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A B S T R A C T

Biotic factors in fungal exudates impact plant-fungal symbioses establishment. Mutualistic ectomycorrhizal fungi 
play various ecological roles in forest soils by interacting with trees. Despite progress in understanding secreted 
fungal signals, dynamics of signal production in situ before or during direct host root contact remain unclear. We 
need to better understand how variability in intra-species fungal signaling at these stages impacts symbiosis with 
host tissues. Using the ECM model Pisolithus microcarpus, we selected two isolates (Si9 and Si14) with different 
abilities to colonize Eucalyptus grandis roots. Hypothesizing that distinct early signalling and metabolite profiles 
between these isolates would influence colonization and symbiosis, we used microdialysis to non-destructively 
collect secreted metabolites from either the fungus, host, or both, capturing the dynamic interplay of pre- 
symbiotic signalling over 48 hours. Our findings revealed significant differences in metabolite profiles be-
tween Si9 and Si14, grown alone or with a host root. Si9, with lower colonization efficiency than Si14, secreted a 
more diverse range of compounds, including lipids, oligopeptides, and carboxylic acids. In contrast, Si14’s se-
cretions, similar to the host’s, included more aminoglycosides. This study emphasizes the importance of intra- 
specific metabolomic diversity in ectomycorrhizal fungi, suggesting that early metabolite secretion is crucial 
for establishing successful mutualistic relationships.

1. Introduction

The ecological role of genetically diverse mycobionts that establish 
on/in tree roots is of great interest for understanding processes associ-
ated to plant health and nutrient cycling. Amongst these, ectomycor-
rhizal (ECM) fungi colonise the roots of most forest trees and can 
contribute to host nutrition by weathering minerals and mobilizing 
nutrients from organic material in exchange for plant sugars, making the 
host and ECM ecologically dependent upon each other (Landeweert 
et al., 2001; Read and Perez-Moreno, 2003; Nehls et al., 2010; Diagne 
et al., 2013). ECM fungi include a diverse range of genera and species 
with distinct phenotypes associated to nutrient acquisition and cycling, 
stress tolerance, and interaction strategies such as colonization patterns, 
or mutualistic versus opportunistic behaviour with host plants. There-
fore, the ecological impact of these fungi on forest health is strongly 

linked to ECM fungal diversity in soils. Several recent studies have 
demonstrated that inter-species ECM diversity and richness within a 
single host root system enhance tree nutrition (Baxter and Dighton, 
2001; Köhler et al., 2018; Khokon et al., 2023). Less often considered, 
however, is how intra-species diversity on a root system may also 
contribute to host health. Early studies demonstrate that intra-species 
variation can significantly impact ECM nitrogen acquisition from 
organic sources (Anderson et al., 1999; Sawyer et al., 2003; Guidot et al., 
2005), nutrient trading (Plett K et al., 2021a; Hortal et al., 2017) and 
host interactions (Hazard et al., 2017a; Wong et al., 2019). This 
intra-species variation may also interact with nutrient availability. For 
example, in Laccaria bicolor colonised Pinus sylvestris seedlings, fungal 
intra-species identity significantly impacted the plant biomass but only 
under inorganic nutrient amendment (Hazard et al., 2017a). When 
studying Eucalyptus grandis/Pisolithus microcarpus interactions, it was 
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found that one isolate of P. microcarpus had a higher capacity to form 
ECM roots under reduced glucose concentration as opposed to three 
other isolates of the same fungal species that reduced host colonisation 
with reduced glucose (Plett K et al., 2021a). As intra-species identity and 
richness can contribute to increased plant root productivity and number 
of ECM-associated roots (Hazard et al., 2017b), it is important to 
improve our understanding of the pathways controlling host colonisa-
tion within ECM fungal species.

