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Abstract

1. Mycorrhizas are widespread below-ground symbioses formed between plant

roots and soil fungi. This plant-fungal partnership impacts terrestrial ecosystems
by mediating plant performance and biogeochemical processes. The influence
of mycorrhizas on plant and ecosystem functioning is ultimately driven by the
biological processes that regulate plant-mycorrhizal interactions. Although con-
vergent patterns in morphological and genetic traits of mycorrhizas have been
well-documented and reflect key selection forces that shape the biology of my-
corrhizas, generalizable traits of mycorrhizal-associated root metabolome, which

are more intimately linked to plant and ecosystem functioning, remain unexplored.

. Here, we compared mycorrhizal-associated metabolome alterations across multi-

ple plant-mycorrhizal fungus combinations. Specifically, we inoculated a phyloge-
netically diverse set of temperate tree species with either arbuscular mycorrhizal
or ectomycorrhizal fungi (the two major mycorrhizal lifestyles). Using comprehen-
sive metabolomics approaches, we then assessed the metabolome in mycorrhizal

and non-mycorrhizal roots and the corresponding leaves.

. Comparing across multiple plant-mycorrhizal fungus combinations, our data re-

vealed metabolite alterations unique to mycorrhizal lifestyle as well as those com-
mon across plant-fungus combinations irrespective of lifestyles. Roots colonized
by arbuscular mycorrhizal and ectomycorrhizal fungi accumulated different sets
of carbohydrates, reflecting unique carbon allocation strategies for mycorrhizas.
Arbuscular mycorrhizal roots accumulated cyclic polyols (e.g. inositols) inacces-
sible to their fungal partners, suggesting tight regulation of carbon partitioning.
Such accumulation did not occur in ectomycorrhizal-colonized roots, which in-
stead accrued acyclic polyols (e.g. mannitol and arabitol) that were undetected
in non-mycorrhizal roots and likely of fungal origin. Mycorrhizas also altered spe-
cialized metabolism, featuring frequent increases in flavan-3-ols (e.g. catechins,
gallocatechins, and their oligomers) but decreases in flavanols irrespective of my-

corrhizal lifestyles, suggesting tactical reconfiguration of specialized metabolites
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1 | INTRODUCTION

The vast majority of vascular plants in terrestrial ecosystems are
involved in mycorrhizal symbioses (or mycorrhizas) with soil fungi,
forming mycorrhizal roots, that is, hybrid below-ground organs con-
taining both root and fungal tissues (Brundrett & Tedersoo, 2018).
These widespread partnerships play a major role in shaping terres-
trial ecosystems by mediating plant nutrition, plant responses to
the environment and ecosystem biogeochemical cycles (Smith &
Read, 2008). Thus, understanding the biological processes that un-
derlie plant-mycorrhizal interactions is essential to the stewardship
of the diverse array of ecosystem services provided by mycorrhizas,
such as plant productivity, crop quality and ecosystem carbon (C)
storage.

One common theme of plant-mycorrhizal interactions is con-
vergent evolution (Genre et al., 2020; Miyauchi et al., 2020; Strullu-
Derrien et al., 2018). About 50,000 soil fungal taxa with highly
diverse evolutionary histories have converged into four main my-
corrhizal lifestyles, among which arbuscular mycorrhizas (AMs)
and ectomycorrhizas (EMs) dominate most terrestrial ecosystems
(Brundrett & Tedersoo, 2018). The EM symbiosis has independently
evolved ~80 times from multiple fungal lineages spanning an ex-
tended geological time period yet has converged to exhibit shared
morphological root structures (e.g. external mantle) and intercellular
Hartig net (Tedersoo & Smith, 2017). In contrast, the AM symbiosis
does not exhibit a shared effect on root morphology but consistently
results in the formation of intracellular arbuscules or hyphal coils in
root cortical cells (Smith & Read, 2008). At the genome level, both
AM and EM fungi share common traits such as lack/loss of lignin-
cellulose degrading enzymes and expansion of functionally similar
small-secreted protein families, some of which have been shown to
counteract plant defence (Kloppholz et al., 2011; Plett et al., 2014).
These convergent patterns within or across mycorrhizal lifestyles
in morphological and genomic traits have been recently reviewed
(Genre et al., 2020) and reflect common selection forces that define
mycorrhizas.

Despite a growing understanding of trait convergence in mycor-
rhizas, the extent to which the mycorrhizal-associated metabolome

to both facilitate and restrain the symbiont. These characteristic metabolite al-
terations were largely root specific and were not mirrored in leaves.

4. Synthesis. Using multiple plant-mycorrhizal systems and metabolomics approaches,
our study demonstrates that part of the metabolite alterations occurring during
root-mycorrhizal interactions were relatively common across plant-mycorrhizal sys-
tems, with implications for both carbon partitioning and tissue protection strategies
important for successful symbiosis. These generalizable patterns appear robust to

the phylogenetic history of host plants and thus may be widespread in land plants.

arbuscular mycorrhiza, carbohydrates, ectomycorrhiza, flavonoids, metabolomics, mycorrhizal
roots, mycorrhizal symbiosis, plant-fungus interactions, polyols, primary metabolites

alterations may be shared within or across mycorrhizal lifestyles
remains largely unexplored. Compared to genomic and transcrip-
tomic traits, the metabolome represents the intermediates/end
products of cellular regulation and thereby is closer to the pheno-
type produced by the gene-environmental interactions (Feussner &
Polle, 2015; Fiehn, 2002). As such, the metabolome in plants and
their symbiotic partners may also face direct selection pressures to
sustain mycorrhizas and thus be subject to convergent alterations in
response to shared challenges.

Plant-mycorrhizal interactions have been shown to reprogram
the plant metabolome as a prerequisite for the establishment of
functional mycorrhizas (e.g. Gaude et al., 2015, primary metabo-
lites; Kaur et al., 2022, specialized metabolites), yet few studies have
compared mycorrhizal-associated metabolite alterations across the
plant and fungal species. A seminal study showed that multiple plant
species colonized by the same AM fungus Rhizophagus irregularis ex-
hibited little commonality but high plant species specificity in the
leaf metabolome (Schweiger et al., 2014). However, leaf chemistry
appears to be less affected by mycorrhizas than roots that directly
accommodate mycorrhizal fungi (Xia et al., 2021). To our knowledge,
comparisons of mycorrhizal-associated metabolite alterations in
roots across multiple plant and fungal species or mycorrhizal life-
styles have yet to be attempted, partly because metabolites are
highly diversified and metabolite studies often focused on differ-
ent subsets of compounds. Such information will help uncover the
potentially convergent biological processes that are important for
functional mycorrhizas.

