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ARTICLE INFO ABSTRACT

Keywords: Mycorrhizal and saprotrophic fungi are key players in plant nutrition in forest ecosystems, affecting nutrient

D?“’““’“f“‘_’“ . availability and plant nutrient acquisition, but the impact of their interaction on plant performance remains

Eltro_gen limitation largely understudied. Their interaction is particularly important under nutrient-limited conditions (e.g., nitrogen
utrients

limitation) as they may compete for resources or engage in facilitative interactions that ultimately affect plant
nutrient uptake and growth. Here, we used a simplified, plant-centric experimental design to investigate the
effects of fungal interactions on plant performance. Poplar (Populus x canescens) plantlets were grown under
nutrient-poor conditions for 23 weeks with a single nutrient source: a mixture of 15N-labelled poplar (labile) and
beech (recalcitrant) leaf litter. Plants were inoculated with Pholiota squarrosa (saprotrophic), Laccaria bicolor
(ectomycorrhizal), both, or neither. We analysed growth, nitrogen uptake, and photosynthetic performance.

Ectomycorrhizal-inoculated plants showed greater growth, root development, and nitrogen accumulation than
non-inoculated controls or those inoculated with saprotrophic fungi alone. Photosynthetic performance,
particularly at 16 weeks, was also enhanced. In contrast, saprotrophic fungi increased nitrogen concentration in
roots but did not improve plant biomass. Plant biomass and root architecture did not differ between EMF-only
and dual-inoculated plants, suggesting that the addition of saprotrophic fungi did not further enhance or
impair these traits. However, for nitrogen-related traits, dual-inoculated plants showed intermediate values
between EMF-only and STF-only treatments. Despite these trends, statistical analysis did not detect a significant
interaction between fungal guilds. These findings indicate that ectomycorrhizal fungi play a stronger role in
promoting plant performance under nitrogen-limited conditions, likely through enhanced nutrient uptake and
photosynthetic efficiency. Saprotrophic fungi alone did not promote plant growth under the experimental con-
ditions, nor did their presence alter the benefits conferred by ectomycorrhizal fungi.

Photosynthesis
Root traits
Stable isotopes
Symbiosis

1. Introduction phosphorus, in exchange for C from photosynthesis (Smith and Read,

2010). This relationship is a type of symbiosis, and when both partners

Mycorrhizal and saprotrophic fungi are key players in plant nutrition
in forest ecosystems, affecting nutrient availability and plant nutrient
acquisition (Baldrian, 2017). Saprotrophic fungi (STF) decompose
non-living organic matter, such as leaf litter, releasing carbon (C) and
other essential nutrients back into the ecosystem. While the fungi pri-
marily utilise the C for their own metabolism, nitrogen (N) and other
nutrients may remain available in the soil, benefiting other organisms,
such as plants and other soil fungi (e.g., mycorrhizal fungi) that can take
up and use these resources (Setala and McLean, 2004; Talbot et al.,
2013). Ectomycorrhizal fungi (EMF) form associations with the roots of
many plant species, enhancing nutrient uptake, particularly N and

benefit, it is referred to as mutualism. However, mycorrhizal symbiosis
exists along a continuum, ranging from mutually beneficial interactions
to more unbalanced ones, where one partner may appropriate resources
with limited return. The nature of the interaction can shift depending on
environmental conditions and the physiological status of the partners
(Pena et al., 2023; Pena and Tibbett, 2024).

In forests of the Northern Hemisphere, N is one of the most limiting
nutrients for plant growth, largely because a significant portion of soil N
is bound in decomposition-resistant organic forms that are not readily
available to plants (Nasholm and Persson, 2001). To overcome this
limitation, many tree species rely on EMF to acquire N (Read, 1991;
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Phillips et al., 2013). EMF enhance N uptake through extensive hyphal
networks that explore the soil beyond the rhizosphere, increasing the
plant’s access to inorganic N sources (Tibbett and Sanders, 2002; Pena,
2016). Some EMF directly access N from soil organic substrates (Nicolds
et al., 2019; Lindahl et al., 2021). However, their enzymatic abilities for
decomposing organic substrates are generally lower than those of STF
(Lindahl and Tunlid, 2015). Recent meta-analyses suggest that EMF can
indirectly promote decomposition by stimulating STF activity, particu-
larly under conditions such as a low substrate C:N ratio (Choreno-Parra
and Treseder, 2024), low pH combined with a high C:N ratio (Fernandez
and See, 2025; Pena et al., 2025) or in more fertile soils (Pena et al.,
2025). This occurs through increasing the inputs of labile C, a process
known as “priming” (Johansson et al., 2009; Fontaine et al., 2011;
Zhang et al., 2019). In this way, EMF may also benefit from N released
through enhanced organic matter decomposition (Pena et al., 2013b). In
contrast, numerous studies have also shown that EMF suppress decom-
position by competing with STF for N, a phenomenon referred to as the
“Gadgil effect” (Gadgil and Gadgil, 1971; Averill et al., 2014; Fernandez
and Kennedy, 2016). This effect likely depends in part on substrate
quality, reflecting nutrient availability (Fernandez et al., 2020).

The interactions between STF and EMF guilds are particularly rele-
vant under nutrient-limited conditions, where they may influence plant
performance. While considerable progress has been made in identifying
the ecological drivers of fungal interactions (Fernandez et al., 2020;
Mayer et al., 2023; Fernandez and See, 2025; Pena et al., 2025) and in
quantifying their influence on soil C cycling in complex forest ecosys-
tems (Fernandez et al., 2020; Lang et al., 2021; Whalen et al., 2021;
Carteron et al., 2022), their effects on plant performance remain largely
unexplored. Competitive interactions between STF and EMF, particu-
larly those that suppress EMF (Shaw et al., 1995; Zadworny et al., 2004)
may impair plant performance (Pereira et al., 2012). Conversely, STF
may also facilitate EMF functioning by translocating nutrients to the
EMF mycelium (Lindahl et al., 1999, 2001), or promote plant growth
more directly by enhancing nutrient cycling and improving soil health
(Clocchiatti et al., 2020, 2021). Despite these insights, the direct impact
of EMF-STF interactions on plant performance under nutrient-limited
conditions remains largely untested. The study aimed to investigate
whether such interactions influence plant growth under low-nutrient
soils.

