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In temperate and boreal forest ecosystems, nitrogen (N) limitation of tree metabolism is alleviated by ectomycorrhizal (ECM)
fungi. As forest soils age, the primary source of N in soil switches from inorganic (NH,* and NO; ™) to organic (mostly proteins).
It has been hypothesized that ECM fungi adapt to the most common N source in their environment, which implies that fungi
growing in older forests would have greater protein degradation abilities. Moreover, recent results for a model ECM fungal spe-
cies suggest that organic N uptake requires a glucose supply. To test the generality of these hypotheses, we screened 55 strains of
13 Suillus species with different ecological preferences for their in vitro protein degradation abilities. Suillus species preferen-
tially occurring in mature forests, where soil contains more organic matter, had significantly higher protease activity than those
from young forests with low-organic-matter soils or species indifferent to forest age. Within species, the protease activities of
ecotypes from soils with high or low soil organic N content did not differ significantly, suggesting resource partitioning between
mineral and organic soil layers. The secreted protease mixtures were strongly dominated by aspartic peptidases. Glucose addi-
tion had variable effects on secreted protease activity; in some species, it triggered activity, but in others, activity was repressed at
high concentrations. Collectively, our results indicate that protease activity, a key ectomycorrhizal functional trait, is positively

related to environmental N source availability but is also influenced by additional factors, such as carbon availability.

In temperate and boreal forests, nitrogen (N) is the element that
usually limits tree nutrition (1). To acquire sufficient N, trees
form symbioses with microorganisms, including ectomycorrhizal
(ECM) fungi (2), as well as shoot-endophytic bacteria (3). In soils,
ECM fungi can take up N from both mineral and organic sources.
Mineral N can be found as NH, " or NO;~ (4), while organic N
can be present as part of several different organic oligomers or
polymers: peptides, chitin, nucleic acids, and heterocyclic N com-
pounds (3). Peptides are considered the dominant organic N
source in forest soils (representing as much as 80% of organic N
[5]), with ECM fungi typically retrieving N from this source
through the use of proteases (3). Despite generally broad enzy-
matic capacities (6), not all ECM fungi have the ability to access
peptide N, which has resulted in the classification of ECM fungi
into “protein” and “nonprotein” species (7). Multiple authors
have suggested that natural selection should favor traits allowing
mycorrhizal fungi to utilize the most abundantly available N
source in their environment (8). This would suggest that protein
ECM fungal species have their ecological niche in organic-N-rich
soils. Empirical support for this hypothesis has been shown by
Lilleskov et al. (9), who found that ECM fungal species growing in
asoil rich in mineral N had a lower ability to grow on proteins than
those from poorer mineral N soils. Similarly, Tibbett et al. (10)
demonstrated that strains of the ECM fungal genus Hebeloma
from the arctic region (where 99% of the N is in organic form) had
the ability to use seed protein as a N source, which was not the case
for Hebeloma strains from temperate soils.

The ratio between organic and mineral N in forest soils is af-
fected by many factors, with forest succession being the most
prominent (11). Organic N forms become increasingly dominant
as a forest ages due to the accumulation of organic matter. Hence,
the organic N/inorganic N ratio increases through succession,
suggesting that organic forms are increasingly important N
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sources in older forest soils (12). Along with shifts in the N source,
changes in ECM fungal community composition have also been
well documented during forest succession, though some species
can be found at almost all stages (13). The stage specificity of ECM
fungal community composition is more likely linked to the age of
organic horizons (i.e., the litter, fragmentation, and humus layers
that develop consecutively) than to the age of the tree, as experi-
ments have shown that seedlings establishing near mature trees
are generally colonized by ECM fungi typical of older forests (14).
Also, experiments with litter removal and litter addition to conifer
stands of various ages provided support for the greater impor-
tance of the age of the soil (including the organic layers) than that
of the tree (15). Taking the data together, it appears that the later
an ECM fungal species occurs in forest soil succession, the more it
is likely to be in contact with organic matter, making protein its
dominant N source. If the above-mentioned hypothesis about N
availability is correct, one would predict ECM fungal protein deg-
radation ability to correlate positively with forest soil age.
Although the general functioning of ECM fungi in forest N
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cycling has been recognized for many years, the properties of the
ECM fungal enzymes involved in protein degradation are rela-
tively poorly characterized. Research on a limited number of spe-
cies showed that these enzymes are secreted proteases, which most
of the time belong either to the aspartic or to the serine peptidase
class (3, 16). While their secretion appears to be induced by the
presence of protein (16), recent results for a model ECM species
(Paxillus involutus; Boletales, Basidiomycota) also showed that
uptake of N from organic matter is additionally dependent on the
availability of a simple carbon (C) source (17). The latter result
supports the hypothesis that mining for organic N by ECM species
does not occur without an energy supply (18, 19). However, since
the last two studies compared only the presence and absence of
glucose, it has yet to be determined how different levels of C affect
organic N degradation.