In this study, we sought to compare the metabolome of my-
corrhizal and non-mycorrhizal roots across various combinations
of plant hosts and mycorrhizal fungal species. We first asked if
distinct metabolite alterations would align with different my-
corrhizal lifestyles. AM and EM lifestyles are often linked with
contrasting plant functions and ecosystem biogeochemical pro-
cesses (e.g. Chen et al., 2016; Phillips et al., 2013). Prior studies
suggest that AM and EM had different C partitioning patterns
(Soudzilovskaia et al., 2015; van der Heijden et al., 2015). For ex-
ample, estimates of photosynthate allocation suggest that <10%
of photosynthetically fixed C is typically allocated to AM fungi
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(Rezacova et al., 2017, 2018), while EM fungi can receive up to 20-
36% of fixed C (Bryla & Eissenstat, 2005; Hobbie, 2006; Reza¢ova
etal., 2017). AM and EM lifestyles were also shown to have differ-
ential reciprocal relationships, with greater C investment below-
ground linked with higher nitrogen (N) uptake in AM-associated
plants, whereas this positive relationship was not observed in
EM plants, and high C investment often corresponded to low N
return (Keller & Phillips, 2019). Collectively, these observations
suggest that EM fungi possibly represent a stronger C sink, while
C efflux from plant hosts to AM fungi may be more under plant
control. This functional difference may be reflected in carbohy-
drate profiles, as fine-tuning of carbohydrates represents a means
to mediate C partitioning between plants and fungi. For example,
EM fungi in functional symbiosis quickly transformed hexoses to
large amounts of fungal carbohydrates (Nehls et al., 2007; Plett
et al., 2021), which may help maintain a sharp gradient at the ex-
change site and thus facilitate hexose efflux from plants to fungi
(e.g. through a concentration-dependent transporter family, An
et al., 2019). Accordingly, we hypothesized that (H1) AM and EM
associations would differentially alter the carbohydrate profiles,
reflecting their distinct C partitioning strategies. Particularly, we
predicted that EM-colonized roots would maintain a greater pro-
portional abundance of fungal-specific carbohydrates than AM
roots, thereby maintaining a continuous, strong C sink.

We next asked if there are common metabolite alterations
that frequently occur in mycorrhizas irrespective of mycorrhizal
lifestyles, reflecting important shared selection forces shaping
plant-mycorrhizal interactions. A common evolutionary trend of
mycorrhizas is the expression of functionally similar genes in fungi,
for example, small-secreted proteins that could dampen plant de-
fence (Genre et al., 2020). Consistently, both AM and EM lifestyles
have been shown to elicit only transient transcriptomic responses
linked to plant defence/stress responses, which were later atten-
uated in established symbiosis (Giovannetti et al., 2015; Tarkka
et al., 2013). If these genetic/transcriptional traits could be trans-
lated to chemistry/metabolite alterations, one would expect no or
low level of defence/stress related specialized compounds in es-
tablished mycorrhizal roots. This is supported by observations that
the established mycorrhizal roots were associated with decreased
or unaffected levels of protective compounds (e.g. cell-wall bound
ferulic acids, tannins, Miinzenberger et al., 1995; Solaiman &
Senoo, 2018; Sebastiana et al., 2021) and lack of additional lignin
deposition (Chen et al., 2021). However, mycorrhizas were shown
to accumulate defence compounds in the endodermis/exodermis
of roots (e.g. Weiss et al., 1999), with these compartments pro-
posed as being crucial in the evolution of mycorrhizas by form-
ing barriers to detrimental fungal penetration (Brundrett, 2002;
Strullu-Derrien et al., 2018). These seemingly contradictory pat-
terns reflect a common requisite for mycorrhization: Roots must
both facilitate and delimit the growth of symbiotic fungi. This
general selection may result in convergent metabolite modulation.
Accordingly, we hypothesized that (H2) the mycorrhizal-associated
metabolite alternations would exhibit common patterns across

AM and EM lifestyles, reflecting chemical events critical for root-
mycorrhizal fungal interactions. Specifically, the suppression of a
subset of defence compounds to facilitate symbiosis would be ac-
companied by an upregulation of a different subset of specialized
compounds which could be important for protecting root tissues
in the presence of fungal colonization.

We tested these two primary hypotheses by characterizing the
metabolome of mycorrhizal and non-mycorrhizal roots and their re-
spective leaves in multiple plant-mycorrhizal fungus combinations
across phylogenetically diverse temperate tree species forming ei-
ther AM or EM associations. Using comprehensive metabolomics
approaches, our data uncovered novel metabolome traits unique to
a particular mycorrhizal lifestyle or common to both lifestyles, with
implications for C partitioning and tissue protection strategies that

could be critical for functional mycorrhizas.

2 | MATERIALS AND METHODS
2.1 | Greenhouse experiments

Two angiosperm and two gymnosperm species, with one species in
each group forming AM and the other forming EM symbiosis were
included in this study, to compare the potential role of phylogenetic
relationship versus mycorrhizal lifestyle on shaping metabolite al-
terations (Table 1). We inoculated each of these host plant species
with multiple fungal species to assess how responses may differ
across plant-fungus combinations. All plants were grown in the
Plant Growth Facilities greenhouse at the University of Minnesota
(UMN), USA. The seeds of AM-associating Juniperus virginiana
(JUVI) and Liriodendron tulipifera (LITU), and the EM-associating
Pinus taeda (PITA) were purchased from Sheffield's Seed Company.
The EM-associating Quercus macrocarpa (QUMA) was collected on
the UMN campus grounds. The AM fungal inoculums Gigaspora
margarita (Gm) and Funneliformis mosseae (Fm) were purchased
from MycoBloom (MycoBloom LLC). The EM fungal inoculums in-
cluded Suillus brevipes (Sb), Suillus luteus (Sl), Thelephora terrestris
(Tt), Laccaria sp. (Ls) and Tuber sp. (Ts). Spores for the EM inoculums
were prepared from field-collected sporocarps with spore slurries
made following Mujic et al. (2016), with a small section of gleba
being subjected to DNA extraction for species identification.
Seeds for all hosts but QUMA were placed on cloth beds, cov-
ered with cloth, dipped in 8% H,O, for 30min, and soaked with
H,O for 24 h. The bedded seeds were incubated at 4°C for strati-
fication before sowing. For QUMA, germinated acorns with radi-
cals not penetrating the soil were collected and rinsed with a 10%
bleach solution before sowing. The soil (50:50 mix of quartz sand
and natural soil from the Cedar Creek Ecosystem Science Reserve)
was autoclaved and added to 70%-ethanol-sterilized trays, 2.5 L
for each. We autoclaved the soil to limit the interference from
preexisting organisms. However, this process may change soil
chemistry and thus caution should be taken in generalizing the
autoclaved soil to other soil systems. Inoculums were added at a
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TABLE 1 Mycorrhizal colonization rate, seedling height and the ratio of carbon and nitrogen (C/N) of roots and leaves from non-
mycorrhizal and mycorrhizal seedlings
Tree Fungus Biological Colonization
Host tree species abbr. Fungal inoculum abbr. replicates (%) Height (cm) C/N (root) C/N (leave)
AM
Juniperus virginiana JUVI Non-mycorrhizal ~ NM 9 0? 2.30°+£0.79 50.52°+7.06 27.63°+2.92
(gymnosperm) Funneliformis Fm 9 72.92°+6.34 8.47°+2.65 28.70° +4.07 22.12% +5.16
mosseae
Gigaspora Gm 9 67.59°+10.14 6.64° +2.22 33.96" +3.80 29.65° +4.67
margarita
Liriodendron tulipifera  LITU Non-mycorrhizal NM 0? 2.46°+0.35 17.40° +1.96
(angiosperm) Funneliformis Fm 75.37°+10.13 5.83°+3.48 24.81°+3.93
mosseae
Gigaspora Gm 5 72.67°+9.40 4.49° +1.63 29.45°+5.28
margarita
EM
Pinus taeda PITA Non-mycorrhizal NM 11 0? 4,67 +1.02 36.55 +5.29 38.59° +8.91
(gymnosperm) Suillus brevipes Sh 10 44.76°+14.82 6.42°°+170 34.31+2.55 31.47%° +3.10
Suillus luteus Sl 3 5.96°+2.84 5.55° +0.88 33.81+0.70 28.25% +1.51
Sordariales sp. Ss 5 74.619+23.88 488 +1.01 37.52+6.99 28.66* +9.63
Quercus macrocarpa QUMA Non-mycorrhizal NM 8 0? 7.98 +2.88 41.08° +6.97 23.78 +5.20
(angiosperm) Tuber sp. Ts 6 30.15°+21.10 6.88+2.25 31.98%+4.73 2575 +7.33