The interaction between ECM fungi and the host depends upon 
initiation and maintenance of complex signalling pathways (Daguerre 
et al., 2016). The signalling and inter-species fungal competition gov-
erning tree root colonisation by diverse ECM individuals is not well 
understood (Kennedy, 2010; Kennedy et al., 2011, 2020; Queralt et al., 
2019). Early host specific signals exuded into the rhizosphere within 
hours to days during the initiation of the symbiosis might be crucial in 
how the colonization evolves (Plett and Martin, 2012; Wong et al., 2019; 
Plett K et al., 2021b). These signals include sugars and other carbon rich 
compounds (Lagrange et al., 2001; Martin et al., 2001), volatile com-
pounds, metabolites, phytohormones. Fungal effectors such as the 
mycorrhiza-induced small secreted proteins (MiSSPs) released by ECM 
fungi are also crucial to establish symbiosis with host roots (Martin et al., 
2008; Plett et al., 2011; Plett and Martin, 2012; Doré et al., 2015; Martin 
et al., 2016). While it is widely established that signals are exchanged 
between the partners before they come into physical contact, there is 
still a knowledge gap on how ECM genetic diversity affects this signal-
ling and the impact of released compounds on host trees. In a study by 
Wong et al. (2019), different isolates of the ECM fungus P. microcarpus 
were tested for metabolite secretion during pre-symbiosis with Euca-
lyptus grandis. The metabolome profiling of fungus-exposed host root tips 
suggested a significant connection of the root metabolite responses to-
ward the microbial species during pre-symbiotic contact (within 24 h) 
with later colonization success in P. microcarpus isolates. Results are 
based on destructively harvested tissues and do therefore not capture the 
secreted metabolites in real time. Methods such as hydroponics 
(Johansson et al., 2008, 2009; De Vries et al., 2019), solid phase ex-
tractions (Menotta et al., 2004) or direct sampling using bulk root tissue 
(Tschaplinkski et al., 2014; Wong et al., 2019, 2020) have been used to 
identify metabolites in ECM interactions. However, it is challenging to 
sample metabolites secreted in situ across time since they are either 
present in low amounts or are modified rapidly (Oburger and Jones, 
2018). One way to overcome this is through the use of microdialysis, 
which offers lower risk of chemical alteration of metabolites during 
sample processing compared to other methods and allows for continuous 
sampling. The microdialysis technique, originally developed for neuro-
science applications, is a passive diffusion method (Delgado et al., 1972) 
that allows the sampling of chemical compounds in vivo and in vitro in 
plant tissues (Pretti et al., 2014; Plett K et al., 2021b) as well as in soil 
(Buckley et al., 2020). In a previous study, this technique enabled the 
continuous, non-destructive sampling of metabolites secreted by fungus 
and plant during the initiation of the ECM symbiosis between 
P. microcarpus isolate Si14 and E. grandis over 48 h. By using this tech-
nique, alterations in secreted secondary metabolites were characterised 
during the early stages of pre-symbiotic signalling (Plett K et al., 2021b).

In the present study, we extended this work to compare early sym-
biotic signalling between two isolates of P. microcarpus with known 
differences in colonisation potential for their host E. grandis: isolate Si9, 
with low colonization rates, and isolate Si14 with high colonization rates 
(Plett et al., 2015). Given the previously observed metabolite differences 
in E. grandis roots in pre-symbiotic contact with different isolates of 
P. microcarpus (Wong et al., 2019), we hypothesize that differences in 
early signalling and metabolite profiles would also be apparent at the 
interface of the fungus and the root, in addition to metabolite differences 
within roots in the presence of various fungal isolates. This variability 
could potentially explain the capacity of the fungal isolates to form 
symbiotic relationships with their host, E. grandis. We also determined if 
differences in secreted metabolites were also apparent in the free-living 

mycelium of each isolate and at different time points of early signalling 
in the presence of a plant.

2. Materials and methods

2.1. Biological material and growth conditions

P. microcarpus isolates Si9 and Si14 (Plett et al., 2015) were 
sub-cultured on full strength Melin-Norkrans media (MMN) media (0.50 
g/l (NH4)2HPO4, 0.30 g/l KH2PO4, 0.14 g/l of MgSO4*7H2O and 10 g/l 
glucose combined with 1 ml/l of 5 % (w/v) CaCl2 stock solution, 1 ml/l 
of 2.5 % (w/v) NaCl stock solution, 1 ml/l of 0.3 % (w/v) ZnSO4 stock 
solution, 133 μl/l of 0.1 % (w/v) thiamine stock solution and 1 mL/l of 
1.25 % (w/v) citric acid + FeEDTA stock solution, brought to pH 5.5 
before the addition of 13 g/l of agar) and grown at room temperature in 
the dark for one month. Small 1 × 1 cm squares were cut from the 
growing edges of the fungal colony and placed onto fresh half strength 
MMN media [1/2 MM N; 0.25 g/l (NH4)2HPO4, 0.15 g/l KH2PO4, 0.07 
g/l of MgSO4.7H2O and 1 g/l glucose combined with 0.5 ml/l of 5 % 
(w/v) CaCl2 stock solution, 0.5 ml/l of 2.5 % (w/v) NaCl stock solution, 
0.5 ml/l of 0.3 % (w/v) ZnSO4 stock solution, 66 μl/l of 0.1 % (w/v) 
thiamine stock solution and 0.5 ml/l of 1.25 % (w/v) citric acid +
FeEDTA stock solution, with pH set to 5.5 before adding 13 g/l of agar] 
covered with sterilized cellophane membrane (prepared as described in 
Felten et al., 2009). Plates were then incubated at 28 ◦C for two weeks.