Species from the ECM genus Suillus (Boletales, Basidiomy-
cota) offer a good model to test the relationships among protein
degradation ability, forest (soil) age, and carbon availability, be-
cause (i) they are widely distributed in temperate and boreal for-
ests and form a well-defined monophyletic group (20, 21); (ii)
different Suillus species show clear preferences for soils with dif-
ferent organic matter contents and for trees of different ages (22)
(Table 1); (iii) they associate exclusively with trees in the genus
Pinaceae (20), resulting in similar environmental gradients during
succession; (iv) they are easily isolated into pure culture; and (v)
they have fast growth and high biomass production in vitro (22).
Here, we used in vitro assays to test four hypotheses: (i) Suillus
species preferentially occurring in mature forests, where soils have
high organic N content, have a greater protein degradation ability
than Suillus species characteristic of young forests, where soil or-
ganic N content is low; (ii) Suillus species that occur in both young
and mature forests harbor protein-degrading strains (ecotypes) in
organic-rich soils and non-protein-degrading strains (ecotypes)
in mineral soils; (iii) protein degradation occurs through the se-
cretion of a mixture of aspartic and serine proteases; and (iv)
protease activity, when present, increases with the glucose concen-
tration.

MATERIALS AND METHODS

Strains. We investigated the protein degradation abilities of 55 ECM fun-
gal strains, isolated from sporocarps, belonging to 13 species: Suillus
americanus, Suillus brevipes, Suillus bovinus, Suillus cavipes, Suillus caer-
ulescens, Suillus granulatus, Suillus grisellus, Suillus lakei, Suillus laricinus,
Suillus luteus, Suillus pungens, Suillus tomentosus, and Suillus variegatus.
All the species were represented by at least two strains. Thirty-two
strains were isolated in North America (United States), from 9 sites
(Cloquet, lat 46.704397, long —92.510528; Yosemite, lat 37.817027,
long —119.712591; Mendocinol, lat 38.787030, long —123.514499;
Mendocino2, lat 39.311419, long —123.760378; Cedar Creek, lat
45.407066, long —93.199801; Ocean Shores, lat 47.032500,
long —124.164167; Rock Creek, lat 29.670780, long —82.371932;
Point Reyes, lat 38.084533, long —122.870891; and Berkeley Marina,
lat 37.859584, long —122.315999), and 23 in Europe (Belgium), from
2 sites (Paal, lat 51.058887, long 5.175981; Zolder, lat 50.995371, long
5.272788). All isolations were made from sporocarp tissue. In cases
where morphological identification was not possible, species were
identified by internal transcribed spacer (ITS) sequencing. The habitat
preference of each species (e.g., forest age and soil type) was gathered
from the primary literature and the website of the Dutch mycological
society (http://www.verspreidingsatlas.nl/paddenstoelen), as well as
from our direct field observations (Table 1).
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Growth. Fungi were maintained on solid minimum Melin-Norkrans
(MMN) medium for 10 days and then transplanted to fresh solid MMN
medium and grown again for 7 days. At this time, they were considered
sufficiently active to perform the experiment. A 3- by 3-mm plug of active
mycelium was then placed in a glass bead system. The system consisted of
a monolayer of sterile 4-mm-diameter glass beads sitting on a 9-cm petri
dish filled with 11 ml of liquid medium, which is the volume needed to
cover the glass beads (16). The liquid medium consisted of standard liquid
MMN medium, where the N source (ammonium chloride) was replaced
by a soluble protein (bovine serum albumin [BSA]) and the elemental N
concentration was kept the same (53 mg liter "', which is 342 mg liter ! of
BSA). We chose BSA as a model protein because previous results, on the
same glass bead system but with P. involutus, showed that the trends
observed with the protein are the same as with organic matter (16) and are
therefore ecologically relevant. The pH was adjusted to 4.5. Fungi were
grown under static conditions, in the dark, at 21°C and 80% humidity for
17 days. We monitored the protease activity and the protein content of the
growthmediumat0, 5,7, 11, 12, and 17 days after inoculation. Incubation
was stopped at 17 days because further sampling significantly increased
the risk of contamination; the mycelium was harvested and weighed after
freeze-drying.

Protease assays. Protease assays were run using two complementary
measurement procedures. The first was run on culture supernatant and
therefore measured secreted protease activity. This assay was an adapta-
tion of the fluorescein isothiocyanate (FITC)-BSA assay (23) for micro-
plates. First, for each sample, 100 pl of medium supernatant was trans-
ferred to a 96-well microplate (flat bottom; Sarstedt). Then, we added 100
wl of 50 mM citrate buffer (pH 4.2) and 5 pl of freshly prepared 1 mg -
ml ™! FITC-BSA solution (Sigma-Aldrich). A preliminary experiment
with a reduced number of strains showed that the protease activity mea-
sured was highest at acidic pH values (we tested pH 3, 4, 5, and 6 [data not
shown]); we chose pH 4 as a compromise between high values and eco-
logical relevance (the soils of these conifer forests are most often between
pH 4 and 5). The plate was sealed with aluminum foil to prevent evapo-
ration and incubated overnight (24 h) at 40°C. Then, the proteins were
precipitated by adding 100 pl of 10% trichloroacetic acid (TCA) (Sigma-
Aldrich), incubated for 1 h at room temperature, and centrifuged for 30
min at 25°C and 2,000 rpm, and 40 pl of the supernatant was transferred
to a new microplate containing 200 pl of 1 M Tris buffer (pH 9.7). The
fluorescence was read with a FluoStar Omega microplate reader at
485-nm excitation and 520-nm emission. One thousand units corre-
sponds to the fluorescence produced by 27 mg liter ' of trypsin over 24 h
at pH 8.