Note: The values are shown as mean +SD. The effects of fungal inoculation were tested using one way ANOVA when the homogeneity of variance
is met in all cases (Levene's test, p>0.163) except for the height of LITU (Levene's test, p = 0.001), for which Kruskal-Wallis test was used. Different
letters in the same column indicate significant differences within each plant species (p <0.05).

rate of 10% v/v. The two AM hosts were each inoculated with Gm
and Fm; the two EM hosts were each inoculated with Ts and Ls,
with PITA additionally inoculated with Tt, Sb and SI. All mycor-
rhizal fungi were added as separate, single-species inoculums in
separate trays. Each plant-fungus combination was represented
in three trays along with three noninoculated trays for each host
species. Turf Partners fertilizer was applied at the lowest recom-
mended concentration monthly to each tray. Seedlings of JUVI
and LITU were harvested after 7months of growing, while PITA
and QUMA were harvested at 9 and 11 months respectively.

During harvest, plant height (from the soil surface to apical mer-
istem) for each seedling was recorded. Leaves and absorptive roots
were collected from three to five individuals in each tray, and roots
were separated into two subsamples for chemical and mycorrhizal
analyses. The samples for chemical analysis were flash frozen in lig-
uid N, and stored at -80°C until shipping to Clemson University with
dry ice. The samples to be scored for colonization were stored in
60% ethanol. The remaining leaf and root material in each tray were
oven-dried at 35°C. Root materials were collected for DNA analysis
to confirm fungal identity.

2.2 | Mycorrhizal colonization and identity

Samples stored in 60% ethanol were washed in dH,O before
scoring. AM-inoculated roots were cleared by 10% KOH and

autoclaved for a 60-min liquid cycle. After being rinsed with
dH,O and acidified using 2.5% HCI, root samples were stained
with Trypan Blue solution and set to autoclave for another 60-
min cycle. Colonization of each seedling was quantified using
gridline-intersect method (Giovannetti & Mosse, 1980). For EM
colonization, all root tips in each seedling were scored under a
dissecting microscope. In the Ls treatments for PITA and QUMA,
and Ts for PITA, only a trace amount of colonization was present,
so they were excluded from chemical analysis. The colonization
of PITA roots by Sl was also low (~6%) but included for chemical
analysis, as this low colonization resulted in an improved growth
(Table 1). Low EM colonization (~2%) was also shown in a prior
study to promote plant growth and modify plant metabolites
(Szuba et al., 2020). We note that the chemical alterations ob-
served in PITAXSI should be interpreted with caution due to the
small sample size and low colonization.

Molecular identification of EM fungal identities was done by
extracting DNA using the REDEextract-N-Amp protocol (Sigma-
Aldrich). PCR using the fungal-specific primer pair ITS1F-ITS4
was conducted using the thermocycling conditions (Kennedy
et al., 2020). PCR products were cleaned with Exo-SAP IT (USB
Corp.) and sequenced in forward direction with the ITS1F primer
at the UMN Genomics Center. Sequences were queried against the
NCBI database to ascertain fungal identity. The Sb, Sl and Ts treat-
ments matched closely (>99% similarity) to the inoculums, but the
EM root tips in the Tt treatment matched closely to a Sordarialean
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EM fungus previously encountered in artic EM vegetation surveys
(Brevik et al., 2010). Since colonization by this fungus was significant
(~74.6% by average, Table 1), we included this treatment (coded as
Ss) in chemical analysis.

2.3 | Chemical analysis

To correctly link chemical changes to colonization by each fungal in-
oculum, chemical analysis was performed on individual plants exhib-
iting significant colonization by identified fungal species. Accordingly,
seedlings from the three trays for each of the JUVIXGm, JUVIXFm,
LITUxFm, PITAXSb combinations were included in chemical analysis
(biological replicates n = 9-10, Table 1). Colonization only occurred in
two trays for the LITUxGm (n = 5) and QUMAXTs pairs (n = 6), and
in one tray for the PITAXSs pair (n = 5) and the PITAXSI pair (n = 3).
Colonization was not present in non-mycorrhizal controls (n = 8-11).
Chemical analysis was performed for mycorrhizal, non-mycorrhizal
roots and their corresponding leaves, except for LITU seedlings where
only roots were analysed as we did not collect sufficient leaf material
for chemical analysis. Because mycorrhizal roots contain both fungal
and root tissues, we note that the metabolites detected in mycorrhi-
zal roots cannot be unambiguously assigned to plants or fungi.

