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Plant roots co-inhabit the soil with a diverse consortium of microbes of which a
number attempt to enter symbiosis with the plant. These microbes may be pathogenic,
mutualistic, or commensal. Hence, the health and survival of plants is heavily reliant on
their ability to perceive different microbial lifestyles and respond appropriately. Emerging
research suggests that there is a pivotal role for plant root secondary metabolites in
responding to microbial colonization. However, it is largely unknown if plants are able
to differentiate between microbes of different lifestyles and respond differently during
the earliest stages of pre-symbiosis (i.e., prior to physical contact). In studying plant
responses to a range of microbial isolates, we questioned: (1) if individual microbes of
different lifestyles and species caused alterations to the plant root metabolome during
pre-symbiosis, and (2) if these early metabolite responses correlate with the outcome of
the symbiotic interaction in later phases of colonization.

We compared the changes of the root tip metabolite profile of the model tree Eucalyptus
grandis during pre-symbiosis with two isolates of a pathogenic fungus (Armillaria
luteobubalina), one isolate of a pathogenic oomycete (Phytophthora cinnamomi), two
isolates of an incompatible mutualistic fungus (Suillus granulatus), and six isolates of a
compatible mutualistic fungus (Pisolithus microcarpus). Untargeted metabolite profiling
revealed predominantly positive root metabolite responses at the pre-symbiosis stage,
prior to any observable phenotypical changes of the root tips. Metabolite responses in
the host tissue that were specific to each microbial species were identified. A deeper
analysis of the root metabolomic profiles during pre-symbiotic contact with six strains of
P.-microcarpus showed a connection between these early metabolite responses in the
root with later colonization success. Further investigation using isotopic tracing revealed
a portion of metabolites found in root tips originated from the fungus. RNA-sequencing
also showed that the plant roots undergo complementary transcriptomic reprogramming
in response to the fungal stimuli. Taken together, our results demonstrate that the early
metabolite responses of plant roots are partially selective toward the lifestyle of the
interacting microbe, and that these responses can be crucial in determining the outcome
of the interaction.
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INTRODUCTION

The rhizosphere is a narrow zone of soil adjacent to plant
roots where soil microbes interact with, and influence, plant
physiology (Hartmann et al., 2008, 2009). Similarly, interactions
occurring at this interface significantly impact the soil microbial
community structure (Baudoin et al., 2003; Broeckling et al.,
2008). This root-microbe interaction is mainly mediated by the
exchange of chemical signals as demonstrated by identification
of metabolites in root exudates that can attract or defend against
certain microbes (Steinkellner et al., 2007; Badri and Vivanco,
2009; Baetz and Martinoia, 2014). Therefore, theoretically,
adjusting the chemical composition of root exudates should
enable plants to selectively recruit beneficial microbes while
deterring pathogens (Hartmann et al., 2009). Further, within a
microbial genus or guild, the regulation of some plant secondary
metabolites could also foster colonization of certain microbial
individuals over others based on their relative benefit to plant
health and fitness.

The early stage of interaction between plants and microbes
prior to coming into physical contact, known as the pre-
symbiotic stage, is crucial in priming plants to respond according
to the nature of the microbes. Previous studies have suggested
that the alteration of plant metabolic responses during this stage
correspond to the lifestyles of the microbe attempting to infect
the plant tissues. For example, root exudate composition was
found to vary with the type of endophytes colonizing tall fescue
(Guo et al.,, 2015). Sugar and amino acid content in tomato
root exudates have been shown to be differentially impacted
by the application of biocontrol Fusarium sp. in comparison
to pathogenic Pseudomonas bacteria (Kamilova et al., 2006).
Distinctive transcriptomic responses to symbionts, as opposed
to pathogens, have also been demonstrated at this early pre-
symbiotic stage (Giovannetti et al., 2015). Plant responses may
also vary between different isolates of the same microbial
species whereby discrete modifications in plant responses to
intra-specific microbial variation could correlate with improved
compatibility in certain interactive pairs over others. A recent
comparative study has demonstrated significant differences in the
responsiveness of roots interacting with the rhizobia of different
species, impacting compatibility at an early stage of interaction
(i.e., 1-3 days; Kelly et al., 2018). Further, a plant hosts’ metabolic
regulation of amino acid or nitrogen homeostasis is suggested to
determine the colonization levels of endophytes and pathogens
(Lépez-Berges et al.,, 2010; Stuttmann et al., 2011; Lahrmann
etal,, 2013). The above examples highlight the significant impact
of early root responses during microbial interaction. However, we
are currently lacking a comprehensive study of how the global
metabolic profile of plant roots changes in response to different
microbial lifestyles and to different microbial isolates within one
species.

