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Summary

� All orchids rely on mycorrhizal fungi for organic carbon, at least during early development.

In fact, orchid seed germination leads to the formation of a protocorm, a heterotrophic

postembryonic structure colonized by intracellular fungal coils, thought to be the site of nutri-

ent transfer. The molecular mechanisms underlying mycorrhizal interactions and metabolic

changes induced by this symbiosis in both partners remain mostly unknown.
� We studied plant–fungus interactions in the mycorrhizal association between the Mediter-

ranean orchid Serapias vomeracea and the basidiomycete Tulasnella calospora using nontar-

geted metabolomics. Plant and fungal metabolomes obtained from symbiotic structures were

compared with those obtained under asymbiotic conditions.
� Symbiosis induced substantial metabolomic alterations in both partners. In particular, struc-

tural and signaling lipid compounds increased markedly in the external fungal mycelium grow-

ing near the symbiotic protocorms, whereas chito-oligosaccharides were identified uniquely in

symbiotic protocorms.
� This work represents the first description of metabolic changes occurring in orchid mycor-

rhiza. These results – combined with previous transcriptomic data – provide novel insights on

the mechanisms underlying the orchid mycorrhizal association and open intriguing questions

on the role of fungal lipids in this symbiosis.

Introduction

In nature, most land plants associate with symbiotic fungi to
form mycorrhizas. Depending on the morphology of the associa-
tion and the taxonomic position of the symbiotic partners, four
major mycorrhizal types are formed, namely arbuscular, ecto-,
ericoid and orchid mycorrhizas (van der Heijden et al., 2015).
Mycorrhizal fungi increase the host plant’s ability to acquire min-
eral nutrients and to tolerate biotic and abiotic stresses. In
exchange, the fungal partner receives photosynthesis-derived car-
bon (C) as an energy source and takes advantage of a protected
niche (Smith & Read, 2008). Orchids are peculiar because their
minute seeds lack an endosperm and the symbiotic fungus pro-
vides the germinating seed and developing embryo with organic
C, a strategy termed mycoheterotrophy (Leake, 1994; Merckx,
2013), as well as other nutrients such as N and P (Cameron
et al., 2006, 2007, 2008; Dearnaley & Cameron, 2017). Symbi-
otic seed germination leads to the formation of a small spherical
body referred to as protocorm (Rasmussen, 1995), in which
intracellular hyphal coils (or ‘pelotons’) are formed and are

thought to be responsible for nutrient transfer from the fungus to
the host plant (Peterson & Farquhar, 1994).

Recently, the molecular bases underlying plant–microbe inter-
actions in orchid mycorrhiza (OM) have been investigated (Yeh
et al., 2019). Gene expression profiling has identified fungal and
plant genes putatively involved in signaling, symbiotic seed ger-
mination, mycoheterotrophy and plant defense (Zhao et al.,
2013; Perotto et al., 2014; Kohler et al., 2015b; Miura et al.,
2018; Lallemand et al., 2019). Additionally, labeling experiments
with stable isotopes (Cameron et al., 2008; Kuga et al., 2014)
and molecular analyses (Zhao et al., 2013; Fochi et al., 2017a)
have focused on nutrient exchanges between the symbionts.

Metabolomics is an alternative approach to the investigation of
metabolic changes in symbiosis. Through the determination of
the low-molecular-weight complement of biological systems
(Kluger et al., 2015), metabolomics provides direct information
on the biochemical status of cells. Although little is known about
metabolite alterations in OM, some plant secondary metabolites
may play a role in the interaction. For example, the amount of
lusianthrin, an antifungal stilbenoid initially identified in the
orchid Lusia indivisa (Majumder & Lahiri, 1990), was increased
in mycorrhizal protocorm-like bodies of Cypripedium*These authors contributed equally to this work.
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macranthos, suggesting a role in fungal control (Shimura et al.,
2007). Similarly, symbiotic Anacamptis morio protocorms were
enriched in the phytoalexin orchinol, compared to nonmycor-
rhizal protocorms (Beyrle et al., 1995). Some flavonoids,
polyphenols, ascorbic acids and polysaccharides also increased in
mycorrhizal orchids, compared to non-mycorrhizal plants
(Chang & Chou, 2007).

Nontargeted metabolomics aims to investigate the entire
metabolome, thus representing a powerful tool to profile thou-
sands of metabolites potentially linked to nutrition and regula-
tion of plant–fungal interactions, especially in combination with
pathway analyses (Fiehn et al., 2000; Aharoni et al., 2002; Schlie-
mann et al., 2008). It has previously been used to investigate
plant–microbe interactions in legume root nodules (Zhang et al.,
2012), in roots colonized by the fungal endophyte Piriformospora
indica ( Hua et al., 2017), in ectomycorrhisas (Tschaplinski et al.,
2014) and arbuscular mycorrhizas (Schliemann et al., 2008;
Laparre et al., 2014; Rivero et al., 2015, 2018; Hill et al., 2018).

Here, we employed metabolomics to investigate in vitro the
mycorrhizal association between the Mediterranean orchid
Serapias vomeracea and the basidiomycete Tulasnella calospora
(Cantharellales). Serapias vomeracea seeds and T. calospora
mycelium were grown together to form mycorrhizal orchid proto-
corms, and plant and fungal metabolite profiles were compared to
those obtained when plant and fungus were cultivated separately
as asymbiotic protocorms and free-living mycelium. We inte-
grated metabolomic analyses with genomic information available
for T. calospora (Kohler et al., 2015a) and our previously pub-
lished transcriptomic data (Fochi et al., 2017a). In addition to dif-
ferences in the metabolite profiles of symbiotic and asymbiotic
protocorms, the results revealed intriguing and unexpected differ-
ences in the lipid content of free-living and symbiotic T. calospora
mycelium.