For metabolite profiling, 20mg freeze-dried and cryohomoge-
nized samples were extracted with 500 pl methanol under sonication
for 1hin ice. The homogenate was centrifuged and 50 ul methanol
extracts were used for instrument analysis. The samples as well as
method blanks (methanol) and quality control samples (QC, pooled
extracts from all samples) were spiked with a 50-ul internal standard
(1pugml™ resveratrol, 99 atom % *3C, Sigma-Aldrich), and analysed
on an Ultimate 3000 HPLC (UHPLC, Thermo Scientific) with Acquity
UPLC HSS T3 column (150 x 2.1 mm, 1.8 pm; Waters Corp.). The sep-
arated compounds were then analysed on a Orbitrap Fusion Tribrid
Mass Spectrometer (UHPLC-Orbitrap-MS/MS, Thermo Scientific,
Method S1). We processed the MS files with Compound Discoverer
3.2 (Thermo Scientific) for feature extraction, alignment and ele-
mental composition prediction, with a mass tolerance of 5 ppm and
S/N threshold at 5. The intensity of the extracted features in blanks
were subtracted from those in samples. QC samples (injected at the
interval of ~10 samples) are well aggregated in the PCoA of mass fea-
tures (i.e. m/z signals detected as single peaks in the chromatogram,
Figure S1), indicating consistency across UHPLC-Orbitrap-MS/MS
analysis. After correcting for multiple adduct formation, the work-
flow extracted 7264 to 12,440 mass features across the four plant
species. The elemental ratios were used to construct van Krevelen
diagrams with expected biomolecular regions based on the con-
straints of O:C and H:C ratios (Kim et al., 2003; Rivas-Ubach et al.,
2018). Putative compound-level annotations were based on match-
ing the accurate mass (<5 ppm) of the precursor ions (MS1) and MS"
fragmentation using the mzCloud database (match score>80) and/
or based on the accurate mass of the precursors and characteris-
tic MS2 ions published in the literature (see annotations details for
each compound in Table S1).

Because the number of compound-level annotations is lim-
ited compared to total mass features (<1%) and may bias towards
a few well-characterized compounds documented in the published
mass spectral libraries, we additionally assigned the mass features
to multiple-level chemical taxonomy ClassyFire (Superclass, Class,
Subclass, and Level 5, Djoumbou Feunang et al., 2016), using a com-
putational tool CANOPUS (Dtihrkop et al., 2021). We first processed
UHPLC-MS/MS files in MZmine 2.53, which, after peak picking,
alignment and deisotoping, extracted features with MS2 scans
(1118 ~2293 features across plant species). The extracted features
were exported to SIRIUS (4.8.2) for the CANOPUS procedure that
uses a deep neural network to predict compound classes from MS2
fragmentation. The ClassyFire classes determined by CANOPUS
will be referred to as CANOPUS-assigned chemical classes in this
study. We note that a small fraction (3%-6% across plant species)
of the MZmine-extracted features can be annotated at the com-
pound level using the mzCloud database/literature. Their ClassyFire
classes were directly assigned based on their compound annotations
and integrated to CANOPUS-assigned chemical classes. Overall,
CANOPUS-assigned chemical classes cover a significant propor-
tion of MZmine-extracted features at class level (e.g. prenol lipids,
flavonoids, tannins): 71% to 88% (818 to 1402 features), across the
four plant species. The robustness of data processing workflow and
CANOPUS classification was verified by analysing and processing
data from 242 authentic flavonoid standards.

We performed a separate metabolite profiling using a GC-QTOF
system to better characterize polar metabolites that cover most of
the primary metabolites (e.g. soluble carbohydrates, amino acids
and organic acids). For the primary metabolite analysis, 200 ul meth-
anol extract was phase separated in a chloroform-water-methanol
system (Lisec et al., 2006). Twenty microlitre water-methanol
phase from each sample was spiked with a 10-pl internal standard
(50pg ml™ myristic acid +20 ng ml™ ribitol) and dried under vacuum.
The dried samples were methoximated with 20 pl Methoxyamine-
HCI (40mgml™ in pyridine) and derivatized by 80ul MSTFA +1%
TMCS with 1pgmL™? alkanes (C10-C34) before being analysed on
a gas chromatography-quadrupole time of flight mass spectrometer
(GC-QTOF-MS, Agilent 7250, Agilent Technologies, Method S1). A
standard of 38 authentic compounds were also analysed along with
the samples. The GC-QTOF-MS files were processed with MS-DIAL
4.48 (Tsugawa et al., 2015) for peak detection, alignment and de-
convolution. The annotations were based on matching the Kovats
retention index (n-alkanes standards, C10-C34) and mass spectra to
the MS-DIAL metabolomics database, with a part of these annota-
tions further confirmed by authentic compounds or the literature
(Table S1). Carbon and N concentrations were determined by a Carlo
Erba Elemental Analyser at Duke University.

2.4 | Data analysis

Data analysis was performed with R software (version 4.0.3) un-
less otherwise stated. For the principal coordinates analysis (PCoA),
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the dissimilarity index matrix (Euclidean) was constructed using the
function vegdist from the vecan package after data standardization.
Then, the function pcoa from the package ape was used to compute
the principal coordinate decomposition of this distance matrix. We
performed PERMANOVA to test the differences between treat-
ments based on the Euclidean distances for the first three major
PCoA axes using the function adonis2 from the package VeGaN.
PERMDISP was then performed on the same Euclidean distances
to assess the homogeneity of dispersion using the function betadis-
per. The pairwise comparison (mycorrhizal vs. non-mycorrhizal) of
chemical features was examined by a two-tailed Student's t test
on the log-transformed peak intensities. The significance of differ-
ences in the log-transformed colonization rates, plant heights and
N levels was tested with one-way ANOVA followed by post hoc
comparisons. However, when the homogeneity of variance assump-
tions was not met, Kruskal-Wallis tests were performed to examine
the main effect, followed by Mann-Whitney U tests for pairwise
comparison. The variance partitioning that compared the potential
drivers of the alterations in metabolites abundances followed the
Legendre method (Legendre & Legendre, 2012) after data stand-
ardization, using the function varpart from package vecan. Data were
log-transformed before statistical analysis. This procedure largely
improved the homogeneity of variance for t tests (Table S2) and
ANOVA (Table 1), which are robust to unequal sample sizes when
the homogeneity of variance is met (De Winter, 2013; Harwell
et al,, 1992). We used Levene's tests corrected for structural zeros
that are robust to variable sample sizes to test homogeneity of
variance (Noguchi & Gel, 2010; Parra-Frutos, 2013). The pathway
(KEGG) analysis was performed with PaintOmics 3 (v0.4.5, based on
Arabidopsis thaliana, Garcia-Alcalde et al., 2011) using Fisher exact

tests to test the significant changes on pathways.

3 | RESULTS

3.1 | Moycorrhizal colonization, plant growth and
nutrient status

AM fungi Gm and Fm colonized JUVI and LITU roots at high and con-
sistent levels (67.6%-75.4%, Table 1). Colonization by EM was vari-
able, typically ranging from 30% to 75%. Mycorrhizal colonization
improved plant growth and/or the levels of N (gauged by the ratio
of C and N, C/N) across all plant-fungus combinations, indicating
functional symbiosis. Specifically, the seedlings of JUVI, LITU and
PITA exhibited improved growth by two mycorrhizal fungal species
(Table 1). Although colonization by Ss and Ts did not result in a bet-
ter growth for PITA and QUMA, respectively, it led to a lower C/N
(thus higher N levels) in either their leaves or roots (Table 1). Because
metabolites may also depend on plant growth and nutrient utiliza-
tion, we performed variance partitioning analysis to compare the
potential drivers (mycorrhizal colonization, plant growth and/or N)

of metabolite alterations in the following analysis.

