the hair roots of Rhododendron ferrugineum and Vaccinium myrtillus. The high mean activity of the
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ectomycorrhizal root tips is due primarily to the very high activity of one of the taxa, Russula xerampelina
(Table S3). There were no significant differences in acid phosphatase activity between fine roots and
hair roots for all ericaceous species with the exception of Vaccinium myrtillus (Figure 2d).

Figure 2. β-glucosidase (a), β-xylosidase (b), celliobiohydrolase (c), and acid phosphatase (d) activity
of fine roots and hair roots of the ericaceous species (Rhododendron ferrugineum, Vaccinium vitis idaea,
Vaccinium myrtillus, Calluna vulgaris) and ectomycorrhizal and non-mycorrhizal root tips of Picea abies
at the tree line (1668 to 1791 m). The roots were collected at Wasserberg in the central Alps, Austria.
Bars show means ± SE. Bars not followed by the same letters are significantly different (p ≤ 0.05)
among ericaceous species, ectomycorrhizal species, or non-mycorrhizal roots tips (ab). There were no
significant differences between hair roots and fine roots for the same ericaceous species (p ≤ 0.05).

4. Discussion

Roots tips of trees and their fungal symbionts have been shown to produce extracellular enzymes
that degrade organic substrates [9]. There were clear differences in extracellular enzyme activity
between the hair roots and fine roots of the ericaceous species, or the ectomycorrhizal roots and
non-mycorrhizal of the Picea abies roots, suggesting differences in the production of enzymes between
different tissues. This was particularly evident for laccase and leucine aminopeptidase. In fine roots
of the ericaceous species we found no evidence of mycorrhizal colonization. Burke and Cairney [14]
showed that laccase is produced by a number of ectomycorrhizal fungi and by the ericoid mycorrhizal
fungus Rhizoscyphus ericae. Kanunfre and Zancan [32] showed that Thelephora terrestris, a hymenomycete
that forms ectomycorrhizas with conifers, also produces laccase in pure culture. In contrast to laccase
and leucine aminopeptidase, the similar activities of N-acetyl-β-D-glucosaminidase, acid phosphatases,
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β-glucosidase, cellobiohydrolase, and β-xylosidase between hair roots and fine roots, and also
between ectomycorrhizas and non-mycorrhizal root tips of Picea abies, suggest that these are produced
both by the plant and the ericoid mycorrhizal fungus. In in vitro culture, Burke and Cairney [13]
showed that ericoid mycorrhizal fungus produced a complete cellulase enzyme complex (cellulase,
cellobiohydrolase, and β-D-glucosidase) along with components of the hemicellulolytic complex
(endoxylanase, β-D-xylosidase, α-D- and β-D-arabinosidase, and glucoronidase) and mannanolytic
complex (mannanase, β-D-mannosidase, and α-D- and β-D-galactosidase). The ericoid mycorrhizal
fungus Hymenoscyphus ericae produces high levels of acid phosphatase [33,34]. Higher activity of
β-glucuronidase was found on the fine roots of the ericaceous species and non-mycorrhizal root
tips of Picea abies. This result suggests that the β-glucuronidase enzyme is primarily produced by
the plant. This conclusion confirmed results from Tedersoo et al. [35], which showed that most
ectomycorrhizal fungi do not produce β-glucuronidase in significant amounts compared with that
of non-ectomycorrhizal roots in a tropical rainforest ecosystem. We could not find any study that
reported β-glucuronidase enzyme in ericoid mycorrhizas.

Among the four ericaceous plant species, there were few differences in activity of the root
extracellular enzymes. One exception was the lower activity of leucine aminopeptidase on the hair
roots of Vaccinium vitis-idaea, which was not reflected in the soil N status or the C/N ratio. The similarity
of the root extracellular enzymes among the species and the similarity of the soil chemical parameters
suggests that there are no major differences in nutrient mobilization from organic substrates among
these co-existing species.

Using digital image analysis, we were able to obtain an estimate of the projected surface area
of hair roots, which allowed comparison of the activity of extracellular enzymes between ericoid
mycorrhiza and ectomycorrhiza in symbiosis. To the best of our knowledge, such comparisons until
now have been restricted to in vitro studies in pure cultures [16,36]. The activities of both laccase and
N-acetyl-β-D-glucosaminidase were significantly higher in ectomycorrhizal root tips than that of hair
roots of ericoid species. This result is consistent with the conclusion of Adamczyk et al. [37], who found
the highest N-acetyl-β-D-glucosaminidase enzyme activities in soil planted Pinus sylvestris, compared
to that planted with ericoid mycorrhizal plants. However, this is increasing evidence to show that
ectomycorrhizas are inhabited by a number of secondary colonizers such as ascomycete fungi [38] and
bacteria [39], all of which can influence extracellular enzyme activity. Vohník et al. [40] also showed
that senescing ectomycorrhizas of Picea abies have co-associated ascomycetes, some of which formed
ericoid mycorrhizas on Vaccinium myrtillus. One of the identified ectomycorrhizal taxa on Picea abies at
the tree line, an ascomycete Helotiales, had the highest laccase activity. Different species of Helotiales
form ectomycorrhizas but are also common secondary colonizers of other ectomycorrhizas [38].

Generally, there were few differences in activity of the different enzymes among the species
of ericaceous plants, and also between the ericaceous plants and Picea abies. As discussed above,
the activities of laccase and N-acetyl-β-D-glucosaminidase were higher in ectomycorrhizal root tips
than in ericoid mycorrhizal hair roots, and the activities of all other enzymes were similar between
ectomycorrhizal root tips and ericoid mycorrhizal hair roots. Studies using in vitro pure cultures have
generally shown that ericoid mycorrhizal fungi have high enzyme activity [16,41,42]. This higher
activity has led to the suggestion that ericoid mycorrhizal fungi have a high capacity to mobilize
N from recalcitrant compounds [4,16]. In our study, the higher enzyme activity of ectomycorrhizal
root tips may be a function of the amount of fungal biomass directly in contact with the assay
solution. For ectomycorrhizas, the assay solution is directly in contact with the high fungal surface
area of the hyphal mantle, whereas in ericoid mycorrhizas, the majority of the fungal biomass is
enclosed by the root tissue, but clearly active. This is in contrast to in vitro studies where similar
amounts of fungal biomass are exposed to the assay solution. In contrast to the enzyme activity
at the root surface in tree line soils, the activity of N-acetyl-β-D-glucosaminidase was similar in
soil from under Rhododendron ferrugineum compared to Picea abies or Pinus mugo [27]. Thus, in the
field, the high proliferation of ericoid roots [43] or dense root mats [4] compared to the more
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dispersed ectomycorrhizal roots may compensate for the lower surface area enzyme activity in the
ericaceous roots.

5. Conclusions

Among the ericaceous plant species, the activities of all the different extracellular root enzymes
were generally similar. Generally, extracellular root enzyme activity is not higher on ericaceous roots
compared to the ectomycorrhizas of Picea abies.
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Table S3: β-glucosidase, Acid phosphatase, Cellobiohydrolase, and β-xylosidase activity on root tips of 10
different ectomycorrhizal taxa of Picea abies at tree line (1668 to 1791 m). Figure S1: Images of the tree line site
(1668 to 1791 m) at Wasserberg in the central Alps, Austria; Figure S2: Profile of ericoid mycorrhizal roots collected
from the tree line (1668 to 1791 m) at Wasserberg in the central Alps, Austria in June 2016; Figure S3: Ericoid
mycorrhizal roots structure.
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