The second assay measured the protein left in the culture supernatant,
which was the result of the activities of both secreted and cell wall-bound
proteases. This measurement was done in microplates using the Bradford
assay. First, 30 pl of sample was diluted with 70 pl of distilled water in a
transparent 96-well microplate (flat bottom). Then, 50 pl of this solution
was transferred to a new transparent microplate containing 100 wl of
distilled water and 100 wl of Bradford Quick reagent. After 1 h of incuba-
tion, the absorbance of each well was read at 595 nm on a FluoStar Omega
microplate reader. In order to estimate the concentration of protein from
the absorbance, we also measured the absorbance of 4 standard solutions
(342 mg liter ™', 224 mg liter "', 112 mg liter !, and 0 mg liter ").

Determination of the protease class. In order to determine the rela-
tive proportion of each protease class of the cocktail produced by a given
strain, we measured protease activity as previously described but added 10
wl of specific protease inhibitors to the FITC-BSA mixture (as described in
reference 16): E64 [trans-epoxysuccinyl-L-leucylamido(4-guanidino)bu-
tane, which inhibits cysteine proteases; final concentration, 10 wM; stock
solution prepared in water], pepstatin A (which inhibits aspartic pro-
teases; final concentration, 10 wM; in ethanol), EDTA (which inhibits
metalloproteases; final concentration, 5 mM; stock solution prepared in
water), and phenylmethylsulfonyl fluoride (PMSF) (which inhibits serine
proteases; final concentration, 1 mM; stock solution prepared in isopro-
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TABLE 1 Ecological characteristics of the 55 Suillus strains investigated

Degradation of Proteins by ECM Fungi

Soil organic

Type(s) of fungal

Forestage matter tissue in the
Species Strain Site Ecotype Hostgenus preference preference  Reference reference
Suillus 51 Cedar Creek (USA) NA“ Pinus Multiple  Low Personal observations Sporocarps
americanus 52 Cloquet (USA) organic
Suillus bovinus ~ SboP1 Paal (Belgium) Young  Pinus Multiple  Low http://www.verspreidingsatlas.nl/ ~ Sporocarps
SboP3 Paal (Belgium) Young organic
SboP4 Paal (Belgium) Young
SboP5 Paal (Belgium) Young
SboP6 Paal (Belgium) Young
SboP7 Paal (Belgium) Young
SboZ1 Zolder (Belgium) Mature
SboZ2 Zolder (Belgium) Mature
SboZ3 Zolder (Belgium) Mature
SboZ4 Zolder (Belgium) Mature
SboZ5 Zolder (Belgium) Mature
SboZ6 Zolder (Belgium) Mature
SboZ7 Zolder (Belgium) Mature
Suillus brevipes 13 Yosemite (USA) NA Pinus Multiple ~ NA 34 Sporocarps,
14 Yosemite (USA) mycorrhizas
15 Yosemite (USA)
17 Mendocinol (USA)
18 Mendocinol (USA)
19 Ocean Shores (USA)
20 Ocean Shores (USA)
32 Mendocinol (USA)
47 Rock Creek (USA)
Suillus 38 Mendocino2 (USA) NA Pseudotsuga  Multiple ~ NA Personal observations Sporocarps
caerulescens 39 Mendocino2 (USA)
Suillus cavipes 53 Cloquet (USA) NA Larix Mature High http://www.verspreidingsatlas.nl/  Sporocarps
54 Cloquet (USA) organic
55 Cloquet (USA)
Suillus 56 Cedar Creek (USA) NA Pinus Young Low http://www.verspreidingsatlas.nl/ ~ Sporocarps
granulatus 57 Cedar Creek (USA) organic
Suillus grisellus 60 Cedar Creek (USA) NA Larix Mature High Personal observations Sporocarps
61 Cedar Creek (USA) organic
Suillus lakei 43 Point Reyes (USA) NA Pseudotsuga  Young NA 35 Mycorrhizas
75 Point Reyes (USA)
Suillus viscidus 63 Cedar Creek (USA) NA Larix Mature High http://www.verspreidingsatlas.nl/ ~ Sporocarps
64 Cedar Creek (USA) organic
Suillus luteus 65 Cedar Creek (USA) NA Pinus Young Low http://www.verspreidingsatlas.nl/ ~ Sporocarps
SluP1 Paal (Belgium) organic
SluP2 Paal (Belgium)
SluP3 Paal (Belgium)
SluP4 Paal (Belgium)
SluP8 Paal (Belgium)
Suillus pungens 27 Berkeley Marina (USA) NA Pinus Multiple  High 36 Sporocarps,
28 Berkeley Marina (USA) organic mycorrhizas
30 Berkeley Marina (USA)
Suillus 33 Montana (USA) NA Pinus Multiple  Low 34 Sporocarps,
tomentosus 34 Montana (USA) organic mycorrhizas
35 Montana (USA)
36 Montana (USA)
Suillus SvaP1 Paal (Belgium) Young  Pinus Multiple  High 22 Sporocarps
variegatus SvaP3 Paal (Belgium) Young organic
SvaZJW6  Zolder (Belgium) Mature
SvaZJW8  Zolder (Belgium) Mature
SvaZJW13  Zolder (Belgium) Mature
“NA, not available.
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TABLE 2 Characteristics of all 55 Suillus strains at the end of the experiment (17 days)”