Materials and Methods

Biological materials

Free-living mycelium of T. calospora Tulasnella calospora
(Boud.) (AL13 isolate) was originally isolated from mycorrhizal
roots of the terrestrial orchid Anacamptis laxiflora (Lam.) R.M.
Bateman, Pridgeon and M.W. Chase in Northern Italy (Girlanda
et al., 2011) and was grown on solid 2% malt extract agar (MEA)
at 25°C for 20 d before use. Three plugs (6 mm diameter) of
actively growing mycelium were transferred onto a sterilized cel-
lophane membrane placed on top of oat agar (OA, 0.3% milled

oats, 1% agar; Fig. 1a,d) – the same as that used for symbiotic
seed germination – in 11 cm Petri dishes (Schumann et al.,
2013). After 20 d at 25°C, the free-living mycelium (FLM) was
collected to avoid depletion of the culture medium and to keep
the same growth conditions used previously for the

Fig. 1 (a) Schematic representation of the in vitro symbiotic germination
system of Serapias vomeracea seeds with the orchid mycorrhizal fungus
Tulasnella calospora (redrawn from Ercole et al., 2015b). (b) Symbiotic
seed germination in Petri dishes –mycorrhizal symbiotic protocorms
(SYMB) of S. vomeracea (red box) and fungal mycelium (MYC) growing
on a cellophane membrane near the symbiotic protocorms (blue box) after
30 d of co-incubation. (c) Asymbiotic protocorms (ASYMB) grown on BM1
medium 120 d after sowing. (d) Free-living mycelium (FLM) of
T. calospora grown on a cellophane membrane on oat medium (OA) at
20 d post-inoculation (dpi).
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transcriptomic analysis (Fochi et al., 2017a), immediately frozen
in liquid N2 and stored at �80°C.

Symbiotic and asymbiotic germination of S. vomeracea
seeds Symbiotic seed germination was obtained by co-inocula-
tion of mycorrhizal fungus and orchid seeds in 9 cm Petri dishes
(Ercole et al., 2015). After surface sterilization, seeds were resus-
pended in sterile water and dropped on strips of autoclaved filter
paper (1.5 9 3 cm) positioned on OA. A plug of actively growing
T. calospora mycelium was then placed in the center of each Petri
dish, and plates were incubated at 20°C in full darkness for 30 d
in order to obtain healthy mycorrhizal protocorms (Fig. 1b), as
previously reported (Fochi et al., 2017a). Symbiotic germination
was also performed by placing the mycelial plug on autoclaved
cellophane membrane, in order to collect the fungal mycelium
(MYC) growing near to the protocorms (Fig. 1c,d). Fungal
mycelium samples were harvested by carefully scraping the
mycelium with a spatula. Asymbiotic germination was achieved
by placing surface-sterilized seeds directly on modified BM1 cul-
ture medium (Van Waes & Debergh, 1986) at 20°C in darkness.
In order to have protocorms at the same developmental stage,
symbiotic protocorms (SYMB) were collected at 30 d post-inocu-
lation (dpi) and asymbiotic protocorms (ASYMB) at 120 dpi. All
samples were flash-frozen in liquid N2 and stored at �80°C.

Sample preparation for metabolomic analysis Serapias vomer-
acea symbiotic and asymbiotic protocorms and the T. calospora
mycelium were disrupted with TissueLyser (18Hz, 2min, twice,
Qiagen Diagnostic GmbH, Hilden, Germany). Frozen powder
samples (100mg) were extracted with 1ml of methanol : iso-
propanol : water (1 : 1 : 1, v/v/v) for 1 h at 4°C with constant shak-
ing. Subsequently, the solution was centrifuged at 18 620 g for
15min at 4°C, and the supernatant was recovered, dried in a cen-
trifugal evaporator (Savant SpeedVac, Thermofisher Scientific, Bre-
men, Germany) and stored at �80°C. Before metabolomic
analysis, the dried samples were dissolved in 200 µl of 50% acetoni-
trile in water and centrifuged at 18 620 g at 4°C for 10min.

Ultra performance liquid chromatography ultra-high
resolution tandem quadrupole/time-of-flight mass
spectrometry ( UPLC-UHR-QqToF-MS) measurements

Ultra performance liquid chromatography (UPLC) ultra-high resolu-
tion (UHR) tandem quadrupole/time-of-flight (QqToF) mass spec-
trometry (MS) measurements were performed on an Ultimate
3000RS (ThermoFisher, Bremen, Germany) coupled to a Bruker
Impact II with Apollo II source (ESI source; Bruker Daltonic, Bre-
men, Germany). Chromatographic separation was achieved on a C18

column (1009 2.1mm inner diameter with 1.7 µm particles; Fortis
Technologies, Neston, UK). The eluents used were water with 0.1%
formic acid (A), and acetonitrile with 0.1% formic acid (B). Gradient
elution started with an isocratic hold of 0.5% B for 1min, followed
by an increase to 30% B in 15min and a further increase to 80% B
for 5min. During the last 3min, the initial conditions of 0.5% B
were restored. The flow rate was 400 µl min�1 and the column tem-
perature was kept at 40°C. The auto-sampler temperature was 4°C.

For each sample, two technical replicates were measured in both posi-
tive (+) and negative (�) ionization modes. Before sample analyses,
quality control (QC) samples prepared from the aliquots of the differ-
ent samples were injected for column conditioning. Mass calibration
was achieved with 50ml of water, 50ml isopropanol, 1ml sodium
hydroxide, and 200 µl formic acid. The mass spectrometer was set up
as follows: nebulizer pressure = 2 bar; dry gas flow = 10 l min�1; dry
gas temperature = 220°C; capillary voltage = 4000V for (+), 3000V
for (�); endplate offset = 500V.Mass spectra were acquired in a mass
range of 50–1300m/z in both (�) modes.

Nontargeted metabolomic analysis

Each MS spectrum file was separately imported into the
GENEDATA Expressionist for MS software v.13.5 (M€unchen,
Germany) for peak picking and alignment. The pre-processing
steps of the spectra in GENEDATA were: (1) chemical noise reduc-
tion, (2) retention time alignment, (3) identification of m/z fea-
tures using the summed-peak-detection feature, (4) discarding of
peaks not present in at least 10% of the mass spectra for isotope
clustering, (5) discarding of singletons (clusters with only one
member). The resulting peak matrix was exported, both (�)
modes were combined, and the average peak intensity for both
technical replicates was calculated and further used for statistical
and annotation analyses. Peak intensities ranged between 0 and
4.69 106. Mass features (m.f.) with positive values in less than
three of the four biological replicates in one sample group and
containing only zero values in other groups were removed from
the data matrix. Finally, for the m.f. kept, zero values were set to
1. The resulting peak list was further used for annotation and sta-
tistical analysis. Metabolic annotation was achieved as previously
described (Kersten et al., 2013; Way et al., 2013), using the por-
tal MassTRIX3 (http://masstrix3.helmholtzmuenchen.de/ma
sstrix3). Compared to MassTRIX (Suhre & Schmitt-Kopplin,
2008; W€agele et al., 2012), the updated version, MassTRIX3,
contains all metabolites of KEGG (http://www.genome.jp/
kegg/), the Human Metabolome Database (HMDB – http://
www.hmdb.ca), ChemSpider (http://www.chemspider.com),
KNApSAcK (http://kanaya.naist.jp/KNApSAcK), Lipid Maps
(http://www.lipidmaps.org) and PubChem (https://pubchem.
ncbi.nlm.nih.gov). Putative molecular formulas were calculated
from all m.f. using 4 ppm as a threshold. Molecular formulas
were used to calculate H : C, O : C, N : C, P : C, S : C, and N :
P ratios for the production of van Krevelen diagrams and for
multidimensional stoichiometric compound classification
(MSCC) (Rivas-Ubach et al., 2018).