Eucalyptus grandis seeds (CSIRO tree seed centre, lot 21,068) were 
sterilized using 30 % H2O2 for 10 min and were rinsed three times in 
sterile water before being plated on 1 % agar media inside a biological 
safety cabinet. These seeds were then kept inside a walk-in growth 
chamber (Kryo-Service Oy, Helsinki, Finland) for a duration of four 
weeks with 12-h day/night cycles, with temperature conditions of 25 ◦C 
day/22 ◦C night, a humidity level of 70 %, and a light intensity of 250 
μmol/m2/s. After this, the seedlings were moved to new 120 mm square 
Petri plates with 1/2 strength MMN media. To avoid desiccation and 
prevent the roots from growing into the media (to minimise root 
breakage during transfer to test plates and minimise adherence of 
media), sterile cellophane membranes were positioned above and below 
the roots of each of the three seedlings present on each plate. Following 
this, the seedlings were kept to grow for another four weeks in the same 
environmental conditions as described above, within the growth 
chamber.

2.2. Experimental design

The experiments were set up according to our previous methodology 
(Plett K et al., 2021b). Briefly, plates were assembled using 120 mm 
square Petri dishes with half strength MMN, low glucose (0.1 g/l) con-
taining one microdialysis probe (30 mm × 0.5 mm, 20 kDa MWCO, 
CMA20, CMA Microdialysis AB, Solna, Sweden) per plate to acquire 
metabolites released by the organism(s) (Fig. S1). To easily pass the 
microdialysis lead from the plate, holes were created by burning the side 
corner of the upper lid. The conditions were: six replicates of fungus only 
(Si9 or Si14), 12 replicates each of plant only, Si9+Plant, Si14+Plant, 
and duplicate media control.

To establish indirect pre-symbiotic contacts, all components were 
put together in petri dishes to achieve the different conditions (fungus 
only, plant + fungus, plant only and media control) according to Plett 
et al. (2021b). A semi-permeable cellophane membrane was utilized to 
physically separate plant roots and fungal colonies. This membrane only 
allows the passage of small proteins and signalling compounds between 
the two symbionts. The order of placement of membranes and symbionts 
was: (1) cellophane on the surface of media, (2) 8-week-old E. grandis 
seedling, (3) a microdialysis probe close to the seedling’s roots, (4) a 
cellophane membrane, and (5) a two-week-old fungal colony (Fig. 1A; 
Plett K et al., 2021b). Plant-only plates had a similar setup but without 
the fungal colony. Similarly, fungus-only plates had everything except 
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plants, and media controls were devoid of both fungal colony and plants. 
The Petri dishes were put together and placed directly in the growth 
chamber (12-h day/night cycles, 25 ◦C day/22 ◦C night) with the probe 
being connected to infusion pumps (CMA 4004; CMA Microdialysis AB, 
Solna, Sweden) perfused with sterilized MilliQ water at 5 μl/min flow 
rate. The dialysate (solution collected by the probe) containing metab-
olites was collected in a 2 ml screw cap vial at 4 ◦C. Sampling was done 
at 0 h, 8 h, 24 h, 32 h and 48 h post plant-fungus contact and 200 μl of 
each dialysate sample was flash frozen in liquid nitrogen and was then 
freeze-dried for 48 h (LaboGene CoolSafe Pro 110-4 Allerød, Denmark) 
and stored at − 80 ◦C.

Additionally, for five replicates per isolate, plates were assembled as 
above, however, without a microdialysis probe or a cellophane layer 
separating the fungus from the plant. These plates were maintained in 
the growth chamber for two weeks to allow for the formation of mature 
mycorrhizal root tips and assess colonisation rates. Percent mycorrh-
ization was determined by counting the number of mycorrhizal root tips 
exhibiting the formation of a mantle based on visual assessment under a 
stereomicroscope and dividing this by the total number of lateral roots 
in contact with fungal mycelium (x100 %).

2.3. Metabolite analysis

The preparation and metabolite analysis of stored samples was per-
formed according to our previous study (Plett K et al., 2021b). Briefly, 
10 μl of cold water, methanol, and formic acid (50/49.9/0.1) were 
added to the dried samples followed by vortex and sonication for 5 min. 
Subsequently, the solution was directly injected into a Waters nano-
ACQUITY UltraPerformance Liquid Chromatography system (Waters, 

Wilmslow, UK) that was coupled to a SYNAPT G2-S Mass Spectrometer 
(Waters, Wilmslow, UK). During the analysis, the samples were run in 
parallel with a pooled biological quality control sample (obtained by 
mixing small volumes of various samples across all conditions), method 
blanks (obtained from microcosms with only media), and true blanks 
(consisting of only the resuspension solution). The instrument was 
operated in both positive (ESI+) and negative (ESI-) electrospray ion-
isation modes. High-resolution mode was used in conjunction with ion 
mobility to improve the separation of ions.