To achieve this, we used a plant-centric simplified experimental
design that excluded the complexity of natural soils and microbial
communities. This reduction in background variability provided a
controlled setting in which the individual and combined effects of STF
and EMF could be clearly isolated and evaluated. Micropropagated
poplar (Populus x canescens) plantlets were grown under nutrient-poor
conditions in the presence or absence of STF (Pholiota squarrosa), EMF
(Laccaria bicolor), or both. The genus Pholiota includes wood and soil
saprotrophs with a global distribution (Huang et al., 2024; Liu et al.,
2024; He et al., 2025) and is commonly found in association with poplar
and beech trees (Overholts, 1927; Lee et al., 2020). L. bicolor is a
well-characterised EMF known to colonise poplar roots and enhance
plant growth, primarily by improving N uptake (Lucic et al., 2008). The
nutrient source consisted of a mixture of more recalcitrant beech and
less recalcitrant poplar leaf litter.

Nitrogen is one of the essential elements for plant growth and
development, as it is a key component of amino acids, proteins, and
photosynthetic enzymes and pigments (Marschner, 2011; Mu and Chen,
2021). Nitrogen deficiency can severely limit photosynthesis by
reducing both light absorption capacity and the efficiency of carbon
fixation through carboxylation (Mu and Chen, 2021). Thus, we
hypothesise that (1) EMF enhance plant N uptake and photosynthetic
capacity; (2) STF promote plant growth by decomposing more recalci-
trant leaf, leading to increased N availability for plant; and (3) EMF-STF
interactions influence plant growth either positively, through facilita-
tion or negatively, through competition for resources, ultimately
affecting plant N nutrition.
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2. Materials and methods
2.1. Plant and fungal material

Grey poplars (Populus x canescens: Populus tremula x Populus alba,
clone INRA 717-1-B4) were multiplied by in-vitro micropropagation and
co-cultivated with fungi in square Petri dishes (12 x 12 cm) using the
cellophane membrane sandwich system described by Miiller et al.
(2013). The plantlets were initially grown for three weeks in Magenta ™
plant culture boxes (GA-7, Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany) on half-strength Murashige & Skoog (2MS) medium
(Murashige and Skoog, 1962) solidified with Gelrite (Duchefa, Haarlem,
Netherlands) in a plant incubator (FOC 200IL, Velp Scientifica, Usmate
Velate, Italy) under controlled conditions: 21°C, 60 % relative humidity,
and a 16-hour photoperiod. During that time, 22 plugs (about 5 mm
diameter) of fungal strains Laccaria bicolor (strain S238N Maire P.D.
Orton, originally provided by F. Martin, INRA, Nancy, France) and
Pholiota squarrosa (obtained from stock collection Forest Botany,
Gottingen, Germany), maintained in culture in darkness at 4°C on
modified Melin-Norkrans (MMN) medium, were transferred to square
Petri dishes on two halves of sterilised cellophane onto the MMN me-
dium. The Petri dishes were then sealed with Parafilm (Sigma-Aldrich,
Merck KGaA, Darmstadt) and incubated at 21°C for four weeks.

The poplar plantlets and fungi were then transferred together into
new square Petri dishes filled with MMNj,, medium (Miiller et al.,
2013), which differs from standard MMN by having 7.5 times less sugar
and a slightly higher pH (5.8 vs. 5.2). In the sandwich system, agar
medium was applied only to the lower half of the dish, covered with a
cellophane membrane on which the poplar plantlet was placed. The
fungal cellophane was then positioned directly on top, ensuring that the
fungal mycelium made direct contact with the poplar roots between the
two membranes. For non-inoculated control (NF) plants, sterile cello-
phane was used instead of fungal-inoculated cellophane. The lower
halves of all Petri dishes were wrapped in aluminium foil to simulate
dark soil conditions, and all dishes were incubated under the same
controlled conditions (21°C, 60 % RH, 16 h light/day). After three
weeks, once mycorrhization was visible, the plantlets were transferred
to pots containing the growth substrate.

2.2. Plant cultivation

Poplar plantlets together with the fungal mycelium grown on the
cellophane were removed from the MMN agar medium and transferred
to 3 L (16 cm diameter) pots filled with a substrate composed of Ter-
raGreen® clay (American Granules Plain, OIL-DRI, UK), silica quartz
sand (Sibelco, UK) and medium-sized vermiculite (Sinclair, Cheshire,
UK) in a 700:1600:100 ratio by mass. Prior to use, all components were
heat-treated to reduce microbial loads: they were heated to 105°C for
1 h, allowed to rest for 24 h, and then reheated under the same condi-
tions, as described by Soltangheisi et al. (2024). Following the final
treatment, the soil was dried in an oven at 90°C, leaving a substrate
disinfested of fungal propagules but not strictly sterile. Each pot was
amended with 6.0 g of milled leaf litter powder of European beech
(Fagus sylvatica) and Grey poplar in the ratio of 3:1, homogenously
mixed into the substrate. To minimise microbial contamination, the leaf
litter was dried at 90°C for two days prior to milling. To assess fungal
presence, 200 uL of a substrate suspension (0.5 g of substrate mixed with
10 mL of sterile distilled water) was plated onto PDA and MMN agar.
Plates were incubated at room temperature for 7 days, and no microbial
growth was observed. For five pots per treatment, the poplar leaf litter
was enriched with 1°N (4.96 + 1.11 Atom % '°N, 0.76 + 0.06 % N). The
beech litter originated from Rogate 718 intensive forest monitoring
Level II site in South England (51°01°00"N, 0°52’01.0"W). Each plant
was individually potted, resulting in four treatments, each with eight
replicates: five plants received '°N labeled litter and three received
unlabelled litter. While cellophane in the sandwich system is typically
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used to limit fungal spread and facilitate mycelium transfer (Schreider
et al., 2022), P. Squamosa could not be fully removed from the mem-
brane for transfer into pots. The intended reference inoculum was the 11
fungal plugs (5 mm diameter) per plant, grown on cellophane mem-
branes in the sandwich system. When mycelium could not be removed
from the membrane, we substituted the missing material with an
equivalent number of freshly excised fungal-agar plugs taken directly
from P. squarrosa culture plates. To ensure consistency in agar volume
between treatments, an equal number of agar-only plugs from L. bicolor
cultures were added to the EMF treatments. In the non-inoculated (NF)
control, sterile agar plugs were added in place of fungal material.