3.2 | Global changes of the metabolome

Mycorrhizal roots had a different metabolome than their non-
mycorrhizal counterparts in all plant-fungus combinations (Figure 1).
A large number of mass features in roots were detected by UHPLC-
Orbitrap-MS/MS followed by Compound Discoverer, ranging from
7264 to 12,440 features across plant species (Table S2), albeit
120,000 resolution (at m/z 200), of which 87% to 93% were assigned
with molecular formulas at <5 ppm mass tolerance. Among the fea-
tures assigned with formulas, AM differentially regulated 4494 to
7231 features (i.e. features that differentiate between mycorrhizal
vs. non-mycorrhizal roots), while EM changed 1288 to 3439 features
(p<0.05, Figure 1a). These altered features are distributed across a
broad range of chemical space defined by O:C and H:C ratios and
span all predicted compounds categories. The difference in the num-
ber of altered features between AM and EM were not likely due to
the difference in colonization rate. For example, AM fungus Fm and
EM fungus Ss exhibited similar colonization rates (~70%) in LITU and
PITA, respectively (Table 1), but Fm altered twofold more features
in LITU than Ss in PT (Figure 1a). However, the colonization rates of
AM and EM may not be comparable due to their different counting
methods (i.e. length based vs. root tip based respectively).
Considering the overall chemical landscape, PCoA showed that
the four plant species separated into distinct chemical phenotypes,
with two gymnosperms closer to each other and further away from
the two angiosperms (Figure S2), mirroring their phylogenetic re-
lationships more than mycorrhizal similarities. Within each plant
species, colonized roots exhibited a different chemistry from those
uncolonized (PERMANOVA p <0.028, PERMANOVA r? ranges from
0.18 to 0.88, Figure 1b), and their differences were more driven by
the shift in chemical phenotype than the dissimilarity of within-
group variations as the dispersion was relatively homogeneous
across different mycorrhizal inoculums and their non-mycorrhizal
controls (PERMDISP p>0.126, Figure 1b). Not only did the chemi-
cal phenotypes differ between colonized versus uncolonized roots,
roots from the same plant species that were colonized by different
fungal species also separated into distinct clusters (Figure 1b), indi-
cating that the mycorrhizal-associated metabolite alterations were
significant and specific to fungal species. Together, these observa-
tions demonstrated significant global metabolic alterations by my-
corrhizas in all plant-fungus combinations in this study and set the
stage for understanding common versus unique metabolome traits

across plant-mycorrhizal systems.

3.3 | Alterations of primary metabolism

The GC-QTOF-MS revealed that mycorrhizas altered major groups
of primary metabolites such as amino acids, organic acids and carbo-
hydrates (further grouped as disaccharides, pentoses, hexoses and
polyols, a carbohydrate derivative, Figure 2a, Figure S3). AM asso-
ciations and the PITAxSb combination exhibited notable changes in
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FIGURE 1 Mpycorrhizal-associated changes in the chemical landscapes of roots across eight plant-mycorrhizal fungus combinations.

(a) Van Krevelen diagrams show the distribution of differentially regulated metabolites (mycorrhizal vs. non-mycorrhizal, Student's t

test, p<0.05) in expected biomolecular regions. (b) Principal coordinates analysis (PCoA) shows the separation of chemical phenotypes
between non-mycorrhizal and mycorrhizal roots colonized by different fungal species based on the first three major PCoA components.
The significance of separation is indicated by PERMANOVA p values, with the effect size indicated by PERMANOVA r? values. PERMDISP
p>0.050 indicates homogeneity of dispersion. See Table 1 for abbreviations.

most primary metabolite groups, whereas other EM pairings showed
more scattered responses (Figure 2a).

affected
(Figure 2a-c, Figure S3). The pathway analysis detected significant

Mycorrhizas  frequently carbohydrate profiles
alterations in several sugar metabolism pathways, with galactose
metabolism exhibiting modification in six of eight plant-fungus com-
binations (Table S3). Particularly, the abundance of sugars such as
sucrose, glucose, fructose and mannose was frequently affected by
symbiosis, but their responses were variable across plant-fungus
combination (Figure 2b, Figure S3). For example, the responses of
glucose and fructose, the two hexoses readily transportable from
roots to mycorrhizal fungi, differed among plant species: AM de-
creased glucose and fructose in JUVI roots but increased these com-
pounds in LITU; EM increased glucose and fructose in PITA roots but
they were unaffected in QUMA (Figure 2b, Figure S3).

In contrast to the variable changes of sugars, we observed a sim-
ilar trend in another major C pool, that is, polyols and their deriva-
tives, within one mycorrhizal lifestyle (Figure 2b,c, Figure S3). In line
with H1, AM and EM tended to affect polyols in different manners.

Arbuscular mycorrhizal-colonized roots accumulated cyclic polyols,
that is, inositols and their methoxy derivatives such as ononitols
and pinitols. This accumulation occurred in JUVI and LITU with AM
lifestyles irrespective of the phylogenetic history of hosts (gymno-
sperm vs. angiosperm) or fungal identities (Gm vs. Fm). By contrast,
EM-colonized roots did not exhibit similar increases in cyclic polyols
but substantially accumulated a set of new compounds that were un-
detected or at trace levels in non-mycorrhizal roots, including acyclic
polyols and trehalose (Figure 2b,c, Figure S3). The large increase in
acyclic polyols in EM roots was driven by the accumulation of man-
nitol and arabitol in PITA and mannitol in QUMA (Figure S3), with
these compounds contributing >90% of the increase. The PITAXSs
combination is the only paring of EM association that did not accu-
mulate acyclic polyols but instead exhibited a large increase in tre-
halose (Figure 2c).

Variance partitioning showed that the changes in carbohy-
drates were more related to colonization by mycorrhizal fungi
than plant growth and tissue N (Figure S4). Overall, coloniza-
tion explained 22%-64% of the variation in polyol profiles, with
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FIGURE 2 Mpycorrhizal-associated alterations in the primary metabolites of roots across eight plant-mycorrhizal fungus combinations.
(a) Percentage of changes (mycorrhizal vs. non-mycorrhizal or NM, Student's t test, p<0.05) in primary metabolites. (b) Sugar metabolism
simplified from KEGG primary pathways. (c) Shifts of carbohydrate profiles were shown by the summed relative intensity (normalized to
the internal standard) of carbohydrates and polyols for individual seedlings. (d) Arginine biosynthesis pathway simplified from KEGG amino
acid pathways. (e) Changes of amino acid profiles were shown by the summed relative intensity for individual seedlings. In (b) and (d), the
compounds with significant differences (p <0.05) between mycorrhizal and NM roots in each of the eight plant-fungus combinations are
shown in a gradient from red to blue based on the log, fold changes, with blank indicating nonsignificant effects or undetected compounds.