2.4. Data pre-processing and analysis

Progenesis QI software (Nonlinear Dynamics Ltd., Newcastle upon 
Tyne, UK) was utilized for the data pre-processing comprising peak 
picking, peak alignment, and deconvolution. Pre-filtering of the dataset 
was carried out in SIMCA 17 (Sartorius, Göttingen, Germany) to exclude 
background, artefacts, and less abundant metabolite features (MFs) by 
selecting features through principal component analysis (PCA) overview 
of all samples (Fig. 1B). Filtering or exclusion of MFs and samples was 
done following two steps (Fig. S2): (i) MFs that were absent in more than 
50 % of the samples were removed, and any samples that were missing 
more than 50 % of MFs were removed from further analyses. Through 
this, 11,725 MFs from ESI+ and 11,206 MFs from ESI- modes were 
excluded, and 01 sample from ESI+ and 17 samples from ESI- modes at 
48 h were removed from further analyses (Table S1). (ii) Hoteling’s T2 
range test was conducted on the remaining samples (for four conditions- 
Si9, Si14, Si9+Plant and Si14+Plant) at all-time points to remove out-
liers. This test calculates the distance between each sample and the 
centre of the samples (Hristea, 2004). A value, for a given sample, that 

Fig. 1. (A) A schematic representation of a side-view of an in vitro plate-based microdialysis system with the probe sampling metabolites during indirect contact 
between P. microcarpus (Si9 and Si14) and E. grandis seedlings (modified with permission from Plett et al., 2021b) (B) Percentage of mycorrhizal roots with the two 
P. microcarpus isolates Si9 and Si14 on E. grandis roots (n = 5, error bars represent standard error). Mycorrhization percentage was calculated for five replicates per 
isolate in direct contact with E. grandis roots for two weeks (p < 0.05 according to unpaired t-test) (C) Flow chart describing major steps in analysing and filtering the 
metabolomics data obtained from the 48-h time point samples for ESI+ and ESI- modes (# refers to Fig. S2 which includes further steps for filtering the metabo-
lite features).
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exceeds the critical threshold (95 % T2Crit) indicates that the sample is 
distant to the rest of the samples in the PCA score-space. Consequently, 
such samples are likely to be outliers, as their probability of falling in the 
same group as the other samples is less than 5 %. Through this test, 11 
samples from ESI+ and 6 samples from ESI- modes were excluded from 
further analyses (Table S2, Figs. S3 and S4). The remaining MFs were 
then transformed by log transformation and UV scaling in SIMCA 17 
(Sartorius, Göttingen, Germany). A supervised multivariate analysis, 
namely orthogonal partial least squares discriminant analysis 
(OPLS-DA), was used to identify differences between the conditions, i.e. 
Si9 vs. Si14, and Si9+Plant vs. Si14+Plant at 48 h time point (Bylesjö 
et al., 2007). Regression (R2Y) and cross-validation (Q2Y) parameters 
were used to evaluate the OPLS-DA model fitness. The OPLS-DA model is 
considered as good if Q2Y > 0.4 (Worley and Powers, 2013). MFs highly 
relevant in differentiating between the conditions in each supervised 
OPLS-DA model were determined based on variable-in-projection (VIP) 
scores >1 and jack-knifing (ratio of loadings to confidence interval) for 
each ionisation mode. Univariate analysis was performed using one-way 
ANOVA followed by Tukey’s post hoc test (p < 0.05) using Metab-
oAnalyst 5.0 (www.metaboanalyst.ca, accessed on 24 April 2023) to 
evaluate the significance of the MFs that differentiated one condition 
from the other in the OPLS-DA model and time-based variation of MFs 
under all conditions. The MFs selected after multivariate (VIP score >1) 
and univariate analyses (Fig. S2) were used to create the heatmaps using 
MetaboAnalyst 5.0 through hierarchical clustering of the MFs averaged 
by a Euclidean distance measure and clustered by the Ward method. 
Heatmaps plotted the relative levels of each metabolite by mapping 
numerical values to colors to compare metabolite abundance or in-
tensity across different conditions.

MFs significantly different (p < 0.05 through one way ANOVA) in the 
two comparisons (Si9 vs. Si14 and Si9+Plant vs. Si14+Plant) were pu-
tatively identified using mass and fragmentation scores in Progenesis QI, 
matching the following databases: HMDB4, MONA, LipidMaps, Metlin, 
Kegg and CCS (Progenesis library) using a mass error tolerance of 5 ppm, 
and fragmentation scores >30. Metabolites of synthetic origin or drug or 
animal-derived were excluded. Also the MFs with 2 M/3 M adducts and 
scores less than 38 were removed. Adducts (2 M and 3 M) are the 
products of direct combination of two or more different molecules 
resulting in one single ion. The scores refer to a metric used to evaluate 
the match between the observed spectral data of a feature and a refer-
ence spectrum for a given compound. Classes were assigned to MFs 
based on common chemical structures when multiple matches were 
presented.

3. Results

Secreted metabolite profiles during pre-symbiotic host-fungal interaction 
differ between P. microcarpus isolates.