Pathway and functional analyses

Pathway analysis was performed using the Pathway Omics Dash-
board tools of BioCyc (https://biocyc.org/; Paley et al., 2017) on
annotated metabolites, the concentrations of which changed signifi-
cantly in MYC/FLM. We used METACYC v.23.1 (https://metacyc.
org) as a reference database (Caspi et al., 2018). The biological func-
tions of the regulated annotated metabolites in MYC/FLM were
obtained from the KEGG, HMDB and Lipid Maps databases.
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Transcriptomic data

Symbiotic and asymbiotic growth conditions used for these
metabolomic studies were the same as those previously investi-
gated by transcriptomics in Fochi et al. (2017a). Transcriptomic
data are, however, missing for the MYC samples. The complete
series of fungal and plant transcripts are available at GEO
(GSE86968 and GSE87120, respectively).

Statistical analysis

Experiments were performed using four independent biological
replicates. Metabolomics data were analyzed by principal compo-
nent analysis (PCA) and orthogonal partial least squares regres-
sion (OPLSR) (using SIMCA-P v.13; Umetrics, Ume�a, Sweden).
The pre-processing of the data followed established procedures
(Ghirardo et al., 2005, 2012, 2016). Discriminant masses (Kal-
ing et al., 2015) between the different mycelia (MYC and FLM)
and the protocorms (SYMB and ASYMB) were further tested (t-
test) for statistical significance using a false discovery rate (FDR)
of 5% according to the Benjamini–Hochberg procedure (Ben-
jamini & Hochberg, 1995) as previously described (Way et al.,
2013). Hypergeometric tests were performed using the function
phyper in R v.3.6.0 (R Core Team, 2019).

Data availability

All UPLC-UHR-QqToF-MS raw data have been deposited in
the open science framework data repository and are accessible at
https://osf.io/5ayw7/?view_only=b315f2bf8fa9473cbe05417dd
505ac33.

Results

Impact of symbiosis on plant and fungal metabolomes

The metabolome of symbiotic protocorms (SYMB) and
T. calospora mycelium (MYC) collected near the symbiotic proto-
corms (Fig. 1a,b; Table 1) were compared with asymbiotic proto-
corms (ASYMB) and free-living mycelium (FLM) grown in pure
culture on the same medium used for symbiotic seed germination

(Fig. 1c,d; Table 1). We found a total of 24 818 metabolite-re-
lated mass features (m.f.), with the plant metabolomes being
more complex (14 722 m.f. for SYMB, 16 213 for ASYMB) than
the fungal metabolomes (4376 m.f. for MYC, 3337 for FLM).

The number of common and specific m.f. in symbiotic and
asymbiotic plant samples and mycelia were visualized using a
Venn diagram (Fig. 2). The 521 m.f. common to all samples are
most likely related to a ‘core metabolome’ composed of primary
metabolites found in both partners (Fig. 2). The 8583 m.f. that
were found to overlap in SYMB and ASYMB samples, but were
absent in MYC or FLM samples, likely represent plant metabo-
lites involved in general plant functions of orchid protocorms.
Several m.f. were unique to either symbiotic (SYMB, 3977) or
asymbiotic (ASYMB, 5433) orchid protocorms. Although these
unique m.f. could represent plant metabolites related to symbio-
sis, some may instead be the result of the different culture condi-
tions required to grow symbiotic and asymbiotic protocorms at a
similar developmental stage. For these reasons, a detailed com-
parison between SYMB/ASYMB samples was not considered,
although it represented an important control for the identifica-
tion of changes in the fungal partner. In particular, m.f. uniquely
found in MYC, SYMB, and FLM samples (315) may be related
to some fungus-specific compounds, as they were not found in
ASYMB samples. Conversely, some m.f. (449) common to
MYC, SYMB, ASYMB may be related to plant-specific com-
pounds transferred from orchids to fungus. Of the unique
3977 m.f. found in symbiotic protocorms (SYMB), some may be
related to symbiosis-specific metabolites from both mycorrhizal
partners, that is, fungal compounds produced during protocorm
colonization or fungal-induced plant compounds. Interestingly, a
relatively high number of m.f. (1265) were uniquely found in
MYC samples, indicating accumulation of distinct metabolites in
the hyphae close to (but outside) the host plant. It is worth not-
ing that none of the 291 and 315 m.f. uniquely found in MYC-

Table 1 Experimental growth conditions for untargeted metabolomics.

Sample
ID

Experimental
condition Description

FLM Free-living fungal
mycelium on OA

Free-living mycelium of
Tulasnella calospora grown on a com-
plex OA medium

MYC External fungal
mycelium on OA

Mycelium of T. calospora grown on a
complex OA medium and collected near
Serapias vomeracea protocorms

SYMB Symbiotic
protocorms

S. vomeracea protocorms colonized by
T. calospora on a complex OA medium

ASYMB Asymbiotic
protocorms

S. vomeracea protocorms grown on mod-
ified BM1 culture medium

OA, oatmeal agar medium.

Fig. 2 Venn diagram of specific and shared mass features (m.f.) occurring
and overlapping in symbiotic (SYMB) and asymbiotic (ASYMB) Serapias
vomeracea protocorms, Tulasnella calospora free-living mycelium (FLM)
and mycelium growing near symbiotic protocorms (MYC).

New Phytologist (2020) � 2020 The Authors

New Phytologist� 2020 New Phytologist Trustwww.newphytologist.com

Research

New
Phytologist4

http://GSE86968
http://GSE87120
https://osf.io/5ayw7/?view_only=b315f2bf8fa9473cbe05417dd505ac33
https://osf.io/5ayw7/?view_only=b315f2bf8fa9473cbe05417dd505ac33


SYMB or in FLM-MYC-SYMB (Fig. 2) could be reasonably
matched in databases; they likely represent symbiosis-specific
compounds and constitutive fungal compounds, respectively.