Plants were cultivated in a growth chamber (Controlled Environment
Laboratory at the University of Reading) under controlled environ-
mental conditions: 150 ymol m~2s~! PAR with a 16-hour photoperiod,
an air temperature of 22°C, and relative humidity maintained between
70-80 %. The cultivation period lasted 23 weeks. Pots were watered
regularly with demineralised water (every three days with 300 mL).
Gravimetric soil moisture content averaged 31.1 + 0.61 %, with no
significant differences between treatments (P = 0.171). The position of
each plant was randomly assigned at the beginning of the experiment
and rotated weekly to minimise positional effects.

To assess leaf litter decomposition, a mesh litterbag (1.3 mm mesh)
containing 2.0 g of beech leaf litter was placed on the surface of the
substrate in each pot.

2.3. Plant growth, chlorophyll fluorescence, and gas exchange
measurements

Plant height was recorded weekly from the second week onward
throughout the 23-week growth period in the controlled chamber.
Chlorophyll fluorescence measurements were conducted on dark-
adapted leaves at two time points using the integrated fluorometer of
a portable photosynthesis system (LI-6800, LI-COR Biosciences, Lincoln,
NE, USA).

Photosynthesis light response curves were recorded under a series of
controlled light intensities (1500, 800, 200 and 50 umol m~2s~! PPFD)
between 09:00 and 14:00 on fully developed, healthy leaves (typically
the 5th to 8th leaf from the apex). Measurement conditions were
standardised across all treatments, with leaf temperature maintained at
24 °C, relative humidity around 50 %, a flow rate of 500 ymol s—* and
fan speed set to 10,000 rpm. The reference CO, concentration was set to
740 umol mol ! to minimise short-term CO, limitation and ensure stable
photosynthetic responses. Gas exchange parameters, including net
photosynthetic rate (A), stomatal conductance (gs), and the
intercellular-to-ambient CO» ratio (C;/C,), were extracted from light
response curves at 800 yumol m~2 s~ PPFD, corresponding to the light-
saturation point where photosynthetic responses had stabilised (Pena
and Tibbett, 2025). To assess potential differences in carboxylation ef-
ficiency, we calculated the A/C; ratio as a proxy for photosynthetic
capacity.

2.4. Harvest

At harvest, plant height was recorded, and stem diameter was
measured 2 cm above the root collar using a digital calliper. Leaves,
stems, and roots were separated and weighed individually to determine
total fresh biomass. The number of leaves per plant was recorded, and all
leaves were scanned using a flatbed scanner (Canon, UK) for subsequent
image analysis. Leaves and stems were dried at 60°C to constant weight,
and their dry biomass was determined. Roots were carefully washed
with demineralised water, then separated into fine roots and coarse
roots, weighed, wrapped in moist tissue paper, and stored at 4°C for
further analysis.

Litterbags were carefully retrieved, gently opened, and the remain-
ing leaf material was cleaned, dried, and weighed. Decomposition was
calculated as the percentage of mass loss relative to the initial dry
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weight.

Within a few days, root systems were analysed using the WinRHIZO
image analysis system (WinRHIZO, Regent Instruments Canada, Mon-
treal, Canada) (Pena and Tibbett, 2025). A subset of approximately 500
root tips per plant was examined under a microscope (DM2700M, Leica
Microsystems, Wetzlar, Germany) to assess ectomycorrhizal colonisa-
tion. Mycorrhization rate was calculated using the following formula:

EM colonisation (%) = (Number of mycorrhizal root tips / Number of
total vital root tips) x 100

After analysis, the remaining root material was dried at 60°C to
constant weight for dry biomass determination. For leaf area measure-
ment, each leaf was measured from scanned pictures using ImageJ
software (https://imagej.net/ImagelJ).

Specific Leaf Area (SLA) was calculated for the entire plant: SLA
— Leaf Area (cm?)/ Leaf Dry Biomass (g).

2.5. Soil nutrient analysis

Plant-available nutrients were assessed using Plant Root Simulator
(PRS®) probes (Western Ag Innovations Inc., Saskatoon, Canada), which
consist of ion-exchange resin membranes embedded in plastic supports
that mimic root uptake by adsorbing nutrient ions from the soil solution
over time. Anion probes contain positively charged membranes that
attract negatively charged ions such as nitrate (NO3), phosphate (H2PO3,
HPO?), and sulfate (SOF). Cation probes have negatively charged
membranes that adsorb positively charged ions, including ammonium
(NH), potassium (K*), calcium (Ca?*"), and magnesium (Mg>™). Probe
pairs were inserted vertically into tubes containing the plant growth
substrate at a 10 cm depth and left in place for 7 days to allow ion
accumulation. The substrate, comprising both baseline (initial) samples
and those collected at the end of the experiment from each treatment,
was previously stored at —20 °C and was thawed prior to analysis.