The colonisation potential of E. grandis by P. microcarpus isolate Si14 
was significantly higher than by Si9 (Fig. 1C) (p < 0.05). In order to 
understand how the colonization potential is reflected in and explained 
by the molecular dialogue between the plant and the two fungal isolates, 
we sampled metabolites by microdialysis. We identified >30,000 
secreted MFs in both ESI+ and ESI- modes in samples covering axeni-
cally grown plants or fungus as well as early pre-symbiotic plant-fungus 
contact at time points 0 h, 8 h, 24 h, 32 h and 48 h (Fig. 1B). Considering 
only the final 48 h time-point, separation of treatment groups was 
analysed using PCA in which fungus-only groups were clearly separated 
from all others (Fig. 2A and B). Separation of plant only and pre- 
symbiosis groups (Si14+Plant and Si9+Plant) were also observed in 
the ESI- analysis (Fig. 2B).

We used OPLS-DA to identify distinct secreted fungal MFs between 
the isolates Si9 and Si14 grown axenically, as well as the plant and/or 
fungal secreted MFs after 48 h of pre-symbiotic interaction for ESI+ and 
ESI- modes. Based on regression and cross-validation, a clear separation 
of the metabolite profile of the two fungal isolates (Si9 vs. Si14) in both 
ESI+ and ESI- modes (Fig. 3A and B) and in pre-symbiotic plant-fungus 
contact (Si14+Plant vs. Si9+Plant) for ESI- mode (Fig. 3D) was 
observed. Although the comparison Si14+Plant vs. Si9+Plant in ESI +
mode was weakly fitted (R2Y = 0.936, Q2Y = 0.236), several significant 
MFs (KESI+ = 1879) were extracted from this comparison that contrib-
uted to the slight separation (Fig. 3C). A total of 4729 (ESI+)/2835 (ESI- 
) MFs for the fungus-only condition (Si9 vs. Si14) and 1879 (ESI+)/3714 
(ESI-) MFs in the presence of plants (Si9+Plant vs. Si14+Plant) were 
found to be significantly different (based on VIP score >1 and jack- 
knifing) (Fig. 1C, Fig. S2, Table S3 and S4). The top 100 MFs based on 
VIP scores, characterised by high abundance in the respective condition 
(Si9, Si14, Si9+Plant and Si14+Plant) for each mode were selected. This 
resulted in a total of 200 MFs in each Si9 vs. Si14 and Si9+Plant vs. 
Si14+Plant conditions.

The higher colonising P. microcarpus isolate Si14 shows a secreted 
metabolite profile that is more similar to the host plant alone than the 
lower colonising isolate Si9.

To further examine the difference in relative abundance of signifi-
cant MFs across these four conditions (Si9, Si14, Si9+Plant and 
Si14+Plant), a one-way ANOVA was conducted for the above selected 
top 200 MFs obtained from each multivariate analysis (OPLS-DA) across 
all conditions. Based on these results, the 100 most significant MFs 
among the four conditions (based on ANOVA p < 0.05 value) for both 
Si14 and Si9 were selected and heatmaps showing their relative 

Fig. 2. Principal component analysis (PCA) of all the conditions in (A) ESI + mode and (B) ESI- mode demonstrating the separation of fungus-only groups from the 
plant groups at 48 h. The outliers excluded are listed in Table S1.
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abundance across all conditions were generated (100 MFs total; Fig. 4, 
Fig. S5). Those MFs with high abundance in the fungal-only groups 
(when grown axenically) typically showed reduced abundance when the 
plant was introduced (solid line for Si14 and dashed line for Si9 in 
Fig. 4A and B). Interestingly, considering the MFs most differentiating 
the Si9+Plant and Si14+Plant conditions, MFs highly abundant in 
Si14+Plant conditions were also abundant in plant-only samples (dotted 
line, Fig. 4C and D), whereas MFs abundant in Si9+Plant conditions 
were virtually undetectable in plant-only samples (dash-dotted line, 
Fig. 4C and D).

P. microcarpus isolates Si14 and Si9 demonstrate a differential accu-
mulation of metabolites over time as compared to secreted metabolites in the 
presence of plant.

For annotation, we considered those MFs from the top 100 lists given 
in Fig. 4 that showed a significant difference in abundance specifically 
between the Si9 and Si14 conditions or Si14+Plant and Si9+Plant 
conditions in both ESI+ and ESI- modes based on ANOVA. This resulted 
in a total of 94 (42 in Si9 vs. Si14 and 52 in Si9+Plant vs. Si14+Plant) 
and 116 MFs (26 in Si9 vs. Si14 and 90 in Si9+Plant vs. Si14+Plant) in 
ESI+ and ESI- modes, respectively. These MFs were then searched 
against different databases for annotation in Progenesis QI software in 
their respective ionisation modes. Compound classes or putative iden-
tifications were assigned to the MFs as available. While most remain 
unidentified (74 in ESI+ and 103 in ESI-), 20 and 13 MFs in ESI+ and 

ESI- modes were classified to broad compound classes including amino 
acids, oligopeptides, terpenoids, fatty acid derivatives, carbohydrates 
and alkaloids (Table 1).