In addition to unique and shared plant and fungal metabolites,
the symbiotic plant–fungus interaction likely resulted in differen-
tial accumulation of a broader set of metabolites. Principal com-
ponent analysis of all m.f. abundances comprehensively
visualized changes in metabolite concentrations and showed a
highly diverse metabolic profile among samples (Fig. 3). Not sur-
prisingly, the most considerable distance (46%), as seen by the
first component (PC1), was between ASYMB, SYMB and fungal
mycelium (MYC/FLM). A further and significant distance
among data was described by PC2 (34%), which clearly separated
SYMB from ASYMB samples and, to a lesser extent, by PC3
(7%), MYC from FLM samples. Here, it must be noted that
ASYMB contains a different growing medium, which likely con-
tributes to the difference between ASYMB and the rest of the
samples.

To gain insights into the metabolites and the metabolic path-
ways that are altered in symbiosis, we performed an OPLSR anal-
ysis followed by database annotation of the significant (adjusted
P < 0.05, FDR 5%) discriminant masses (Kersten et al., 2013).
We putatively annotated the m.f. and calculated the log2 ratios of
intensities (nondetected m.f. were set to 1) for SYMB/ASYMB,
SYMB/MYC, SYMB/FLM, and MYC/FLM to assess metabolic
regulation (see Supporting Information Table S1). Additionally,
we employed the very recently developed MSCC approach,
which classifies sum formulas for lipids, protein-related
molecules, amino sugars, carbohydrates, nucleotides, and oxy-
aromatics (or phytochemicals) based on their elemental composi-
tions (Rivas-Ubach et al., 2018). This method avoids the limita-
tions of actual database coverage, especially for less described
organisms. The global metabolic changes of the main compound
categories from annotated and nonannotated metabolites signifi-
cantly and differentially accumulated during plant–fungus sym-
biosis are visualized in MSCC and van Krevelen diagrams

(Fig. 4, S1). The MSCC analysis highlighted the higher number
of lipids that were increased in MYC, compared to FLM samples
(P < 0.001, hypergeometric test, Fig. 4a; Table S2). Such an
increase in MYC can also be seen in the van Krevelen diagram
(H/C ≥ 1.32 and O/C ≤ 0.6, Rivas-Ubach et al., 2018; Fig. 4c).
Conversely, amino sugars and protein-related (i.e. N-containing)
compounds were decreased in the MYC/FLM comparison
(P < 0.001, hypergeometric test; Fig. 4a; Table S2).

Metabolic changes in the T. calosporamycelium

Metabolic changes caused by symbiosis were clearly detected in
the external hyphae of T. calospora (Fig. 4a) and represent an
aspect of the interaction that has so far remained unexplored. We
first used the Pathway Omics Dashboard tool of MetaCyc as
unbiased analysis to visualize the overall significant metabolic
changes observed in fungus during its symbiotic interaction with
the plant and in relation to lipids. When compared to FLM, the
MYC metabolome had significantly higher levels (adj-P < 0.05)
of compounds involved in lipid biosynthesis, followed by cell
structures, hormones, carbohydrates, or compounds involved in
metabolic regulation (Fig. 5).

Since MetaCyc was unable to classify ~ 70% of the annotated
metabolites, we additionally investigated the chemical taxonomy
and functions of regulated metabolites using data from the litera-
ture or available databases. This in-depth analysis showed that
several compounds related to cell-structure and signaling were
increased in MYC (Fig. 6; Table S1). Compared to lipids,
notable changes in several N-, O- and S-containing compounds
were observed in the external mycelium of T. calospora (Fig. 6a).
With respect to functions, symbiosis caused an overall increase in
the amount of structural, signaling, and energy-related com-
pounds in MYC, as compared to FLM, mainly related to lipids
(Figs 5, 6b; Table S1). Among lipids (120 metabolites), glyc-
erophospholipids (GP, 68), fatty acyls (FA, 14), and isoprenoids
(prenol lipids, 13) were considerably increased in MYC or not

Fig. 3 Score plots of principal components analysis (PCA) for all mass features detected by nontargeted metabolomics. (a) Principal component (PC)1 vs
PC2 shows the metabolic distances between Tulasnella calospora AL13 growing as free-living mycelium (FLM) or collected near the symbiotic protocorms
(MYC), and between Serapias vomeracea symbiotic (SYMB) and asymbiotic (ASYMB) protocorms. (b) PC3 depicts metabolic differences between MYC
and FLM. The variances explained by each PC are given in parentheses. Ellipses denote the Hotelling’s T2 confidence interval of 95%. n = 4 biologically
independent replicates. ASYMB, green square; FLM, red circles; MYC, black circles; SYMB, grey square.
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detected in FLM (log2 > 10) (Table S1). Among the few anno-
tated metabolites from the 449 m.f. common to MYC-SYMB-
ASYMB (Fig. 2) and significantly different in MYC/FLM, 32
were lipids, of which 15 were glycerolipids (GL) and 10 iso-
prenoids. Some N-containing organic compounds (29),
organosulfur compounds (8), and oxy-aromatic metabolites (14)
involved in defense were also highly increased in MYC. On the
other hand, fewer lipids (48) (FA, 10; isoprenoids, 9), but more
N-containing compounds (41), organosulfur compounds (17),
and, among phytochemical compounds (17), alkaloids (14) were
significantly decreased (Fig. 6).