See Table 1 for abbreviations.

9%-21% of the variation explained by mycorrhizas independently
(p=<0.063), whereas growth and N did not show significant net ef-
fects (p=0.308). To understand if the metabolic changes occurred
in a systemic manner, we also investigated the abundance of poly-
ols in the leaves for each plant-fungus combination. We observed

increases in cyclic polyols in leaves of AM-inoculated JUVI seedlings,
although to a considerably lesser degree when compared to their
below-ground counterparts (Figure 2c, Figure S5a). Acyclic polyols
such as mannitols and arabitols were undetected or at trace levels in
the leaves of EM-inoculated seedlings.

d ‘€ “€T0T ‘SPLTSIET

sdyy woxy

DIPUO)) pue SULD | 3y 298 [€207/S0/1T] U0 Areaqry sutquQ Lopip “Ansioatun) uoswal) £q 640 1°SHLT-S9E1/1111°01/10p/wod Kajim A,

sdyy)

*Kopim A:

QSUSOIT SUOWWO)) dANEAI) d[qearjdde oy Aq pauIoA0S a1e SA[OIIE () SN JO SN 10§ AIIqIT duIuQ) Ad[IA UO (SUony



XIAET AL.

Journal of Ecology | 609

Mycorrhizas also altered amino acids and organic acids
(Figure 2d,e, Figure S3). Although their changes were largely mixed,
we observed a common trend where the abundance of arginine and
its catabolism products was consistently decreased by mycorrhizas
across most plant-fungus combinations irrespective of mycorrhizal
lifestyles, leading to a characteristic shift of amino acid profiles.
Pathway analysis also showed that arginine biosynthesis was sen-
sitive to mycorrhizas and was altered by symbiosis in seven of eight
plant-fungus combinations (Table S3). Particularly, metabolites
involved in the urea cycle (arginine, ornithine and urea) were de-
creased in most plant-fungus combinations (Figure 2d,e), whereas
the metabolites from their neighbouring pathways, for example, the
biosynthesis of polyamines and y-aminobutyric acid (GABA, a stress-
related nonprotein amino acid), tended to increase, indicating C flow
away from the urea cycle (Figure 2d,e). Tissue N and mycorrhizal
colonization are important factors explaining the changes in argi-
nine and related metabolites, with tissue N independently explained
18%-31% of the variation across the four plant species (Figure S4).
The decrease in arginine and related metabolites also occurred in the

leaves of mycorrhizal-associated seedlings (Figure S5b).

3.4 | Alterations of specialized metabolism

The CANOPUS-assigned chemical classes were used to character-
ize the broad responses of the specialized metabolism in roots. This
procedure revealed a similar distribution of the metabolome at high
levels of chemical classes across plant species (Figure 3a). At the
superclass level, the metabolome from all plant species was domi-
nated by organic acids and derivatives, organic oxygen compounds,
lipids and like, and phenylpropanoids and polyketides. Flavonoids
were consistently a major group of phenylpropanoids and polyke-
tides, whereas prenol lipids and fatty acyls comprised the major-
ity of lipids and like. This broad similarity provides opportunities
for understanding potential commonality versus specificity of me-
tabolite alterations. The metabolome in roots also exhibited plant
species-specific traits, especially at finer levels. For example, The
CANOPUS-assigned phenylpropanoids were dominated by flavo-
noids in PITA roots, LITU roots produced similar numbers of flavo-
noids and hydroxycinnamic acids and derivatives, while QUMA roots
were abundant in hydrolysable tannins (Figure 3).

Most of the CANOPUS-assigned specialized metabolite groups
exhibited changes due to mycorrhizas (Figure 3b). In general, AM
tended to elicit higher numbers and greater proportions of changes
than EM. Among the specialized metabolite groups, the CANOPUS-
assigned phenylpropanoids exhibited the highest numbers of
changes (Figure 3b). The responsiveness of phenylpropanoids was
relatively consistent across plant-fungus combinations: although
EM roots were in general less responsive than AM roots, the EM
fungi Sb and Sl still elicited a high number (169 to 189) and large pro-
portion (50.0% to 55.9%) of responses in the CANOPUS-assigned
phenylpropanoids of PITA roots. By contrast, while the prenol lipids
showed a high response to AM (particularly, diterpenoids in JUVI

and terpene glycosides in LITU), EM elicited considerably lower pro-
portions of responses in this chemical group (Figure 3b).

The high response of the CANOPUS-assigned phenylpropanoids
to mycorrhizas was predominantly driven by the changes in the
CANOPUS-assigned flavonoids, which accounted for 86.4%, 42.5%,
90.8% and 70.1% of the observed responses of phenylpropanoids in
JUVI, LITU, PITA and QUMA respectively (Figure 3b). Accordingly,
we focused on flavonoids and related metabolites because: (1) this
chemical family was highly responsive to mycorrhizas; (2) flavonoids
are almost exclusively synthesized by plants. Our survey across the
genome sequences of the studied fungal species/genus (i.e. Gm, Sb,
Sl and Ts) suggests that none of these fungi possesses the essential
enzyme kit (ammonia-lyase, chalcone synthase and chalcone isomer-
ase, Winkel, 2006) required in the flavonoid biosynthesis (database:
MycoCosm, Grigoriev et al., 2014). Although we did not separate
plant from fungal metabolites, the relative exclusiveness of flavo-
noids allows for elucidating modulation of plant metabolites without
confounding changes by fungal metabolism. In addition, (3) the core
pathway of flavonoid metabolism is largely shared across the plant
kingdom (Wen et al., 2020), allowing for comparing its response
across plant-fungus systems.