2.6. N stable isotope measurements

For the measurements of N and '°N, fine root tissues were ground
into a fine powder using a Tissuelyser (TissuerLyser II, QIAGEN, Man-
chester UK). Total N and °N concentrations were determined using an
isotope ratio mass spectrometer (IRMS) at the Hutton Institute, Crai-
giebuckler, Aberdeen, UK. The relative 15N Atom percent excess (APE)
in labelled samples was calculated by subtracting the natural abundance
values from the measured enriched values. The total °N content was
then calculated as biomass multiplied by percent N, multiplied by APE.

Leaf N content was measured from dried leaf samples that were
ground to a fine powder using a TissueLyser II (Qiagen Ltd., Manchester,
UK). Approximately 0.1 mg of each homogenised sample was weighed
into tin capsules and analysed for total C and N content using a CHN628
Series elemental analyser (LECO Corporation, St. Joseph, ML, USA).

2.7. Statistical analysis

Statistical analyses conducted with R software version 4.2.2 (R Core
Team, 2022). Prior data analysis, normal distribution and homogeneity
of the variances were assessed visually by plotting the residuals or
performing the Shapiro-Wilk test and Levene test. When data met as-
sumptions of normality and equal variances, a one-way ANOVA was
conducted to test for treatment effects. Post hoc comparisons were
conducted using different methods depending on the analysis type.
Tukey’s HSD test was used for all pairwise comparisons between levels
of a single factor (e.g., treatment groups) using emmeans package (Lenth,
2024). For analyses involving multiple contrasts or custom combina-
tions of factor levels, we used the Sidak correction to adjust for multiple
testing.

When assumptions were violated, a non-parametric Kruskal-Wallis
test was used, followed by Dunn’s post hoc tests with Holm adjustment
for multiple comparisons (FSA package, Ogle et al., 2024). Grouping


https://imagej.net/ImageJ

R. Pena et al.

letters was assigned using the rcompanion package (Mangiafico, 2024).

Plant height data collected over time were analysed using a linear
mixed-effects model to account for repeated measurements on the same
individuals. The model included Treatment, Time Point, and their
interaction as fixed effects, with Plant ID included as a random effect
(nlme package, Pinheiro et al., 2023). The plots were generated using the
ggplot2 package (Wickham, 2016).

Analyses were conducted using complete-case data. Any observa-
tions with missing values for a given variable were excluded from that
specific analysis.

3. Results

3.1. Influence of mycorrhizal and saprotrophic fungi on plant traits and
biomass

We first examined whether the presence of fungi in the substrate and
the formation of ectomycorrhizas with poplar roots changes the plant
traits and performance compared to plants grown without fungal inoc-
ulation. After 23 weeks of growth in nutrient-poor substrate, about 7 %
of root tips of poplars inoculated with L. bicolor formed ectomycorrhizas,
whereas those of plants grown in the heat-treated substrate were non-
mycorrhizal (Table 1). Leaf area and specific leaf area (SLA) were
approximately 1.5-1.7 times greater in NF and STF plants compared to
those inoculated with EMF or EMF+STF (P = 0.006 and P < 0.001,
respectively). Leaf biomass did not differ significantly among treatments
(Table 1). The stem diameter and stem biomass were larger in plants
inoculated with both EMF and STF fungi compared to those inoculated
with STF alone (Table 2). STF plants also exhibited the lowest coarse and
fine root biomass among all treatments (Table 1). The highest fine root
biomass was observed in EMF-inoculated plants, particularly when STF
fungi were absent and only EMF was added to the substrate. This
treatment also resulted in the highest root-to-shoot ratio (Table 1).
Whole-plant biomass was lowest in STF plants, being approximately 1.4
times lower than in EMF-inoculated plants (P = 0.007, Table 1).

A repeated measures ANOVA was conducted to examine the effects
of treatment and time on plant height. There was a significant main
effects of Treatment (F(3 28) = 4.53, P = 0.010) and Time (F(21, sgs)
= 1012, P < 0.001), as well as a significant Treatment x Time interac-
tion (Fe3, 588) = 2.80, P = 0.001), indicating that plant height varied
over time and differed among treatments (Fig. 1). EMF+STF-treated
plants were significantly taller than STF-treated plants between weeks 6
and 16, while EMF-treated plants were taller than STF-treated plants
between weeks 7 and 16 (Fig. 1). However, these differences diminished
by week 17, when plant height reached a plateau and no significant
differences were observed among treatments (Fig. 1). The presence of
EMF was generally beneficial for plant height, although the difference
between EMF and NF plants was not statistically significant. NF plants
tended to be shorter than EMF plants, but this trend did not reach

Table 1
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Table 2

Maximum quantum efficiency of PSII (Fv/Fm) measured when plants were 10
weeks and 23 weeks old. Values are means + SE, (n = 8). Stars indicate sig-
nificant differences between the two time points (P < 0.05), based on two-way
ANOVA followed by Tukey’s HSD test.

Treatment Weeks Fv/Fm
NF 10 0.756 + 0.01*
23 0.718 + 0.01
STF 10 0.749 + 0.01*
23 0.712 + 0.02
EMF 10 0.753 + 0.00*
23 0.711 + 0.02
EMF+STF 10 0.742 + 0.01
23 0.719 + 0.01
40 NF
- STF
-e- EMF
-e- EMF+STF
€
< 30 1
=
R
[0}
T
€
[0
o
S 20
o}
=
10 4 Effect numDF denDF F-value P-value
Treatment 3 28  4.535 0.010
Time 21 588 1012 <.0001
Treatment x Time 63 588  2.807 <.0001

&I) ‘IIO 1I1 112 1I3 1I4 1I5 ‘IIG 1I7 1I8 1I9 2[0 2I1 2I2 2I3
Weeks after planting

Fig. 1. Plant height over time, measured weekly after planting. Plants which

were not inoculated with fungi (NF), inoculated with ectomycorrhizal fungi

(EMF), with saprotrophic fungi (STF), and a mixture of both EMF and STF fungi

(EMF+STF). Data represent mean values + SE (n = 8). Differences among

treatments at each time point are marked with stars. A summary of the repeated
measures ANOVA results is shown in the bottom-right inset.

significance (Fig. 1).