Using the list of 94 and 116 MFs, we considered their abundance over 
time (0 h–48 h) within the five different conditions (Plant only, Si9, 
Si14, Si9+Plant and Si14+Plant) (Fig. 5). Most of the annotated MFs 
dominant in Si14 (solid line box in Fig. 5) exhibited the highest abun-
dance during the early stages of the interaction (0–8 h) in ESI + mode 
and contained amino acids and their derivatives. This pattern was also 
seen in the other fungus containing conditions for these MFs. Few MFs 
from Si14 showed pronounced abundance towards later stages (32–48 
h). For Si9 dominant metabolites (dashed line box in Fig. 5), most of the 
putatively identified metabolites showed higher abundance towards the 
48 h time point and corresponded mostly to peptides and nucleotide 
sugars. Likewise, the secreted metabolites dominant in the Si9+Plant 
condition (dash-dotted box in Fig. 5) in both ESI+ and ESI- modes 
demonstrated a gradual accumulation over time, reaching their peak at 
the 48 h time point; these included signalling molecules, peptides and 
lipids classes. A variation in temporal pattern for metabolites dominant 
in the Si14+Plant condition (dotted box in Fig. 5) was observed in both 
ESI modes with some occurring abundantly during early interaction and 
a few increasing in abundance towards 48 h. These mostly involved 
signalling compounds and carboxylic acid derivatives. From the heat-
map (Fig. 5), it was found that many metabolites found highly abundant 

Fig. 3. Supervised multivariate analyses (OPLS-DA) of the fungus-only conditions and indirect contact at 48 h. The comparison between Si9 and Si14 in absence of 
the host plant in (A) ESI+ and (B) ESI- modes shows clear separation and strong model fitness (Q2Y > 0.4) in the cross-validation (CV) scores plot (C) In ESI + mode, 
the indirect contact (i.e., Plant + Si9 and Plant + Si14). exhibit overlapping scores, resulting in a weakly fitted model (Q2Y = 0.236) (D) In ESI- mode, the indirect 
contact show clear separation, with one possible outlier, leading to a well-fitted model (Q2Y = 0.745).
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in Si9+Plant were absent or lowly abundant in plant-only samples. 
However, interestingly, the metabolite pattern of the Si14+Plant con-
dition at early time points closely resembled the abundance pattern of 
MFs in the Plant-only condition as also observed in Fig. 4.

4. Discussion

The pre-symbiotic signalling stage of mutualistic establishment be-
tween ECM fungi and their hosts serves as a crucial phase during which 
both organisms undergo noteworthy alterations in physiological and 
molecular parameters before establishing physical contact. These al-
terations are induced and facilitated through the exchange and 
perception of a wide array of metabolic signals. While prior in-
vestigations provide evidence that changes in plant metabolites exhibit a 
degree of selectivity in response to diverse microbial species (Kamilova 
et al., 2006; Giovannetti et al., 2015; Kelly et al., 2018), our present 
study sought to extend the understanding on secreted metabolites and 
their altered abundance during pre-symbiotic signalling between two 
isolates of the same ectomycorrhizal fungal species (P. microcarpus) and 
E. grandis roots.

Our analyses revealed a distinctly different secreted metabolite 
profiles from axenically grown isolates Si9 and Si14, despite belonging 
to the same species. These distinctive metabolomic profiles may 
contribute to the difference in root colonisation observed between these 
isolates. Si9’s profile was enriched in lipids, oligopeptides, and car-
boxylic acids. These compounds could be involved in maintaining cell 
structure and facilitating energy metabolism, important in fungal 

adaptation to environmental stressors (Keyhani 2018; Fedoseeva et al., 
2021). Conversely, Si14 produced more aminoglycosides. In support of 
intra-species variability, studies on Cenococcum geophilum (Li et al., 
2022) and Suillus bovinus (Fransson et al., 2007) demonstrate that 
metabolic differences between isolates of the same ectomycorrhizal 
species may be common. The functional implications of these difference 
must, therefore, be considered when studying the role of ECM fungi in 
natural settings.