Next, we assessed the mycorrhiza-associated changes in the
specialized metabolites that were annotated at the compound level
based on the mzCloud database/literature, which broadly cover the
phenylpropanoid, flavonoid and the adjacent metabolism pathways
(Figure 4a, see annotation details in Table S1 and the respective re-
sponse of each compound in Table S4). Pathway analysis showed
that flavonoid biosynthesis was frequently affected by mycorrhizas
across plant-fungus combinations (Table S3). Comparing specialized
metabolite alterations across plant-fungus combinations revealed
concerted, yet differential responses between two major flavonoid
subgroups. The members of a flavonoid subgroup, flavonols (querce-
tins, kaempferols, myricetins and their derivatives), exhibited mixed,
largely decreasing responses to mycorrhizas (Figure 4, Table S4).
By contrast, we observed a consistent increase in the members of
another flavonoid subgroup, that is, flavan-3-ols (e.g. catechins,
gallocatechins and their oligomers such as procyanidins and prodel-
phinidins, Figure 4, Table S4), leading to a pronounced increase in the
summed peak intensities of this group in seven of eight plant-fungus
combinations (p<0.001, Figure 4b). The frequent accumulation of
flavan-3-ols along with the general decrease in other flavonoids re-
sulted in a characteristic shift of flavonoid profiles by mycorrhizas
in most plant-fungus combinations irrespective of mycorrhizal life-
styles (Figure 4b). The only exception is the PITAXSI pairing, where
the colonization rate was the lowest among plant-fungus combina-
tions (~6%, Table 1). Mapping annotated compounds to the flavo-
noid biosynthesis pathway showed that mycorrhizas tended to drive
C flow towards later steps of the flavonoid biosynthesis pathway,
as flavan-3-ols are synthesized further downstream than flavonols
(Figure 4b). Mycorrhizal colonization was the most important pre-
dictor for the changes in flavan-3-ols, explaining 56%-85% of the
variation, with 9%-81% of the variation explained independently
(Figure S4). A similar accumulation of flavan-3-ols did not occur in
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FIGURE 3 Variation in the specialized metabolites of roots across eight plant-mycorrhizal fungus combinations. (a) The proportions of the
CANOPUS-assigned chemical classes at four taxonomy levels (from superclass, class, subclass, to level 5 outward) across four plant species.
AA: Amino acids, peptides and analogues; BeA: Benzenoid acids and derivatives (der.).; ben: Benzene and substituted der.; CaA: Carboxylic
acids and der.; carb: Carbohydrates and conjugates; CiA: Cinnamic acids and der.; Dia: Diazines; Eic: Eicosanoids; FA: Fatty acyls; FACoj:
Fatty acids and conjugates; FAGly: Fatty acyl glycosides (gly.); Fla: Flavonoids; flava: Flavans; HcA: Hydroxycinnamic acids and der.; OC:
Organooxygen compounds (comp.); PL: Prenol lipids; tan: Tannins; TeGly: Terpene gly. Groups with features <2 were combined for better
comprehensibility. (b) The counts of altered (mycorrhizal vs. non-mycorrhizal, Student's t test, p <0.05) and unregulated features that are
assigned by CANOPUS to specialized metabolite groups. The insets show the changes (p <0.05) of the subgroups in phenylpropanoids and

polyketides. H. Tannins: Hydrolysable tannins. See Table 1 for abbreviations of plant and fungal species.

leaves: The presence of below-ground mycorrhizas decreased or
did not affect the summed peak intensities of flavan-3-ols in leaves
(Figure S5).

Because the number of annotations is limited compared to that
of unannotated mass features, we further tested if this character-
istic shift of flavonoid profiles is robust to a broader range of the

CANOPUS-assigned flavonoids. Similarly, the CANOPUS-assigned
flavonols exhibited mixed and largely decreasing responses to
mycorrhizas; by contrast, we observed frequent increases in the
CANOPUS-assigned flavan-3-ols (Figure Séa,b). The summed
peak intensities of the assigned flavan-3-ols increased by mycor-
rhizas in seven of eight plant-fungus combinations, whereas that
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(a) Phenylpropanoid, flavonoid & related pathways

(b) Characteristic shift of flavonoid profiles by mycorrhizas
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FIGURE 4 Mycorrhizal-associated shifts in the flavonoid profiles of roots across eight plant-mycorrhizal fungus combinations. (a)
Flavonoid biosynthesis simplified from KEGG pathways. Compounds with significant differences (Student's t test, p <0.05) between

mycorrhizal and non-mycorrhizal (NM) roots are shown in a gradient from red to blue based on the log, fold changes, with blank indicating
nonsignificant effects or undetected compounds. *Gallotannins and ellagitannins were only detected in QUMA roots and were unaffected
by mycorrhizas. (b) Characteristic shifts of flavonoid profiles by mycorrhizas featured by the differential changes in the summed intensity
(normalized to internal standards) between flavan-3-ols and flavonols. *: p <0.05; **: p<0.01; ***: p<0.001. See Table 1 for abbreviations.

of the features assigned as other flavonoids generally decreased
(Figure Séc). These patterns of the CANUPUS-assigned classes
further support the shift of flavonoid profiles (i.e. accumulation
of flavan-3-ols) as a characteristic alteration of specialized me-
tabolites associated with mycorrhizas irrespective of mycorrhizal

lifestyles.

4 | DISCUSSION

Characterizing chemical landscapes associated with diverse root-
mycorrhizal interactions, our data showed that the mycorrhizal-
associated metabolite alterations were complex, involving decreases

and increases in a large number of metabolites spanning major chem-
ical classes. However, using a multi-species approach, common ver-
sus lifestyle-specific metabolite alterations across plant-mycorrhizal
fungus combinations emerged. Although metabolite responses
are often considered specific to plant/fungal species (Schweiger
et al., 2014), our data demonstrated that part of the mycorrhizal-
associated metabolite alterations were relatively common across
plant-mycorrhizal systems. This commonality is particularly strik-
ing as it persisted irrespective of the phylogenetic relationships
among host plants and appeared robust to the variable mycorrhizal-
mediated changes on plant growth and N status.

The common metabolite alterations by mycorrhizas may reflect
selection pressures and biological processes critical for successful
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mycorrhizas. For example, carbohydrate partitioning between plant
hosts and fungal partners is fundamental for successful symbio-
sis, as carbohydrates (hexoses in particular), along with lipids, are
the currencies that plants use for exchange with fungi (Keymer
et al., 2017; Shachar-Hill et al., 1995). Mutualistic mycorrhizal asso-
ciations would require well-regulated C partitioning between plants
and fungi (Brundrett, 2002). Such a general requirement may result
in convergent alternations in carbohydrate profiles. However, the
responses of the immediately exchangeable hexoses (e.g. glucose,
fructose) were highly variable across plant-fungus combinations,
reflecting dynamic nature of these readily transportable carbohy-
drates. On the other hand, our data revealed that polyols, a major
C pool in root tissues, frequently accumulated in mycorrhizal roots.
The two AM hosts, although phylogenetically and chemically dis-
tinct from each other, both accumulated cyclic polyols (i.e. inositols
and derivatives). Inositols typically have a plant origin (the BinBase
database, Lai et al., 2018) and significant amounts of inositols were
also detected in uninoculated roots and leaves. Accumulating large
amounts of cyclic polyols that are less available for symbionts may
help plants to mitigate the hexose gradient at the root-fungus in-
terface and thus regulate carbohydrate efflux to AM fungi (Nehls
et al., 2007; Nehls & Bodendiek, 2012). In line with our observa-
tion, at the cellular level, inositols are among the most responsive
carbohydrates to AM: arbuscule-containing cells accumulated ino-
sitols while hexoses were generally unaffected (Gaude et al., 2015).
A recent study also showed that accumulation of inositols was pro-
nounced in mutualistic AM associations but was lacking when AM
fungi exhibited a parasitic phenotype (Kaur et al., 2022). These and
our observations collectively suggest that accumulation of inositols
may be a common C partitioning strategy in AM-associated roots
and open intriguing questions on the potential regulatory role of this
frequent accumulation, for example, a possible avenue for plants to
regulate C exchange to AM symbionts.