Root surface area and the number of root forks (i.e., branching
points) were approximately 1.4 times greater in EMF-inoculated plants
compared to STF plants (P = 0.026 and P = 0.005, respectively; Fig. 2).
Plants inoculated with both fungi, as well as NF plants, showed inter-
mediate values between the EMF and STF treatments. No significant
differences among treatments were observed for other fine root archi-
tectural traits, including total root length, specific root length, average

Plant traits and biomass for four fungal treatments: non-inoculated (NF), inoculated with ectomycorrhizal fungi (EMF), saprotrophic fungi (STF), or a mixture of both
(EMF+STF). Values are means =+ SE, (n = 8). Different letters indicate significant differences between treatments (P < 0.05). EMF colonisation, Leaf area, and Specific
leaf area were analysed using Kruskal-Wallis tests followed by Dunn’s post-hoc test. All other variables were tested using one-way ANOVA with Sidak-adjusted post

hoc tests.
Variables NF STF EMF EMF+STF
EMF colonisation (%) 0 0 7.39+£1.29a 6.93+1.38a
Leaf Area (cm? plant™!) 248.12 £+ 29.34 b 218.25 + 33.29 ab 139.62 + 11.41 a 135.88 +10.97 a
Stem Diameter (mm) 4.84 + 0.22 ab 441+0.22a 5.13 £ 0.22 ab 5.25+0.22b
Stem dry mass (g) 1.71 £ 0.17 ab 1.51 £0.17 a 1.98 + 0.17 ab 2.23+0.17b
Leaf dry mass (g) 1.14+£0.10a 1.29 £0.10 a 1.11 £0.10a 1.07 £ 0.10 a
Coarse root dry mass (g) 3.37 £ 0.35 ab 2.56 £ 0.35a 4.22 +£0.35b 4.00 £ 0.35b
Fine root dry mass (g) 3.78 £ 0.36 a 3.37+0.36a 5.7 +£0.36 b 4.66 + 0.36 ab
Plant dry mass (g) 10.01 + 0.88 ab 8.72 + 0.88 a 13.02 + 0.88 b 11.96 + 0.88 ab
Specific leaf area (cm? g™ 1) 231.54 + 35.54 b 170.11 + 22.48 b 126.03 + 2.47 a 127.25 +1.81 a
Root-to-Shoot ratio 2.55+ 0.12 ab 2.14+0.12a 3.22+0.12¢ 2.65+0.12b
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root diameter, and number of tips (Fig. 2). 3.2. Fungal influence on fine root nitrogen acquisition

Nutrient availability in the growth substrate changed substantially
during the experiment compared to the initial (baseline) substrate. NO3
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and NHj levels declined below detection limits across all planted
treatments, suggesting strong uptake by plants and microorganisms.
Phosphorus and K availabilities also decreased during cultivation, while
Ca availability increased relative to the baseline. No significant differ-
ences in nutrient availability were detected among the fungal inocula-
tion treatments (Table S1).

Mass loss from the leaf litter bags averaged 18.41 + 1.01 % with no
significant differences between treatments (P = 0.557, data not shown).

Leaf N concentrations and total nitrogen contents did not differ
among treatments (Figs. 3A, 3B). In fine roots, N concentrations were
highest in STF-inoculated plants (0.72 + 0.02 %), followed by NF plants
(Fig. 3C). In contrast, EMF and EMF+STF treatments exhibited signifi-
cantly lower N concentrations than STF, with values of 0.63 + 0.02 %
and 0.61 £ 0.02 %, respectively (Fig. 3C). There was no significant
interaction between EMF and STF on N concentration (F(; 28) = 3.71,
P = 0.064; Fig. 3C). Despite lower N concentrations, total N fine root
content was highest in EMF-inoculated plants due to their greater root
biomass (Fig. 3D). EMF inoculation alone increased N content in the fine
roots by approximately 1.4 times compared to NF and STF plants (F(1,2g)
=12.95, P = 0.001). STF alone did not significantly affect N content
(Fig. 3D). The EMF+STF combination resulted in intermediate values
between EMF and STF treatments, with no apparent interaction between
EMF and STF on N content (F(; 28) = 2.44, P = 0.129; Fig. 3D). No sig-
nificant differences in >N APE and excess '°N content were observed
across treatments, with all groups showing similar medians of approxi-
mately 0.076 % (Fig. 3E) and 0.022 mg, respectively (Fig. 3F). However,
in non-'°N labelled plants, EMF-inoculated plants showed higher natu-
ral content of '°N than NF plants in the fine roots (Fig. S1B). This
resulted in a 1.5 times larger >N accumulation in EMF and EMF+STF
than NF and STF '°N-labelled plants (F(j a8 =7.26, P=0.0118,
Fig. S1D).

3.3. Fluorescence responses and photosynthetic performance to fungal
inoculation

The maximum quantum efficiency of PSII (Fv/Fm) was below the
theoretical optimum of 0.80 in all treatments at all measuring times
(Table S2), suggesting that all plants experienced a mild photoinhibition
or environmental stress. There were no differences among treatments
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(F(3, 56) = 0.14, P = 0.936), but there was a significant decline of Fv/Fm
over time in most treatments (F;, s6) = 15.38, P < 0.001, Table 2), with
the exception of the EMF+STF (P = 0.202). There was no significant
interaction between treatment and time (F(3, 56) = 0.215, P = 0.885;
Table 2).