The interaction of the fungal isolates with the plant profoundly 
influenced the profile of secreted metabolites recovered. While identi-
fying the precise origin of metabolites during indirect contact remains 
challenging and many could have been of plant origin, we observed a 
significant shift in metabolites during pre-symbiotic plant-fungus 
interaction compared to those produced by the fungus or the plant 
alone. This is consistent with the results of our previous study in which 
the presence of plant host with P. microcarpus significantly altered the 
metabolites produced in the extra-cellular space (Plett K et al., 2021b). 
While relatively few metabolomic studies focus on secreted metabolites, 
other studies in plant–mycorrhizal interactions have observed similar 
dramatic shifts in metabolite profiles extracted from roots upon the 
introduction of mycorrhizal fungi (Sebastiana et al., 2021; Wong et al., 
2020; Zou et al., 2023; Ghirardo et al., 2020). Interestingly, our results 
show that the pre-symbiotic interaction between the low root colonizer 
Si9 and E. grandis led to a variety of metabolites that were either not 
present or only weakly present in the pre-symbiotic interaction between 
the higher root colonizer Si14 and E. grandis. In contrast, the overlap 
between the MFs of Si14+Plant and Plant-only conditions suggest that 

Fig. 4. Heatmaps of the distribution of the top 100 significantly higher and lower abundance of features in both Si9 and Si14 (A, B); and Plant + Si9 and Plant + Si14 
(C, D) across all treatment groups at 48 h (listed in bold in Table S2 and Table S3) (A, C represent ESI + mode, and B, D ESI- mode). The significance of features was 
determined through one-way ANOVA with p < 0.05 (Fig. S2). The observations excluded from PCA listed in Table S1 were also excluded from these heatmaps. The 
data represented is the mean of replicates (n) (ESI + mode: n = 12 for Plant-only, Si9+Plant and Si14+Plant, n = 6 for Si14 and n = 5 for Si9; ESI- mode: n = 8 for 
Plant-only, n = 9 for Si9+Plant and Si14+Plant, n = 3 for Si14 and Si9). The colour scale represents the distribution and abundance of metabolite peak intensities 
where blue signifies lower and red signifies higher abundance of metabolites within the dataset. The values − 1.5 to 1.5 are based on z-score data scaling which means 
metabolite levels are 1.5 standard deviations below and above the mean value. The rectangular boxes represent the comparison of metabolite abundance (solid line 
for Si14 and dashed line for Si9 to compare with their plant counterparts in A and B; and dotted line for Si14+Plant and dash-dotted line for Si9+Plant to compare 
with plant-only condition in C and D). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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these MFs might be predominantly plant-derived rather than fungal.
Fungal and plant signalling and metabolomic regulation have pro-

found impacts on mycorrhizal interactions, including colonization po-
tential, carbon-nitrogen trading dynamics and nutrient acquisition. 
Recent studies have demonstrated that mycorrhizal fungi exhibiting 
high colonisation potential on a host are able to effectively suppress 
plant immune responses, typically through the activity of effector pro-
teins that act as negative regulators of plant defence genes (Plett et al., 
2011; Daguerre et al., 2020; Favre-Godal et al., 2020; Plett et al., 2020; 
He et al., 2020). Our results would suggest that, in addition to microbial 
effectors, distinct metabolic patterns between P. microcarpus isolates 
may contribute to their differing mycorrhization potential. Our time 
course analysis of significant MFs found that metabolites primarily 
associated with Si14 showed higher abundance at the initial time points 
(0–8 h), while those primarily associated with fungus Si9 became more 
dominant as the time progressed to 48 h. It could be hypothesized that 
metabolite suppression at early time points in Si14 may contribute to 
root colonization by avoiding host immune system activation. Alterna-
tively, the metabolites seen in the Si9+Plant condition could be pri-
marily of plant origin and indicative of a heightened plant immune 
response that does not occur in interaction with Si14. Further tests on a 
broader array of isolates and species should be considered in future to 
determine if some isolates may adopt a stealth covert strategy, secreting 
fewer metabolites to avoid triggering the host’s immune response.

Recent studies have also shed light on the mechanisms by which 
mycorrhizal fungi with high colonization potential suppress plant 

immune responses. Mycorrhizal fungi contain beta-glucan and chitin in 
their cell walls that are absent from plant walls and can initially trigger 
plant immune responses during interaction (Bartnicki-Garcia, 1987; 
Zeng et al., 2020). However, as the symbiotic relationship progresses, 
these fungi employ strategies to downregulate these immune responses, 
facilitating successful colonization. For instance, mycorrhizal fungi 
produce effector proteins that act as negative regulators of plant defence 
genes, suppressing the production of defence chemicals like salicylic 
acid, jasmonic acid, and ethylene (Enebe et al., 2023). A notable 
example is the secretion of MiSSP7 by L. bicolor, which interacts with 
jasmonic acid inducible gene repressors, leading to the downregulation 
of defence gene expression (Plett et al., 2011; Daguerre et al., 2020; 
Favre-Godal et al., 2020; He et al., 2020). Similarly, arbuscular mycor-
rhizal fungi, like Rhizophagus irregularis, produce RiSLM (a lysin motif 
effector), which binds to chitin oligosaccharides on the fungal cell walls, 
thus protecting them from plant-produced chitinases and subverting 
chitin-triggered immune responses (Bozsoki et al., 2017; Zeng et al., 
2020). These findings highlight the sophisticated biochemical tactics 
employed by mycorrhizal fungi to modulate plant immune systems, 
ensuring effective symbiosis formation and nutrient exchange.