The external mycelium of T. calospora showed specific
changes in lipid content

The largest metabolomic differences between MYC and FLM were
in the amount and composition of lipids (Figs. 6, S2; Table S1), in
particular GP and sphingolipids (SP). Most of those metabolites
were not detected in FLM, as seen in Table S1 for compounds with
log2 values > 7.4. Among the 81 GP that were increased in MYC,
the compound with the largest value (log2 = 21.4) was putatively
annotated as lysophosphatidylethanolamine (LysoPE), a lysophos-
pholipid (LyP) involved in signaling. Notably, there was a consider-
able increase in the abundance of 18 glycerophosphoserines (GPS;
log2 > 10) but a decrease in only one, and the abundance of the GP
precursor palmitic acid was consistently increased (log2 = 9.1).
Among GP, 13 phosphatidylcholines (PC) and 9 phosphoinosi-
tides (PI) were more abundant (log2 > 10) in MYC than in FLM.
Also, a glycerophosphocholine, putatively annotated as 1-palmi-
toyl-sn-glycero-3-phosphocholine (LPC(16:0)) was increased
(log2 = 14.4) in MYC samples. The GP phosphatidic acid PA
(22:0/14:1(9Z)) – an essential intermediate in the biosynthesis of
both triacylglycerols and GP, and therefore involved in energy
(storage and source) and structural metabolism – also increased

(log2 = 12.9) in MYC. The FA derivatives of hydroxyeicosate-
traenoic acid, 15-HETE (log2 = 21), and 8-hydroxyoctadeca-
9Z,12Z-dienoic acid (8-HODE or laetisaric acid) (log2 = 13.85),
an FA with allelochemical functions, were also highly increased in
MYC. Moreover, the large accumulations of sphingosine
(log2 = 13.58) and PI-Cer(d20:0/16:0) (log2 = 12.58) indicate an
increase in SP biosynthesis in MYC.

Direct integration of metabolomic and transcriptomic data
was unfortunately not possible because previous transcriptomic
analyses (Perotto et al., 2014; Fochi et al., 2017a) did not
investigate the MYC condition. However, significant changes
in the expression of fungal genes involved in lipid metabolism
(Table S3) were observed between SYMB and FLM. Among
the fungal genes most upregulated in symbiosis (fold change,
‘FC’ > 10) were two members of the Ca2+-independent phos-
pholipase A2 (Protein ID (#) 53822, #25657) and a myo-inos-
itol-1-phosphate synthase (#72491), which are essential for the
biosynthesis of inositol-containing phospholipids (PI) and cer-
tain SP signaling molecules. Two fungal genes corresponding
to phosphoinositide kinases (FC = 4.6, #26793, FC = 2.4,
#28485) and three sphingosine N-acyltransferases, a key
enzyme involved in SP biosynthesis, were upregulated in sym-
biosis (#18228, #79587, #18227) (Table S3). Conversely, the
abundance of one glucosylceramidase (#33445) decreased con-
siderably. Several genes involved in FA metabolism through
the Acyl-CoA coenzyme were also affected (Table S3), includ-
ing two downregulated genes coding for thiolases (#16280,
#131995).

Finally, we observed large changes of 29 isoprenoids in the
MYC/FLM comparison (Table S1), with 10 being found in
MYC-SYMB-ASYMB but not in FLM. In particular, eight triter-
penoids, one diterpene and one tetraterpene were markedly
increased (log2 > 10). Although transcriptional information on
the MYC condition is not available, five T. calospora genes

(a)

(c) (d)

(b)
Fig. 4 (a, b) Multidimensional stoichiometric
compound classification (MSCC) of
significantly (adj. P < 0.05) differentially
accumulated mass features (m.f.), and van
Krevelen diagrams (c, d) showing all
metabolites (in grey) and statistically
increased (in red) or decreased (in blue)
metabolites in asymbiotic and symbiotic
conditions. ASYMB, asymbiotic orchid
protocorms; FLM, asymbiotic free-living
mycelium; MYC, fungal mycelium growing
near the mycorrhizal protocorms; SYMB,
symbiotic orchid protocorms. The magnitude
of differentially accumulated metabolites are
depicted in (c, d) with different symbol sizes
(larger symbols represent stronger
regulation), using √(log2(x))/2 for increased
and √(�log2(x))/2 for decreased metabolites,
where x is MYC/FLM (in c) or SYMB/ASYMB
(in d). Rectangles in (c, d) indicate the limits
for lipids (in green), amino sugars (in black)
and carbohydrates (in red), according to
Rivas-Ubach et al. (2018).
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encoding terpenoid synthases were significantly upregulated in
symbiotic protocorms (Table S3), two of them with FC > 20
(#70959, #22905).

Nitrogen-containing fungal compounds Nitrogen-containing
(nonphospholipid) compounds were the second group of
metabolites significantly affected in T. calospora, with a large
decrease in MYC, relative to FLM (Fig. 6a; Table S1). Although
most of these compounds could not be reliably annotated, they
indicate large changes in fungal N metabolism during symbiosis.
Two of the few identified compounds with increased levels in
MYC compared to FLM were UDP-N-acetyl-D-glucosamine
(UDP-GlcNAc; log2 = 9.52) and dolichyl-N-acetyl-ɑ-D-glu-
cosaminyl-phosphate (log2 = 11.47), N-containing compounds
that are essential for the biosynthesis of N-linked glycans, glyco-
sylphosphatidylinositol (GPI)-anchored proteins, SP and glycol-
ipids. UDP-N-acetyl-D-glucosamine can be polymerized to form
chitin, a major component of fungal cell walls. Short oligomers
of chitin and chitosan, its deacetylated form, were found to be
similarly enriched (log2 from 11.9 to 13.6) in SYMB compared
with either MYC or FLM, whereas no differences were observed
between MYC and FLM (Table S1). Chitosan is produced
through the activity of chitin deacetylase, and three chitin
deacetylase genes (#174258, #26855, #107589) out of the nine
present in the T. calospora genome were significantly upregulated
in SYMB with respect to FLM (Table S3). By contrast, a single
chitin synthase (#31299) was slightly upregulated in symbiosis
(FC = 2, Table S3). Short chitin oligomers could be also gener-
ated from long chitin polymers by chitinase activity. The expres-
sion of both fungal and plant chitinases was modified by
symbiosis (Tables S3, S4), with some plant chitinases being
strongly upregulated in symbiotic protocorms (TRINITY Contig

Names: DN77284_c0_g1_i3, DN5745_c0_g1_i1, DN66370_
c0_g1_i1, DN62020_c0_g1_i1).

Comparing symbiotic and asymbiotic conditions, another pri-
mary class of regulated N-containing compounds was involved in
amino acid (AA) metabolism (Table S1). Accumulation of N-L-
argininosuccinate was found in SYMB when compared to all
other samples (log2 = 3.8 with ASYMB; log2 = 13.3 with MYC
and FLM). This compound is involved in arginine biosynthesis
and fumarate formation, an essential intermediate of the TCA
cycle. Unfortunately, the metabolomic study of symbiotic tissues
(SYMB) is not easy, as they contain both plant and fungal
metabolites, and assignment of most mass features to the sym-
bionts is uncertain. Therefore, most AA and AA derivatives could
not be assigned to the fungus or to the plant, with few exceptions.
One was the putatively annotated ergothioneine, a naturally
occurring metabolite of histidine exclusively found in some fungi
and bacteria (Cumming et al., 2018), which was only detected in
SYMB. The concentrations of hercynine, another fungal-specific
and histidine related compound, were, by contrast, low
(log2 =�10.31) in SYMB/MYC. Transcriptomic evidence points
to an important role of T. calospora in histidine biosynthesis dur-
ing symbiosis, with three biosynthetic genes (#108905, #73648,
#141375) being significantly upregulated in SYMB samples
(Table S3).