) ) . Successional P Activity . Protein (in % of . . :
Strain Species Site Soil type  Host plant | (Protease units, e Mass (DW) cysteine aspartic metallo serine
stage the initial content)
day 17)
55 cavipes Cloquet mature  high organic Larix
53 cavipes Cloquet mature  high organic Larix
54 cavipes Cloquet mature  high organic Larix
60 grisellus CedarCreek mature  high organic Larix
63 viscidus CedarCreek mature  high organic Larix
61 grisellus CedarCreek mature  high organic Larix
64 viscidus CedarCreek mature  high organic Larix
SvazZJW6 variegatus ~ Zolder multi high organic Pinus
SvazJW13  variegatus  Zolder multi high organic Pinus
SvazZJW8 variegatus  Zolder multi high organic Pinus
27 pungens BerkeleyMarina multi high organic Pinus
30 pungens BerkeleyMarina multi high organic Pinus
28 pungens BerkeleyMarina multi high organic Pinus
Shoz1 bovinus Zolder multi high organic Pinus
Shoz2 bovinus Zolder multi high organic Pinus
Shoz4 bovinus Zolder multi high organic Pinus
Sboz7 bovinus Zolder multi high organic Pinus
Sbhoz5 bovinus Zolder multi high organic Pinus
Sboz6 bovinus Zolder multi high organic Pinus
Shoz3 bovinus Zolder multi high organic Pinus
SvaP1 variegatus  Paal multi low organic Pinus
34 tomentosus Montana multi low organic Pinus
SvaP3 variegatus  Paal multi low organic Pinus
33 tomentosus Montana multi low organic Pinus
20 brevipes OceanShores multi low organic Pinus
36 tomentosus Montana multi low organic Pinus
35 tomentosus Montana multi low organic Pinus
19 brevipes OceanShores multi low organic Pinus
SboP5 bovinus Paal multi low organic Pinus
SbhoP3 bovinus Paal multi low organic Pinus
51 americanus CedarCreek multi low organic Pinus
SbhoP1 bovinus Paal multi low organic Pinus
SbhoP7 bovinus Paal multi low organic Pinus
SboP4 bovinus Paal multi low organic Pinus
ShoP6 bovinus Paal multi low organic Pinus
47 brevipes RockCreek multi Pinus
32 brevipes Mendocinol multi Pinus
18 brevipes Mendocinol multi Pinus
17 brevipes Mendocinol multi Pinus
13 brevipes Yosemite multi Pinus
14 brevipes Yosemite multi Pinus
15 brevipes Yosemite multi Pinus
52 americanus Cloquet multi Pinus
39 caerulescens Mendocino2 multi Pseudotsuga
38 caerulescens Mendocino2 multi Pseudotsuga
SluP1 luteus Paal young low organic Pinus
SluP8 luteus Paal young low organic Pinus
65 luteus CedarCreek young low organic Pinus
SluP2 luteus Paal young low organic Pinus
57 granulatus  CedarCreek young low organic Pinus
SluP4 luteus Paal young low organic Pinus
56 granulatus  CedarCreek young low organic Pinus
SluP3 luteus Paal young low organic Pinus
43 lakei PointReyes young Pseudotsuga
75 lakei PointReyes young Pseudotsuga

“ Protease activity (fluorescence units), remaining protein content (percentage of the initial BSA concentration), dry biomass (milligrams), and ecological characteristics. The four
columns on the right represent the protease activity in the presence of four protease inhibitors for all 55 strains: cysteine, E64 inhibitor; aspartic, pepstatin A; metallo, EDTA; serine,

PMSE.

panol). All chemicals were ordered from Sigma-Aldrich. Measurements
were carried out on 17-day-postincubation samples, since they contained
the highest protease values for all strains.

Influence of glucose concentration on protease activity. We mea-
sured the effect of glucose on protease activity by growing Suillus strains in
BSA medium as before, but using four different glucose concentrations: 0,
1,2.5,and 5 g liter . We chose to use multiple strains of 3 Suillus species
with contrasting ecologies: S. luteus, which grows preferentially in early
forests in organic-N-poor soils; S. variegatus, which grows preferentially
in mature forests with high-organic-N-rich soils; and S. bovinus, which
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occurs in both young and mature forests at similar frequencies. Protease
activity was measured at 1, 4, 6, 8, and 11 days after inoculation.