Photosynthetic light-response curves showed similar overall shapes
across treatments, with no differences in the net photosynthetic rate (A)
or light saturation point (Fig. S2). However, at 800 ymol m~2s~! PPFD
light intensity that falls within the plateau phase of the curves for all
treatments (Fig. S2), comparison among treatments revealed differences
in A at specific time points. At 8 weeks of age, NF plants showed higher A
compared to other treatments, although the difference was statistically
significant only when compared to STF-inoculated plants (P = 0.039,
Fig. 4). By 16 weeks, EMF-inoculated plants exhibited a 1.5-fold higher
A than NF plants (P = 0.015, Fig. 4).

Stomatal conductance was significantly higher in EMF-inoculated
plants at 16 weeks of age, showing values 1.8 times greater than NF
plants (P = 0.001) and 1.5 times greater than STF plants (P = 0.014),
with no significant differences observed at other time points (Fig. S3).
The Ci/Ca ratio, reflecting the balance between CO5 supply and assim-
ilation, ranged from 0.6 to 0.8 across treatments, indicating generally
well-balanced internal CO, conditions. However, Ci/Ca was higher in
EMF plants compared to NF (P = 0.022) and STF plants (P = 0.021;
Fig. S4). To further assess carboxylation efficiency, we calculated the A/
Ci ratio, which did not differ among treatments (Fig. S5), suggesting that
differences in biochemical fixation capacity did not drive the observed
variation in A.

4. Discussion

Although the influence of EMF-STF interactions on nutrient cycling
in forest soils has been largely documented in recent years (Fernandez
et al., 2020; Lang et al., 2021; Whalen et al., 2021; Carteron et al., 2022;
Mayer et al., 2023; Fernandez and See, 2025), information on their ef-
fects on plant performance is scarce. Our results demonstrate that EMF
and STF, individually and in combination, exert distinct effects on plant
growth, root architecture, and N acquisition in nutrient-poor conditions.
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Fig. 4. Net photosynthetic rate (A) of poplar plants under different fungal treatments: non-inoculated (NF), inoculated with saprotrophic fungi (STF), ectomycor-
rhizal fungi (EMF), or both (EMF+STF). A was extracted from light response curves at a PPFD of 800 umol m~ s™! at four developmental stages: 8, 10, 16, and 23
weeks after planting. Box plots show the distribution of individual values (dots), with horizontal lines indicating the median. Mean values + standard error (SE) are
shown as overlaid black points with error bars (n = 8). Different letters indicate significant differences among treatments (P < 0.05). Data from weeks 16 and 23
were analysed using Kruskal-Wallis tests followed by Dunn’s post-hoc test. All other variables were analysed using two-way ANOVA followed by Tukey’s HSD test.
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4.1. Fungal inoculation modifies juvenile poplar traits and growth

The plant height data followed a biphasic growth pattern, charac-
terised by a steady increase until week 17, followed by a plateau phase
that persisted through to the final harvest at week 23. This shift likely
reflects the onset of resource limitation (Fang et al., 2008). Plants were
grown in a sandy, nutrient-poor substrate supplemented with a mixture
of beech and poplar leaf litter as the sole nutrient source. Nitrogen
content of the leaf litter was relatively low, ranging from 0.9 % to 1.5 %
for beech (Zeller et al., 2000; Jacob et al., 2009) and averaging 0.8 % for
poplar. Despite fungal inoculation, mass loss from the beech leaf litter
remained close to 20 % across all treatments. In the substrate, by the end
of the experiment, plant-available N forms (i.e, NO3 and NHZ) were
nearly undetectable, while other macronutrients such as P and K were
also markedly reduced. These results suggest that while early growth
was supported by soluble compounds from the litter, the nutrient supply
became progressively limiting over time, constraining further height
gain during the later stages of the experiment. We found that inoculation
with EMF, either alone or in combination with STF, significantly
increased tree height between weeks 6 and 17, compared to
non-inoculated plants or those inoculated with STF alone. However, by
the end of the experiment, differences in total plant biomass between
EMF and non-inoculated plants were no longer apparent. These findings
are consistent with previous studies on young tree seedlings, which have
reported enhanced growth and biomass accumulation in the presence of
EMF under nutrient-limited conditions (Kennedy and Peay, 2007;
Langenfeld-Heyser et al., 2007). However, several studies have also re-
ported no significant growth differences, or even reduced growth, in
EMF plants compared with non-mycorrhizal plants (Pena et al., 2013a;
Shi et al., 2024). This variability is often attributed to the high C cost
incurred by the host plant to sustain the fungal symbionts and to support
the development of a more extensive root system that may be detri-
mental to plant investment in biomass (Verlinden et al., 2018). In our
experiment, the mycorrhization rate reached only 7 %, which is rela-
tively low compared to the 50 % colonisation reported by Shi et al.
(2024) in a study involving L. bicolor and Poplar x canescens. However,
low levels of ectomycorrhizal colonisation are not uncommon in juve-
nile plants (Nguyen et al., 2017; Kohler et al., 2018), likely due to the
high associated C costs that may exceed the C budget of young, devel-
oping plants (Hobbie, 2006; Nehls et al., 2010).

The biomass of EMF plants was higher than that of STF plants, pri-
marily due to increased root biomass. While the total number of root tips
did not differ among treatments, EMF-inoculated plants promoted
increased root branching, showing a significantly higher number of root
forks than STF plants. This is consistent with previous reports showing
that EMF can induce specific modifications in root architecture,
including enhanced lateral branching (Ditengou et al., 2015). Increased
fork numbers with stable tip numbers in EMF plants indicate a shift in
root architectural complexity rather than an increase in overall root
production, which was reflected by no difference in other root param-
eters. This may reflect a denser or more highly branched root network in
the EMF treatment, potentially enhancing soil exploration and
increasing surface area for nutrient uptake that was not necessarily
needed in the STF treatment when the nutrients could be more available
due to STF decomposing activity. The stability in tip number may also
suggest, under nutrient scarcity, that the development of new root apices
was not strongly affected, but rather that existing roots underwent more
frequent lateral branching. Such architectural changes are consistent
with EMF-driven modifications of root systems, where C allocation to
fungal partners can be linked to altered root foraging strategies that
favour intensive soil resource exploitation in localised zones rather than
extensive new root tip formation (Chen et al., 2016).