In contrast to AM roots, and consistent with H1, EM-associated
roots accumulated a different set of polyols (i.e. acyclic polyols such
as mannitol and arabitol) that often have a fungal origin and may
have different biological consequences. Our findings are consistent
with prior observations that EM fungi can produce large amounts
of mannitol and/or arabitol (Nehls & Bodendiek, 2012) and that EM
fungi quickly transformed hexoses to large quantities of mannitols,
accounting for up to >60% of total fungal carbohydrates (Lewis &
Harley, 1965; Nehls et al., 2007; Nehls & Bodendiek, 2012). The EM
plant host PITA does not naturally produce mannitols, which have
motivated prior studies to genetically modify this species to enable
mannitol synthesis for stress tolerance (e.g. Tang et al., 2005). In
addition, mannitols and arabitols were undetected in uninoculated
roots. Therefore, their frequent accumulation in EM roots was more
likely driven by fungal metabolism. In contrast to the accumulation of
inositols that may help plant roots regulate C efflux, quickly convert-
ing hexoses to acyclic polyols may instead help EM fungi maintain
a strong sink for carbohydrates at the exchange site and facilitate
hexose efflux from plants to symbionts. Interestingly, accumulation
of mannitols/arabitols has also been observed in fungal pathogens

as important for pathogenicity, with proposed functions such as
carbohydrate reserves and quenchers for plant ROS responses
(Hooshmand et al., 2020; Patel & Williamson, 2016). This similarity
between EM and pathogens implicates an evolutionary scenario
where the accumulation of these acyclic polyols is crucial for the
establishment of fungal colonization in host tissues. Taken together,
the contrasting alterations in carbohydrate profiles between AM
and EM lifestyles reflect their unique C partitioning strategies for
sustaining symbiosis and provide potential mechanisms driving the
divergent C utilization between different lifestyles.

Alterations of specialized metabolites that regulate plant de-
fence to biotic/abiotic stresses also represent an essential step for
mycorrhization (Kaur & Suseela, 2020). To facilitate symbiosis, plant
defence responses were often suppressed as a result of decreased
expression of defence-related genes (Zamioudis & Pieterse, 2012).
On the other hand, plants need to limit the undesirable spread of
fungi. This modulation is likely through altering nonstructural spe-
cialized metabolites, as symbiosis may precede significant lignin/
suberin deposition in root endodermis that form physical barriers
(Brundrett, 2002). Therefore, the general challenges of mycorrhiza-
tion (facilitation vs. delimitation) could be translated into complex
alterations in specialized metabolites.

Our data showed that a large specialized metabolite group, flavo-
noids, are highly responsive to mycorrhizas. The core steps of flavo-
noid biosynthesis pathway are largely conserved (Wen et al., 2020),
which may allow for convergent responses to mycorrhizas across
plant species. Indeed, comparing across plant-fungus combinations
revealed a characteristic shift in flavonoid profiles that occurred fre-
quently in mycorrhizal-colonized roots irrespective of lifestyles. In
line with H2, this shift featured general decreases in flavonols but in-
creases in flavan-3-ols, which may be interpreted in the context that
plants facilitate and delimitate mycorrhizal fungal growth. Flavonols
and derivatives exhibited a variable, generally decreasing trend in
colonized roots. Such mixed responses suggest that they may have
versatile functions. Indeed, while flavanols are thought to have an-
tifungal activity (Sudheeran et al., 2020) and thus at odds with my-
corrhizas, certain flavonols can instead stimulate mycorrhizas and
positively relate to colonization (Lagrange et al., 2001). In contrast,
the family of flavan-3-ols showed a consistent accumulation across
plant-fungus combinations irrespective of mycorrhizal lifestyles.
These increases were unique to roots and did not occur in leaves,
indicating a potential regulatory role of this flavonoid subgroup in
root-fungus interactions. Flavan-3-ols are among the most potent
flavonoids to defend against fungal penetration (Friedman, 2007;
Ullah et al., 2019). Flavan-3-ols such as catechins were observed to
accumulate in large quantities in the inner part of root endodermis in
Larix decidua Mill. (Weiss et al., 1999) and cotton seedlings (Mace &
Howell, 1974), forming critical barriers against fungal inward growth
to vascular tissues. Interestingly, a similar strategy was observed in
Plant-Frankia symbiosis as Frankia-infected cells were delimited by
cell layers with elevated levels of flavan-3-ols (Laplaze et al., 1999).
Hence, the general accumulation of flavan-3-ols in mycorrhizal
roots may represent a common defence investment of plant hosts
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to prevent undesirable fungal penetration. Moreover, the protective
role of flavan-3-ols may be multi-level. Many members of this group
are efficient ROS scavengers that trap an additional peroxyl radical
compared to other flavonoids (Kondo et al., 2000). Their antioxidant
properties may further protect plant tissues from fungal-induced
ROS responses. Imaging analyses that examine the localization of
flavan-3-ols in mycorrhizal roots could further elucidate their pro-
tective roles for mycorrhizal-associated plants. The accumulation
of flavan-3-ols in mycorrhizal roots may also have ecological conse-
quences as specialized metabolites can influence litter decomposi-
tion (Chomel et al., 2016; Cornelissen et al., 2022).

The common metabolite responses observed in roots were
largely localized and were not mirrored in leaves. This may explain
the lack of commonality across plant species in leaf metabolic re-
sponses to Rhizophagus irregularis (Schweiger et al., 2014). Leaves
are not the immediate site of mycorrhization, nor do they directly
face the challenges that could shape root chemistry in similar ways
and lead to convergent alterations (e.g. delimiting undesirable fun-
gal spread). However, symbiosis could induce systemic changes
that indirectly affect leaf chemistry. For example, the decrease in
arginine and related metabolites occurred in both roots and leaves.
Because the variations of these compounds were related to tissue
N, their changes in leaves may be driven by mycorrhizal-associated
systemic changes in plant N utilization. Our data demonstrated
that mycorrhizas tend to have different relationships to root and
leaf chemistry and thus the transferability of the findings in the
metabolic alterations by mycorrhizas from roots to leaves (and
vice versa) is limited.

In conclusion, we have demonstrated common and mycorrhi-
zal lifestyle-specific traits of metabolite alterations across various
plant-mycorrhizal fungus combinations. Although many metabolites
(e.g. hexoses, flavonols) showed mixed alterations that were specific
to plant species and/or fungal identities, a subset of highly respon-
sive compounds (e.g. polyols and flavan-3-ols) exhibited responses
to mycorrhizas that were, in some cases, shared across both mycor-
rhizal lifestyles, and were in other cases unique to a given lifestyle.
These observations open intriguing questions on their potentially

important regulatory and evolutionary role for successful symbiosis.
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