Soil analyses. To more clearly assess the link between in vitro protein
degradation ability and environmental N source availability, we measured
soil organic and mineral N contents in two sites from which several Suillus
strains used in this study were isolated: a young forest (Paal) and a mature
forest (Zolder) in Belgium. At each site, 15 soil samples were taken with a
soil corer (15 cm deep; 8-cm diameter) on 11 October 2014. The core
locations were arranged on a 3- by 5-m grid, with the nodes separated by
4 m at Paal. Due to the topology of the Zolder site (a 500-m-long, 8-m-
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wide dike), we harvested 5 groups of 3 cores, with the groups separated by
at least 20 m along the dike. The soil samples were then pooled by groups
of three into five composite samples, which were individually passed
through a 2-mm sieve. Two hundred grams of fresh composite sample was
dried overnight at 60°C. Total N was measured by the Kjeldahl method
(decomposition of organic N by sulfuric acid, oxidation of reduced nitro-
gen as ammonium sulfate, and back-titration with boric acid) and inor-
ganic N (NO; and NH,-N) by titrimetry after reduction by Devarda’s
alloy. Organic N was then deduced by calculating the difference between
total N and inorganic N.

Statistics. We tested the effects of four factors—species (13 species),
forest age (young, multiple stage, and mature), soil type (low and high
organic nitrogen), and host genus (Larix, Pseudotsuga, and Pinus)—on
two variables, secreted protease activity and protein remaining in the me-
dium. To account for differences in growth rates among strains, as well as
the positive relationship between biomass and protease activity and pro-
tein degradation, we used specific protease activity (total protease activity
divided by the dry mass of the mycelium) and specific protein remaining
(percent dry mass) in the final analyses. The effects of the four factors were
tested using a nested analysis of variance (ANOVA) (with strain nested
within species to account for possible nonindependence) on log-trans-
formed data (for specific protease activity) and square root of x-trans-
formed data (for specific protein remaining). We used Tukey honestly
significant difference (HSD) tests to determine significant post hoc differ-
ences among factor means. To compare the protease activities of different
strains of the same species collected from different sites (ecotypes), we
used the two species that had at least two strains from both a youngand a
mature forest site (S. bovinus and S. variegatus). Significant differences
between species and ecotypes were assessed using ANOVA on 1/x-nor-
malized data (secreted protease activity) and on untransformed data (pro-
tein remaining), followed by a Duncan post hoc test. To determine the
relative contributions of different protease classes, we compared protease
activities with four inhibitors with a one-way ANOVA. For that test, the
data were log(x + 1) transformed to improve variance homogeneity, and
a Tukey HSD test was used to determine significant differences among
assay means. The effects of different glucose concentrations on protease
activity were estimated using an ANOVA followed by a Tukey HSD test on
the protease activities measured at the end of the experiment. Correlations
between the protease activity at the end of the experiment and the per-
centage of protein left were evaluated by a Kendall correlation analysis.
Statistics were run using R (24).
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RESULTS
Relationships between protease activity and ecological traits.
All 55 Suillus strains displayed significant (i.e., higher than the
control) secreted protease activity, and the protein content de-
creased by at least 28% in all assays (Table 2). The protease
activity and the amount of protein left at the end of the exper-
iment were significantly and negatively correlated (Kendall’s
tau < 0.001) (see Fig. S1 in the supplemental material). How-
ever, there were 8 strains for which both variables were low,
suggesting that in these strains, a major part of the protease
activity occurred through cell wall-bound proteases (<35 flu-
orescence units and <25% protein left in the medium, respec-
tively): they belonged to S. bovinus (SboP3, SboP6, SboP7,
SboZ2, SboZ3, and SboZ4) and S. brevipes (strains 13 and 17).
For these strains, there was no correlation between the amount
of protein left in the medium and their biomass at the end of
the experiment. Differences in both specific protease activity
and protein remaining in the medium were significant among
species (nested ANOVA; P < 0.001 and P < 0.019, respec-
tively); there were also significant effects of soil type (P <
0.001) and forest age (P < 0.001) on specific protease activity
(Table 3). Species from mature forests had significantly higher
secreted protease activity and lower specific protein remaining
than those from young forests and from multiple-stage forests
(i.e., present in both young and mature forests) (Fig. 1). When
grouped by soil type, strains of species from high-organic-N
soils had significantly higher secreted protease activity than
those from low-organic-N soils (Fig. 2); these strains also had
smaller amounts of remaining protein in the medium, but the
difference was not significant (P = 0.146) (Table 3). The nested
ANOVA showed no significant effect of host tree species on
protease activity and remaining protein contents; however, in
pairwise comparisons, Pinus-associated species had on average
significantly lower protease activities than those associated with
Larix-associated hosts (see Fig. S2 in the supplemental material).
Soil organic N and protein degradation abilities. To investi-
gate the extent to which there is local adaptation within species
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FIG 1 Box-and-whiskers representation of log-transformed values of specific protease activities and specific protein degradation of the 55 Suillus strains
categorized by forest age. Different letters indicate significant differences among treatment forest age category means, as determined by post hoc Tukey HSD tests.
The boxes represent the 2nd and 3rd interquartile ranges; the horizontal lines in the boxes represent the median; the upper and lower bars outside the boxes