Organosulfur compounds Significant changes in S-containing
compounds were observed in T. calospora (Table S1), with 14
compounds showing an increase (log2 > 10) and 18 showing a
decrease (log2 <�10) in MYC, compared to FLM. Similar to N-
containing compounds, many organosulfur compounds could
not be reliably annotated. An exception was S-adenosylmethioni-
namine, a decarboxylated derivative of S-adenosylmethionine

Fig. 5 Cumulative changes in significantly and differently produced compounds from the metabolism of MYC samples, compared to FLM. Each dot shown
along a vertical line corresponds to the log2 change ratio of MYC/FLM for a single metabolite. The large dot shown on each line is the average of all
metabolites present for the metabolite class. FLM, asymbiotic free-living mycelium; MYC, fungal mycelium growing near the mycorrhizal protocorms. The
functional classes are based on the MetaCyc pathway ontology (https://metacyc.org/) and the graph was constructed using the Omics Dashboard (Paley
et al., 2017).
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(SAM) that is involved in polyamine biosynthesis (Pegg et al.,
1998). Notably, the amount of S-adenosylmethioninamine in
MYC was markedly reduced (log2 =�11.05) compared to FLM,
whereas the amount of SAM was increased (log2 = 8.9). S-adeno-
sylmethionine is a major source of methyl groups for reactions
involving methylation. The substantial SAM accumulation in
MYC (Table S1) suggests a role in symbiosis. Although SAM
levels did not significantly differ in SYMB/MYC or SYMB/FLM
(Table S1), transcriptomics revealed that the T. calospora SAM
synthetase gene was upregulated (FC = 4.28, #72837) in symbio-
sis (Table S3). Metabolomic data further indicate a significantly
lower (log2 =�10.3) SAM content in SYMB as compared to
ASYMB (Table S1), suggesting a decrease in plant SAM in sym-
biosis.

Discussion

Transcriptomics is the most common approach for indirect
investigation of metabolic changes in symbiotic organisms

because it reveals the contributions of both partners through
changes in their gene expression. This approach was successfully
used on OM protocorms, where plant and fungal molecules are
mixed and cannot be separated before analyses (Zhao et al., 2013;
Fochi et al., 2017a; Miura et al., 2018). However, transcriptional
regulation of genes encoding enzymes does not necessarily reflect
the final enzymatic activity, questioning the direct association
between metabolites and transcripts (Cavill et al., 2016). There-
fore, we used a nontargeted approach to directly investigate
metabolic changes in OM, using transcriptomic data to corrobo-
rate metabolomic results. The major findings are summarized in
Fig. 7.

Comparison of the plant metabolomes was hampered by the
different growth conditions and media needed to obtain SYMB
and ASYMB protocorms at a similar developmental stage. How-
ever, metabolites from ASYMB protocorms allowed us to assess
the contributions of plant and fungal products in the symbiosis.
Metabolomics yielded particularly interesting results when the
MYC mycelium was compared with the free-living mycelium.

(a)

(b)

Fig. 6 Changes in metabolites in the Tulasnella calosporamycelium. The number of metabolites is shown, grouped according to (a) their chemical taxonomy and
(b) the biological functions of the increased (in red) and decreased (in blue) metabolites in MYC samples, relative to FLM. A comprehensive list is given in
Supporting Information Table S1. The classification is based on data from the KEGG, HMDB and Lipid Maps databases. Unknown organic compounds were
classified based on the following priority of their atom compositions: S> P > N >O. For multifunction metabolites, the functions were added to different groups.
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Although we cannot exclude the possibility that the conditions
required to grow symbiotic and asymbiotic fungal mycelia had
some influence on the metabolite profile, the major changes of
metabolite profiles seen in MYC were most likely driven by pro-
tocorms. Previous studies on ericoid mycorrhiza revealed that the
symbiotic interaction is a major determinant of transcriptomic
changes in the fungus, much larger than environmental growth
conditions (Casarrubia et al., 2020). In the OM symbiosis, all
organic nutrients needed by the protocorms are thought to be
provided by the fungus. Thus, most metabolites identified in
MYC are likely produced by T. calospora and differentially accu-
mulated in the presence of the plant, even if we cannot exclude
the possibility that some plant-derived organic compounds may
be transferred to the symbiotic fungus. Such plant compounds
may be found among the mass features common to MYC,
ASYMB and SYMB (449 mass features) or common to MYC
and SYMB (219 mass features). Unfortunately, we could not
confirm the plant or fungal origin of these compounds – this was
also due to the lack of transcriptomic data under MYC condi-
tions (Perotto et al., 2014; Fochi et al., 2017a).

Symbiosis caused profound changes in the lipid content of
T. calospora

Lipids were the most prominent metabolites that were differen-
tially accumulated in MYC, compared to FLM. Besides being
major structural components of cell membranes, lipids provide
critical biological functions as energy and carbon storage, in sig-
naling, stress response and plant–microbe interactions (Siebers
et al., 2016). Lipids have recently become an important topic in
mycorrhizal research because a substantial increase in the
amount of lipids was discovered in the hyphae of arbuscular
mycorrhizal fungi during symbiosis (Keymer et al., 2017).
Arbuscular mycorrhizal fungi are obligate biotrophs that cannot
synthesize fatty acids, and lipids are transferred from the plant.
By contrast, the T. calospora genome contains the genetic
machinery for lipid biosynthesis, and although we cannot

exclude some lipid transfer from the plant, the increased lipid
content in the external T. calospora hyphae more likely reflects
endogenous biosynthesis.