Contrary to our second hypothesis, STF alone did not enhance plant
biomass. This finding is notable, as it challenges the common assump-
tion that STF universally support plant growth by accelerating organic
matter decomposition and nutrient release (Clocchiatti et al., 2020).
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Instead, it aligns with previous observations of no differences in growth
between non-inoculated and STF-inoculated Castanea sativa plants
(Pereira et al., 2012). One possible explanation is that the contribution
of P. squarrosa to nutrient release was insufficient to meet the plant
demand under the given conditions. The observed lack of difference in
litter decomposition across treatments further supports the idea that STF
activity was not significantly stimulated under these conditions. It is
possible that the controlled setting used here constrained the expression
of STF functional potential, either due to imbalanced soil nutrient stoi-
chiometry, as predicted by ecological stoichiometry theory
(Zechmeister-Boltenstern et al., 2015) or due to the absence of a
home-field advantage. The latter, a characteristic of efficient decom-
poser communities particularly under nutrient-poor conditions, refers to
the enhanced decomposition of local species litter by locally adapted
microbial communities (Veen et al., 2015; Benito-Carnero et al., 2021).
It is important to note that the leaf litter was heat-treated prior to its use
in substrate mixing or leaf litter bags to reduce microbial load. While
this step is necessary, it may also lead to partial degradation of key
structural components such as pectin, hemicellulose, cellulose, and
lignin, compounds that are central to fungal decomposition dynamics. In
particular, thermal degradation around 80-90°C affects pectin and
hemicelluloses (Bufacchi et al., 2020) that are the most rapidly degraded
constituents during the early stages of litter decomposition (Snajdr et al.,
2011). Additionally, heating may alter the profile of volatile organic
compounds (VOCs) emitted from degrading leaf litter, which influences
soil microbial communities (McBride et al., 2020). However, abiotic
sources of VOCs, particularly hydrocarbons (e.g., methane, ethane,
ethene, propene, and aromatic compounds like benzene and toluene),
whose emissions increase with temperature, are generally less signifi-
cant than biotic sources (Gray et al., 2010). Moreover, Derendorp et al.,
(2010) have shown that after heat-induced depletion, VOC formation
can be initiated again when oxygen is present. Therefore, while drying
leaf litter at 90°C may alter some VOC profiles, this treatment is unlikely
to substantially impair fungal decomposition processes or microbial
interactions, especially considering the resumption of VOC activity
under aerobic conditions.

We also found that, contrary to our hypothesis, dual EMF-STF
inoculation produced similar effects on plant biomass and root archi-
tecture as EMF-only inoculation. This suggests that the presence of EMF
did not induce a priming effect that enhanced STF performance relative
to STF-only treatments, as might have been expected (Zhang et al.,
2019). Nor did STF outcompete EMF and suppress its beneficial effects, a
scenario observed by Pereira et al., (2012) and reflected in numerous
culture-based studies reporting antagonistic interactions between EMF
and STF (Shaw et al., 1995; Leake et al., 2001; Zadworny et al., 2004).
Similar outcomes were reported by (Albrechtova et al., 2012), who
found that dual inoculation with STF and arbuscular mycorrhizal fungi
enhanced plant growth to a similar extent as mycorrhizal-only treat-
ments. Although their study focused on a cultivated vegetable species
and involved arbuscular rather than EMF, their findings lend additional
support to the interpretation that dual fungal inoculations do not always
result in additive or synergistic effects as we have hypothesised.

4.2. Greater leaf litter-derived N in the fine roots of ectomycorrhizal-
inoculated plants

The low-nutrient substrate was supplemented with poplar and beech
leaf litter as a source of additional nutrients. We assessed N acquisition
by measuring total N and '°N concentrations and contents in fine roots,
using 1°N as a tracer for N specifically derived from the poplar leaf litter.
The two litter types differ in decomposability, which can influence mi-
crobial access to labile versus recalcitrant organic matter (Cornwell
et al., 2008). Compared to poplar, beech leaf litter has higher lignin
content and C:N ratios, leading to slower mass loss and reduced rates of
nutrient mineralisation under similar environmental conditions (Berg
and McClaugherty, 2014). We observed no differences in N acquisition
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from the °N-labelled poplar leaf litter across fungal treatments. How-
ever, STF-inoculated plants exhibited the highest N concentration.
Although this may be attributed to the functional capacity of
P. squarrosa, a wood-decomposing fungus (Miller Jr. et al., 1996) with
strong saprotrophic capabilities, in mobilising N from the more recal-
citrant beech leaf litter into the soil, the mass loss of the beech leaf litter
bags was consistent across treatments, suggesting that STF-inoculated
plants may not have benefited from overall litter decomposition. Thus,
the higher N concentration may reflect enhanced access to labile N
compounds released early in the decomposition process, rather than the
STF influence on mineralisation of bulk litter. This is supported by the
similar N levels in STF-inoculated plants and non-inoculated plants,
suggesting that both groups primarily accessed the same pool of readily
available N. Such uptake is consistent with the ability of plants to absorb
soluble organic N compounds-such as amino acids and small peptides,
released during early-stage litter breakdown, without requiring micro-
bial mineralisation (Nasholm et al., 2009).