Although the exact identification of the metabolites within our 
samples was impeded due to a lack of known standards, our analyses 
revealed their classification into prominent metabolite classes, including 
amino acids, peptides, terpenoids, flavonoids, alkaloids, nucleotide de-
rivatives and fatty acids. Notably, terpenoids and flavonoids have 
established roles as secreted and volatilised compounds that play pivotal 

Table 1 
Putative compound classes and identifications of metabolic features under conditions in which they are 
abundant.
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roles in mediating microbial interactions (Steinkellner et al., 2007; Plett 
et al., 2024). Additionally, the widespread involvement of alkaloids is 
evident as they present dual roles in plant defence mechanisms and 
growth process regulations (Waller and Nowacki, 1978; Velič;kovic’ 
et al., 2019). The presence of these metabolite classes aligns with studies 
demonstrating that plant secondary metabolites, including terpenes, 
quinolone derivatives, phytohormones, and sterols, modulate ectomy-
corrhizal colonization (Dahm and Golińska, 2011; Marqués-Gálvez 
et al., 2024). In our dataset, lipids and oligopeptides were among the 
highly abundant MFs present during pre-symbiotic signalling with host 
roots with both isolates. In the P. sylvestris - Pisolithus tinctorius interac-
tion, contrasting lipid compositions between the intraradical and 
extraradical mycelia of the ECM has been observed (Laczko et al., 2004). 
This disparity highlights the potential significance of plant lipid trans-
location, potentially influencing the functionality of ectomycorrhizal 
symbiosis as lipids may play a role in signalling, energy storage or as 
structural components of the fungi that could influence fungi’s ability to 
perform symbiotic functions. However, overlapping of certain MFs be-
tween fungal only and indirect contact conditions poses challenges in 
interpreting the effects of these metabolites on the interaction dynamics. 
Such overlapping metabolites could either play roles in the interaction 
or represent generalist metabolites (Rey et al., 2013; Miyata et al., 2014; 
Zhang et al., 2015).

The variability in metabolite abundance at different time points also 
highlights the intricate and evolving nature of metabolic signalling 
during the pre-symbiotic phase of these interactions. Over time, lipids, 

oligopeptides, and nucleotide sugars emerged as predominant com-
pounds released during the later stages of pre-symbiotic interaction, 
specifically between 32 and 48 h. In contrast, sesquiterpenoids, indo-
loquinolines, phenylpyridine, hydroxycoumarin, and triazinanes detec-
ted in Si14+Plant conditions exhibited distinct temporal abundance 
patterns with the majority starting to appear from 0 h and decreasing 
gradually. These metabolites have well-established roles in ectomycor-
rhizal colonization (Dahm and Golińska, 2011) and in root architecture 
modification during colonization (Ditengou et al., 2015; Plett et al., 
2024) however our findings suggest the timing of their involvement at 
different stages of symbiotic contact may be important. Notably, these 
signalling metabolites were absent in the Si9+Plant condition. Wong 
et al.’s (2019) investigation putatively characterized fatty acid de-
rivatives, alkaloids, and terpenoids after 24 h of pre-symbiotic interac-
tion. Our study also identified these metabolites in both the fungus-only 
and indirect contact groups, albeit with distinct temporal patterns.

Ectomycorrhizal diversity, both between and within species, is 
important to optimised tree health and resilience. Understanding the 
metabolic pathways that impact fungal–host interactions may shed light 
on how these communities establish. In conclusion, the diversity in 
metabolite production and colonization strategies among different iso-
lates of the same fungal species, such as Pisolithus, may play a crucial 
role in the dynamics of plant–microbe interactions in forest ecosystems.

Fig. 5. The time-point distribution of putatively identified significant metabolic features from 0 h to 48 h under different conditions in ESI + mode and ESI- mode. 
The outliers excluded are listed in Table S2. The data represented is the mean of replicates (n) (t = different time points; n = number of replicates in each time point; 
RT = retention time; m/z = mass to charge ratio; different colour dots represent the putative class of compounds, also specified in Table 1). The solid line represents 
metabolites for Si14, dashed line for Si9, dotted line for Si14+Plant and dash-dotted line for Si9+Plant metabolites. The colour scale represents the distribution and 
abundance of values within the data where blue signifies lower and red signifies higher abundance of metabolites within the dataset. The values − 4 to 4 are based on 
z-score data scaling which means metabolite levels are 4 standard deviations below and above the mean value, respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.)
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Buckley, S., Brackin, R., Jämtgård, S., Näsholm, T., Schmidt, S., 2020. Microdialysis in 
soil environments: current practice and future perspectives. Soil Biol. Biochem. 143, 
107743.
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