Phospholipids and sphingolipids are vital components of cell
membranes and play key roles in signaling, cytoskeletal rear-
rangement and membrane trafficking (Meijer & Munnik, 2003;
Singh & Del Poeta, 2016; Hannun & Obeid, 2018; Blunsom &
Cockcroft, 2020). In fungi, sphingolipids are important for
hyphae formation (Oura & Kajiwara, 2010), regulating cell
growth and differentiation (Obeid et al., 2002), and cell division
(Epstein et al., 2012). In addition, lipid-derived molecules are
essential for intra- and extra-cellular signaling and for defense
against the proliferation of undesired microbes (Siebers et al.,
2016; Singh & Del Poeta, 2016; Wang et al., 2020).

Overall, we observed a general increase in several structural
lipid constituents of cell membranes and of their metabolic
precursors (e.g. palmitic acid and UDP-GlcNAc). Palmitic acid
is one of the most common saturated fatty acids found in ani-
mals, plants and microorganisms, and the first fatty acid pro-
duced during lipogenesis (Sidorov et al., 2014; Carta et al.,
2017). UDP-N-acetyl-D-glucosamine, an essential precursor of
chitin, is also involved in the biosynthesis of sphingolipids and
sulfolipids (Bowman & Free, 2006; Ebert et al., 2018). The
lipids that were found to be most markedly increased in MYC
were glycerophospholipids, in particular phosphatidylserine,
which plays a role in the functioning of several intracellular
signaling proteins and the activation of specific kinases (Kay &
Grinstein, 2011). Sphingosine and PI-Cer(d20:0/16:0) are pre-
cursors of sphingolipids which are also important components
of fungal cell membranes (Meijer & Munnik, 2003; Singh &
Del Poeta, 2016). The abundances of these compounds as well
as those of nine other phosphoinositides increased markedly in
MYC, likely reflecting the upregulation in symbiosis of phos-
phoinositide phosphatases and serine/threonine protein kinases,
key enzymes involved in the biosynthesis of sphingolipids and
glycerophosphoinositols (Hannun & Obeid, 2018; Blunsom &
Cockcroft, 2020).

SYMB 
(symbiotic 
protocorm)

MYC (external mycelium)

Signaling & antioxidative response
Chitin & Chitosan oligomers, ergothioneine 

Lipid biosynthesis & metabolism
Lipids (FA, GL, GP, GPS, PC, PI, PR, SP)

C1-metabolism (SAM)

N-/S- metabolism
N-compounds, S-compounds

Fig. 7 Schematic overview of fungal
metabolic changes in symbiotic protocorms
(SYMB) and in the mycelium surrounding
and in contact with the protocorm (MYC), as
compared to free-living Tulasnella calospora

mycelium (FLM). FA, fatty acyls; GL,
glycerolipids; GP, glycerophospholipids; GPS,
glycerophosphoserines; PC,
phosphatidylcholines; PI, phosphoinositides;
PR, prenol lipids (syn. isoprenoids); SP,
sphingolipids; SAM, S-adenosylmethionine.

� 2020 The Authors

New Phytologist� 2020 New Phytologist Trust
New Phytologist (2020)

www.newphytologist.com

New
Phytologist Research 9



Some membrane lipids play essential roles in pathogenic and
mutualistic interactions. For example, changes in membrane lipid
compositions of rhizobia, including phosphatidylserine and
phosphatidylethanolamine, prevented the formation of N-fixing
legume nodules (Vences-Guzm�an et al., 2008). In fungi, the
same two lipid classes have been correlated with Candida albicans
virulence (Cassilly & Reynolds, 2018), and an increase in phos-
phatidylserine was observed during fungal differentiation in the
phytopathogenic Rhizoctonia solani (Hu et al., 2017). Early inter-
mediates of sphingolipids are also essential for normal appressoria
development and pathogenicity in Magnapothe oryzae (Liu et al.,
2019).

In addition to structural membrane components, we observed
in MYC a strong increase in lipids involved in signaling and
defense. Lysophospholipids in plants are essential signaling
molecules and growth regulators (Meijer & Munnik, 2003;
Cowan, 2006). The fatty acid 8-HODE (or laetisaric acid) origi-
nates from linoleic acid and is a bioactive oxylipin acting as a sig-
nal in plant–fungus interactions (Brodhun & Feussner, 2011;
Christensen & Kolomiets, 2011). 8-HODE was first discovered
in the basidiomycete Laetisaria arvalis as an allelochemical that
suppresses growth of phytopathogenic fungi (Bowers et al.,
1986). In MYC, the strong increase in 8-HODE and 15-HETE,
a hydroxylated fatty acid substrate for oxylipin biosynthesis, indi-
cates that the signaling apparatus in MYC is highly active during
symbiosis. Interestingly, some Ca2+ independent phospholipases
A2, which act in membrane homeostasis, signal transduction, and
virulence (Valent�ın-Berr�ıos et al., 2009), were among the most
upregulated T. calospora genes.

Although the increased abundance of structural membrane
lipids in the external hyphae may simply reflect stimulation of
hyphal growth and a need for membrane biogenesis following
symbiosis, the increase in potential membrane signaling
molecules is intriguing.

N- and S-containing organic compounds in the external T.
calosporamycelium

Compared to lipids, the large decrease in the percentage of N-
and S-containing compounds in the MYC samples is more diffi-
cult to explain (Figs 4, 6). In our system, the fungus likely pro-
vides the host with organic N, as suggested by the strong
upregulation of some plant AA transporters in the mycorrhizal
protocorm cells (Fochi et al., 2017a,b). We could, therefore,
speculate that depletion of some N-containing compounds in
MYC may be the result of N-transfer to the host. It is also possi-
ble that some of the nonannotated compounds that exhibited
increased abundances are simply involved in the metabolism of
N-containing lipids or N-containing polysaccharides, such as
chitin and derivatives (see paragraph below).

Regarding sulfur, there is currently no information on its
transfer to the host plant in OM. Among the few S-containing
compounds that could be reliably identified, SAM was increased
in MYC. S-adenosylmethionine is the major methyl group donor
for methylation of DNA, RNA, proteins, metabolites, or phos-
pholipids (Mato et al., 1997). Overexpression of a SAM

synthetase gene in Aspergillus nidulans impacted development
and secondary metabolism (Gerke et al., 2012). Given the wide
variety of target substrates of methyltransferases that use SAM as
a methyl group donor, it is currently impossible to identify such
targets in T. calospora.