Nitrogen concentrations were lower in the fine roots of EMF-
inoculated plants, both when inoculated alone and in combination
with STF. However, this indicates no competition for access to the labile
N compounds between EMF and host plants that could occur under
strong N limitation (Nasholm et al., 2013; Pena and Polle, 2014), as N
content was higher in EMF-inoculated plants compared to both
non-inoculated and STF-inoculated plants, likely due to their greater
root biomass. Similar patterns of increased total N and other nutrients in
EMF-inoculated plants relative to STF-inoculated ones have also been
reported by Pereira et al. (2012), further supporting this interpretation.
Again, the EMF effect was not found for the >N content, which did not
vary among treatments, indicating access to the beech leaf
litter-originated N. Nitrogen mobilisation from beech leaf litter
decomposition may be possible to a limited extent. Although L. bicolor
has lost many genes encoding the enzymatic machinery required to
degrade recalcitrant lignocellulosic substrates (Kohler et al., 2015), it
does express a range of oxidoreductases that are thought to contribute to
N mobilisation through the partial decomposition of organic matter
(Shah et al., 2016). However, the similar decomposition rates of beech
leaf litter across treatments suggest that the observed differences are
more likely due to the greater efficiency of EMF fungi in nutrient scav-
enging, rather than an increase in overall decomposition rate per se
(Pena et al., 2013b; Shah et al., 2016). This perspective is further sup-
ported by the positive correlation between the number of root forks and
root N content (data not shown), indicating that more extensive EMF
plant roots may have facilitated enhanced nutrient acquisition.

The >N natural abundance, measured in the fine roots of non-
labelled plants, was similar among treatments, indicating a similar
source of N (Deb et al., 2024). During decomposition, N released from
organic matter is often enriched in °N due to fungal fractionation
processes (Craine et al., 2015). Thus, plants absorbing N from those
sources may exhibit higher !°N enrichments. In contrast, ectomycor-
rhizal plants often show 15N depletion relative to their N source, as EMF
preferentially retain >N and transfer 1*N to their hosts (Hobbie and
Hogberg, 2012).

The interactions between EMF and STF fungi in the mixed inocula-
tion treatment were not statistically significant, providing no evidence
for either facilitation or competition between the two fungal groups.
This outcome contradicts our third hypothesis, which anticipated
interactive effects, either synergistic or antagonistic, on plant N acqui-
sition. However, the nature of EMF-STF interactions is known to span a
facilitation-competition continuum, and recent studies have reported
neutral outcomes where no clear interaction occurs (Pena et al., 2025).
For instance, Pereira et al., (2012) found that the outcome of dual
inoculation depended on the timing of STF introduction: competition
was observed when both fungi were introduced simultaneously, but not
when EMF had time to establish before STF inoculation. We may spec-
ulate that the lack of interaction observed in our study may reflect a
context-dependent neutrality rather than a true absence of functional
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interplay.

4.3. Enhanced photosynthetic performance in ectomycorrhizal-inoculated
plants

Although growth differences were apparent among treatments, the
health and functionality of the photosynthetic apparatus, as indicated by
values of Fv/Fm in dark-adapted leaves, were similar for all plants. The
Fv/Fm values were slightly below the theoretical maximum of 0.83,
indicating a mild level of chronic photoinhibition or stress across all
treatments (Maxwell and Johnson, 2000). This reduction in PSII effi-
ciency is likely linked to nutrient-related constraints (Warren, 2006;
Urban et al., 2017), particularly under controlled mesocosm conditions
when other potentially stressful factors were controlled. Numerous
studies have reported significant declines in Fv/Fm under
nutrient-limited conditions in trees and seedlings (Grassi and Bagnaresi,
2001). More specifically, N deficiency has been shown to reduce Fv/Fm,
reflecting impaired photosynthetic performance (Mu and Chen, 2021).
Nevertheless, the 16-week-old plants inoculated with EMF exhibited
significantly higher rates of net CO, assimilation (A), stomatal conduc-
tance (gs), and intercellular-to-ambient CO ratio (C;/C,) compared to
non-mycorrhizal plants. No significant differences were observed in the
quantum yield of CO5 assimilation in light-adapted leaves (®CO;) across
treatments (data not shown). The light intensity during measurements
(800 umol m~2s~!) was saturating and non-limiting, ensuring that dif-
ferences in A were not due to variation in light availability. It is
important to note that the gas exchange measurements were conducted
at an elevated reference CO5 (740 pmol mol’l), which reduced
short-term CO5 limitation and supported stabilised photosynthetic re-
sponses. While this elevated CO5 level may have enhanced A and
reduced g relative to ambient conditions, all measurements were con-
ducted under the same conditions, allowing robust comparisons among
treatments. The lack of variation in ®COy and Fv/Fm implies that
light-use efficiency remained stable across treatments, suggesting that
differences in A were primarily driven by enhanced CO2 acquisition
capacity, as indicated by higher gs and a higher C;/C, ratio. A role for
internal conductance, such as mesophyll conductance (gy,), cannot be
excluded, though the similarity of A/Ci and ®CO, among treatments is
consistent with gp, not differing substantially. Furthermore, the lack of
variation in the A/C; ratio indicates that biochemical limitations (e.g.,
Rubisco activity) were not the primary determinant of A. These findings
suggest that the physiological advantage conferred by mycorrhizal
symbiosis under nutrient-limited conditions was primarily due to
improved resource uptake and CO; availability, rather than enhanced
biochemical assimilation capacity (Shi et al., 2024).

These findings indicate that EMF play a more prominent role in
enhancing plant performance under nutrient-limited conditions, likely
by modifying root architecture, improving N uptake, and increasing
photosynthetic efficiency. However, it is important to acknowledge the
limitations of our simplified experimental setup, which lacked key soil
biotic components such as invertebrates that are known to significantly
influence fungal-mediated nutrient mineralisation and distribution
(Crowther et al., 2012). Additionally, the use of only one representative
fungus from each functional guild does not capture the high functional
and ecological diversity of natural fungal communities (Pena and Polle,
2014; Schroter et al., 2018; Wutkowska et al., 2021). Future studies
incorporating more complex soil ecosystems and diverse fungal assem-
blages are needed to determine whether these patterns persist under
more variable and field-realistic conditions.
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