represent the 1st and 4th quartiles, respectively. FU, fluorescence units.
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FIG 2 Box-and-whiskers representation of log-transformed values of specific protease activities and specific protein degradation of the 55 Suillus strains
categorized by soil type. Different letters indicate significant differences among treatment soil type means as determined by post hoc Tukey HSD tests. The boxes
represent the 2nd and 3rd interquartile ranges; the horizontal lines in the boxes represent the median; the upper and lower bars outside the boxes represent the

1st and 4th quartiles, respectively.

depending on N source availability (i.e., the presence of ecotypes),
we compared the protein degradation activities of 19 strains be-
longing to S. bovinus and S. variegatus present at both a young
(Paal; low organic N/mineral N ratio, 28 * 9) and a mature
(Zolder; high organic N/mineral N ratio, 132 * 12) forest site. The
organic N content in soil was, on average, 15 times higher in the
mature forest than in the young forest (Zolder, 1,838 mg N - kg™ ;
Paal, 119 mgN - kg™ ") (see Table S1 in the supplemental material),
but there was three times more NH, " in the mature forest soils, as
well (Zolder, 13.7 mg N - kgfl; Paal, 42 mg N - kgfl). There was
no significant difference in protease activity and protein degrada-
tion between ecotypes of the same species (Table 4). Strains of S.
bovinus had low specific protease activity and protein degradation
in both groups (Fig. 3a and c), while strains of S. variegatus had
significantly higher protease activity and degraded significantly
more protein (Fig. 3b and d).

Identification of the secreted protease class. Among the four
protease classes (aspartic, serine, and cysteine proteases and metallo-
proteases), there were no significant differences in protease activity in
the presence of serine, cysteine, and metalloprotease inhibitors rela-
tive to an assay with no inhibitors present (Fig. 4). In contrast, there
was a significant, ~10-fold reduction in average secreted protease
activity in the presence of pepstatin A, which inhibits aspartic pro-
teases. This inhibition was observed in all Suillus strains in which we
measured significant secreted protease activity (Table 2).

Influence of glucose concentration on protease activity. Glu-
cose addition had a significant effect on secreted protease activity

(expressed as fluorescence units) for only one fungal species (Ta-
ble 5). Strains of S. variegatus were significantly affected by the
levels of glucose addition (Fig. 5). The protease activities of glu-
cose at 1 g liter ' and 2.5 g liter ' were significantly higher than
the protease activity without glucose (Fig. 5). However, at 5 g
liter ' of glucose addition, the protease activity was low again,
without a significant difference from that with no glucose addi-
tion. For S. luteus and S. bovinus, the addition of glucose had no
significant effect, and all activities were low (Fig. 5).

DISCUSSION

Relationships between soil N sources and protease activity. We
found that protease activities differed significantly among strains
of Suillus species based on forest age and soil type. Consistent
with the hypothesis about N source and protein degradation
ability, strains of species restricted to mature forests and high-
organic-N soils had significantly higher protease activity than
those present in younger forests and low-organic-N soils.
While these results indicate that protein degradation is linked
to changes in forest age and soil type, the two factors are clearly
not independent: mature forests are usually associated with a
thick organic soil layer (13). Since many ecological factors also
change significantly with forest age (e.g., host tree species com-
position [11], soil pH [11], and litter phenol concentration
[25]), it is also possible that other factors besides soil organic N
content contribute to the observed patterns. Measuring addi-
tional soil variables at each collection site was beyond the scope

TABLE 3 ANOVA results for factors affecting specific protease activity and protein remaining in the medium

Result for factor”:

Variable Test Transformation Soil type Forest age Host genus Species
Specific protease activity Nested ANOVA log(x) 5.00E—4 9.00E—4 5.83E—2 5.02E—6
Specific protein remaining Nested ANOVA Square root of x 0.1464 0.0428 0.2876 0.0189
df 2 3 1 10

“ Significant effects are shaded.
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TABLE 4 ANOVA results for differences in specific protease activity and
protein remaining in the medium between ecotypes of S. bovinus and S.
variegatus at two sites”

Result for factor:

Variable Test Species X site Species Site
Protease activity ANOVA 0.89 1.35E—05 0.79
Protein degradation ANOVA 0.80 3.70E—03 0.65

df 1 1 1

“ Paal, with low organic matter content, and Zolder, with high organic matter content.

of this study, but future experimental work (e.g., adding or-
ganic N to young soils or removing the organic layer in mature
forests [15]) will be helpful in differentiating the relative im-
portance of changes in organic N availability from these addi-
tional environmental factors.