Another notable S- and N-containing compound was ergoth-
ioneine (Sheridan et al., 2016), an amino acid occurring primar-
ily in fungi and not detected in plants. Thus, it was possible to
trace this compound in symbiotic protocorms, where it was
highly induced compared to MYC or FLM. Ergothioneine
exhibits powerful antioxidant properties, and biosynthetic defi-
ciency in Aspergillus fumigatus mutants indicates a role for growth
under elevated oxidative stress conditions (Sheridan et al., 2016).
Its accumulation in SYMB suggests that T. calospora is experienc-
ing an oxidative environment and responds with the accumula-
tion of antioxidants.

Chitin and chitin-related metabolites in symbiosis

Chitin is the main structural component of fungal cell walls
(Bowman & Free, 2006) and contains N in the form of N-acetyl
glucosamine residues, joined by b-(1,4) linkages. In addition to
its structural role, chitin is a source of signaling molecules that
regulate plant–microbe interactions (S�anchez-Vallet et al., 2015).
Chito-oligosaccharides with a degree of polymerization of six to
eight are recognized by chitin-specific plant receptors, thus induc-
ing plant defense responses against pathogenic fungi (Pusztahelyi,
2018). However, the chitin oligomers accumulated in SYMB
protocorms were much smaller, with a degree of polymerization
of two (chitobiose) and three (chitotriose). Chitin oligomers may
originate from a biosynthetic process, such as the chitin-derived
signaling molecules synthesized by bacterial and fungal plant
mutualists to prepare their hosts for colonization (S�anchez-Vallet
et al., 2015). Alternatively, chitin oligomers can be released from
a longer chitin polymer by fungal and plant chitinases. Most
plant chitinases are endochitinases that cleave randomly at inter-
nal sites in the chitin polymer (Rathore & Gupta, 2015). By
hydrolyzing the cell wall chitinous components of fungal
pathogens, plant chitinases release chitin oligomers that trigger
the plant defense responses (Fukamizo & Shinya, 2019).
Although we do not have direct evidence of the origin of chito-
biose and chitotriose in SYMB protocorms, transcriptomic data
suggests that they are generated by the activity of plant chitinases.
In fact, only one of the two T. calospora chitin synthase genes
expressed in SYMB was slightly upregulated. Conversely, plant
chitinases belonging to GH18 and GH19 families were strongly
induced in SYMB, in agreement with previous observations
showing increased chitinase expression in symbiotic protocorms
(Zhao et al., 2013; Perotto et al., 2014). Although plants produce
endochitinases in response to phytopathogenic attacks (Kumar
et al., 2018), a role for chitinases in root symbioses has already
been reported for arbuscular mycorrhiza and nodule symbioses.
In arbuscular mycorrhiza, the strong expression of plant chiti-
nases in arbusculated cells, mainly belonging to GH family 18,
may reduce the amount of chitin elicitors released by the wall of
the symbiotic fungus (Kasprzewska, 2003; Hogekamp et al.,
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2011; Grover, 2012). Interestingly, short oligomers of two to five
N-acetyl glucosamine residues, similar to those found in SYMB,
have been reported to actively promote AM colonization (Volpe
et al., 2020). Further studies are required to elucidate the involve-
ment of S. vomeracea chitinases during OM symbiosis.

Chitosan, the deacetylated form of chitin, is rare in the cell
walls of Basidiomycetes (Di Mario et al., 2008). It was therefore
intriguing to find a similar enrichment of chitin and chitosan
oligomers in SYMB protocorms. Chitosan is produced through
the activity of chitin deacetylase, and upregulation of three
T. calospora chitin deacetylase genes in SYMB protocorms suggests
that chitin deacetylation is turned on in symbiosis. Chitin deacety-
lation inactivates the elicitor activity of chitin oligomers by conver-
sion to ligand-inactive chitosan, and it has been reported as a
strategy of endophytic fungi and soil-borne pathogens to prevent
chitin-triggered plant immunity (Cord-Landwehr et al., 2016;
Gao et al., 2019). Chitin deacetylases are also regulated in ectomy-
corrhizal and arbuscular mycorrhizal fungi during their interaction
with plants (Balestrini & Bonfante, 2014), suggesting a role dur-
ing symbiosis establishment and functioning.

Current challenges of metabolomic studies

Using metabolomics, we demonstrated a rearrangement of the
metabolome in OM and changes in compounds possibly related
to structural, signaling, defense, and nutrient functions. How-
ever, our approach also showed some limitations. In contrast to
transcriptomic analysis, where genes are species-specific, the same
metabolite is often present in different organisms, hampering the
analysis of mixed symbiotic samples. Also, since orchid seeds
require different culture media to germinate asymbiotically and
develop protocorms, a direct comparison between SYMB and
ASYMB was difficult because some metabolic changes may origi-
nate from the different culture media. Nevertheless, this compar-
ison usefully corroborated the changes seen in the fungal MYC/
FLM comparison.

Another limitation was that several m.f. could not be anno-
tated, resulting in a ‘dark matter’ that may contain crucial infor-
mation. Overall, there is still a severe limitation in metabolite
annotation in the study of nontargeted metabolomics: only ~ 2%
of spectra are currently found in databases (da Silva et al., 2015),
that is, much less than for genomic annotations, which reach ~ 80-
%. Furthermore, metabolomics reports usually focus on model
organisms, hampering analysis of nonmodel organisms such as
T. calospora and S. vomeracea that are evolutionarily distant from
organisms found in the database and, in the case of orchids, rich
in as yet unknown secondary metabolites (Sut et al., 2017).
Although we used MetaCyc, the largest curated collection of
metabolic pathways from all domains of life (Caspi et al., 2018,
2019), 451 metabolites in the MYC/FLM comparison could not
be identified, limiting our reconstruction of biochemical path-
ways. Nevertheless, we could estimate the elemental formulas of
detected mass features. Using an ultra-high mass resolution and
following the ‘seven golden rules’ (Kind & Fiehn, 2007), we were
able to accurately measure the mass-to-charge ratios of the
metabolome fingerprint and produce an excellent estimation of

the metabolite elemental formula with a high probability (Kim
et al., 2006, probability of 98%). Thus, we were able to classify
many m.f. and overcome the constraints of actual databases.

In conclusion, we revealed profound changes in metabolite
profiles – mainly a sharp adjustment of lipid metabolism in the
external mycelium of T. calospora surrounding the symbiotic pro-
tocorms. Although further and more sensitive targeted analyses
are needed to elucidate the significance of the metabolic changes
observed in symbiosis, our study provides a more comprehensive
understanding of the metabolic networks underlying orchid–fun-
gus interactions.
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