The strains of S. bovinus and S. variegatus from the Paal site (a
young pine forest with a low organic N/mineral N ratio) and the
Zolder site (a mature pine forest with a high organic N/mineral N
ratio) showed no significant differences in their protease activities.
Given that previous results suggested that locally adapted strains
of multiple-forest-age species may have higher protease activity in
high-organic-N soils (8, 9), we were surprised to find no support
for this kind of variability. The overall higher protease activity of S.
variegatus strains than those of S. bovinus, however, is consistent
with closer observations of the ecology of the two species. Despite
being a multiple-forest-age species, S. variegatus preferentially in-
habits mature forests, while S. bovinus grows there only as satellite
populations (22). Hence, the presence of S. variegatus may depend
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on the development of an organic layer in the forest soil, where its
protein degradation ability would give a competitive advantage
for N uptake. Moreover, S. bovinus was also stimulated by litter
removal in pine stands that exposed mineral soil (26). Interest-
ingly, S. luteus, which is classified as a species characteristic of
young trees on mineral soils, does occur in older stands as well, but
its root tips and mycelium are located in the mineral rather than
the organic layer (27, 28). Taken together, these results suggest
that the presence of S. variegatus in young forests may be attribut-
able to local organic niches in young-forest soil, and conversely,
local mineral N patches may facilitate the persistence of S. bovinus
in mature forests.

For 8 of the 55 strains, the protein content of the medium
significantly decreased while protease activity was low, meaning
that the protease activity was very likely cell wall bound. Alterna-
tive mechanisms could involve adsorption of BSA to the myce-
lium (29), but this hypothesis can be partially ruled out by the fact
that there was no correlation between protein left in the medium
and the mycelial biomass for these strains. Therefore, we conclude
that most of the protease activity of the above-mentioned strains
of S. bovinus and S. brevipes was cell wall bound. Moreover, the
strains preferentially inhabiting mature forests or high-organic
soils were always characterized by high secreted protease activity.
In the range of Suillus species tested here, secreted proteases could
therefore be an adaptation to an organic-N-rich environment.

While our results suggest that ecological filtering or natural
selection favors physiological capacities in ECM fungi that allow
them to utilize the dominant N source in their environment, they
do not imply that protein degradation is necessarily the rate-lim-
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FIG 3 Box-and-whiskers representation of log-transformed values of specific protease activities and specific protein degradation of strains of S. bovinus and S.
variegatus isolated from two forest sites: a young forest with soil with a low organic N/mineral N ratio (Paal) and a mature forest with soil with a high organic
N/mineral N ratio (Zolder). The box plots represent the variation of each parameter between species (S. bovinus, 6 strains in Paal and 7 in Zolder; S. variegatus,
2 strains in Paal and 3 in Zolder). The boxes represent the 2nd and 3rd interquartile ranges; the horizontal lines in the boxes represent the median; the upper and
lower bars outside the boxes represent the 1st (Q1) and 4th quartiles, respectively; and the dots outside the bars represent the outliers (defined as values outside

1.5 times the interquartile range below Q1 and above Q3).
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iting step of N uptake or that ECM protein degradation controls
only N availability. Litter breakdown and N mineralization de-
pend on its lignin and polyphenolic contents (25). Lignin degra-
dation mechanisms (e.g., lignin peroxidases, Mn peroxidases, lac-
cases, and the Fenton reaction) hence may play a role as important
as that of protein degradation in ECM-mediated plant N uptake.
Moreover, proteins are not the only source of organic N in forest
soils: simple amino acids, chitin (fungal or arthropod necromass),
or heterocyclic N (chlorophyll and nucleic acids) can also contrib-
ute to N assimilation, and all the associated enzyme activities may
contribute significantly to N mineralization.

Classes of proteases. All protease cocktails of the strains that
had significant activity were strongly repressed by pepstatin A, but
the other inhibitors did not significantly decrease protease activity
in the experimental assays. From this, we conclude that the pro-
tease activity was dominated by aspartic proteases. Shah et al. (16)
also showed that the cocktail of proteases secreted by P. involutus
was also dominated by aspartic proteases and, as a consequence,
had an acidic optimum. Moreover, the authors also showed that
this class of proteases accounted for most of the protease activity
when the fungus was growing on BSA, but also on other N sources,
such as gliadin, pollen, and dissolved soil organic matter. These

TABLE 5 ANOVA results for factors affecting protease activity when
fungal strains were provided with different levels of glucose

Variable Species Test Glucose concn
Protease activity S. luteus ANOVA 0.21

S. bovinus ANOVA 0.14

S. variegatus ANOVA 2.70E—04
df 3
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findings are consistent with the ecology of these systems; where
organic N accumulates, soils are acidic, as observed by Chalot and
Brun (2). However, partly in contrast to our study, these authors
reported that ECM fungal proteases belonged to the aspartic and
serine protease classes. We therefore suggest that secreted aspartic
proteases are key agents in organic N acquisition for the ECM
species, at least in the order Boletales.

Effects of glucose on protease activity. Because glucose has
been previously found to trigger organic matter oxidation and N
acquisition from that organic matter by the ECM fungus P. invo-
lutus (17), we measured the protease activities of strains of three
species with contrasting ecologies, S. luteus (pioneer), S. bovinus
(preference for young forest stages), and S. variegatus (preference
for old forest stages), at different glucose concentrations. S. luteus
strains did not respond to glucose input, possibly because of in-
herently low protease activities. For S. bovinus, we observed pro-
tease activity in only one of the strains coming from the high-
organic-N site, and only at the highest glucose load (5 g liter ™ ").
For S. variegatus, the protease activity was influenced by the glu-
cose concentration, but not in a linear manner. Protease activity
reached peak values at 1 and 2.5 g liter " and was relatively low at
5 g liter . Repression of protease activity by a high glucose con-
centration was reported by Colpaert and Van Laere (30) and is
consistent with the use of BSA as a carbon source. Indeed, high
glucose input represses genes involved in C metabolism pathways
through catabolite repression (gluconeogenesis, Krebs/TCA cycle,
and genes involved in metabolization of C from other sources
[31]). Moreover, it is known that some ECM fungi can use the
deaminated skeletons of amino acids as a C source for the TCA
cycle or as a template for synthesis of new amino acids (3, 17).
Therefore, we suggest that the BSA in our experiment may have
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FIG 5 Box-and-whiskers representation of protease activities of the Suillus strains growing in BSA medium (expressed as fluorescence units) with different
glucose concentrations (0, 1, 2.5,and 5 g liter ™ !). Three species were investigated: S. luteus (strains P1, P3, P4, P8, and P13), S. bovinus (strains P1, P2, P4, P10,
71,72, 73, and Z4), and S. variegatus (strains Z1, ZJW3, ZJW4, ZW6, and ZJW13). For S. bovinus, strains from both Zolder and Paal sites were investigated.
Different letters indicate significant differences among treatment soil type means as determined by post hoc Tukey HSD tests. The boxes represent the 2nd and
3rd interquartile ranges; the horizontal lines in the boxes represent the median; the upper and lower bars outside the boxes represent the 1st (Q1) and 4th
quartiles, respectively; and the dots outside the bars represent the outliers (defined as values outside 1.5 times the interquartile range below Q1 and above Q3).

also been used by Suillus species as an alternative C source, with C
catabolites repressing protease activity at high glucose concentra-
tions. This hypothesis is consistent with the fact that protease ac-
tivity is not immediately induced in our assays. However, this does
not explain why the tested Suillus species were not able to degrade
protein without glucose, which shows that an easily available C
source is needed to trigger protease activity, as already observed
with P. involutus (17). One explanation could be the following:
fungal protease activity is triggered by a low to average host plant
C supply, while high mineral N availability in soil would result in
faster uptake by the plant, a higher photosynthesis rate, and a
higher C flux. High C supply rates would then be an indication of
plant N sufficiency and therefore that fungal protease activity is
not necessary. Alternatively, repression of protease activity by a
high glucose supply could be related to the distance between the
glucose concentration and the place where organic N exploitation
takes place: Suillus species are long-distance exploration types,
and therefore, the hyphae proliferating close to a protein-contain-
ing patch would be far away from the glucose supply, in the Hartig
net of the root tip. To better understand the role of host carbon in
protein degradation, more experimental work is needed in this
area, for example, through the use of '>C labeling of organic N.
Conclusions and future directions. In summary, we found
that the protein degradation ability of Suillus strains (i) was high-
est in species adapted to high-organic soils, (ii) showed little in-
traspecific variability, (iii) was due primarily to aspartic pepti-
dases, and (iv) was controlled to some extent by glucose levels.
Though these data were all obtained using an in vitro experimental
system, we assert they are still ecologically informative, as previous
studies using pure-culture approaches have yielded results that
correlate well with those observed in field settings (10, 32, 33). The
results of our study imply that the ability to forage for organic N is
a crucial functional trait that may have an important role in shap-
ing ECM fungal communities, with protein-degrading species be-
coming more common as the soil organic matter content in-
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creases. However, this does not rule out the possibility that other
important mechanisms related to N acquisition may play impor-
tant roles, as well, such as chitinase activity or N storage capacity.
An important next step will be to test the validity of these results in
soil microcosms or field settings, particularly the role of host tree
and protein carbon in vivo. Given the contrasting protein degra-
dation abilities of cooccurring species, such as S. bovinus and S.
variegatus, determining how competition for access to different N
sources may mediate species interactions and vertical niche differ-
entiation would provide a more mechanistic understanding of the
drivers of ECM fungal community structure. This knowledge is
particularly important in light of the strong effect of human-in-
duced gradients on nitrogen availability in Europe and North
America (9). Finally, examining the protein degradation abilities
of additional Suillus species associated with these host genera will
be key to determining the strength of host phylogenetic signals
versus other environmental conditions.
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