A great deal of effort has also gone into determining
what signals from a microbe might initiate specific plant-
based responses. The majority of these studies have focused on
how plants distinguish different microbes via receptor-mediated
recognition of chemical signals (Stracke et al., 2002; Radutoiu
et al,, 2003). In this model, specific chemical signals secreted by

different microbes should activate distinct signaling pathways in
the plant which effectively determine the fate of the interaction—
either triggering mutualistic or defense responses. Evidence of
distinct microbial signals include Nod-factors in Rhizobium-
legume symbioses, Myc-factors in arbuscular mycorrhizal fungi
(AM fungi)-plant symbioses or microbe-associated molecular
patterns (MAMPs) in a variety of pathosystems (Felix et al,
1999; Zipfel et al., 2004; Raudaskoski and Kothe, 2014; Hacquard
et al., 2017). Yet, emerging research has also pointed out that
a single plant receptor can be triggered by microbial signals
released by both mutualistic and pathogenic microbes (Rey et al.,
2013; Miyata et al., 2014; Zhang et al., 2015). Further, instead of
triggering the symbiotic pathway, mutualists can gain entry to
host roots by releasing pathogen-like virulence factors that block
the plants innate immunity (Tellstrom et al, 2007; Thomma
et al,, 2011; Okazaki et al., 2013). These examples imply that
plant-microbe recognition is not solely dependent on individual
pairings of microbial chemical signals with corresponding
plant receptors, but rather that the combination of diverse
signals generated by a given microbe is required for full plant
recognition. In this regard, a comprehensive account of microbial
signals perceived by roots during the pre-symbiotic stage should
be considered when trying to understand how plants are able to
differentiate between different microbes.

In this study, we aim to examine the influence for microbes
of (i) different species and lifestyles, (ii) different geographic
origin, and (iii) different colonization potential, on root
metabolite profiles during the stage of pre-symbiotic interaction.
Experiments were conducted with Eucalyptus grandis
seedlings interacting with multiple strains of a pathogenic
fungus (Armillaria luteobubalina), a pathogenic oomycete
(Phytophthora cinnamomi), a commensal fungus (Suillus
granulatus), and a mutualistic fungus (Pisolithus microcarpus)
under the same abiotic conditions. These microbes are selected
for this study as they are frequently found in the soil of Australian
forests and plantations.

A. luteobubalina is a common pathogen that is endemic
to Australia and causes root rot of eucalypts, particularly
in disturbed native forest and plantation sites (Kile, 2000).
In a natural ecosystem, Armillaria infections are typically
characterized by the development of white mycelial sheets,
rhizomorphs and honey-colored basidiocarps at the root or lower
stem (Kile, 2000). Ph. cinnamomi, on the other hand, is an
introduced, hemi-biotrophic pathogen that causes root disease
in over 150 native eucalypt species in Australia due to a lack of
resistance toward the exotic species (Shearer and Smith, 2000).
Infected trees show symptoms such as root and crown rots,
chlorosis and crown thinning, and in tree mortality (Facelli et al.,
2018; Sena et al,, 2018). Both P. microcarpus and S. granulatus
are mutualistic ectomycorrhizal (ECM) fungi but only the former
can form mutualistic interactions with E. grandis. S. granulatus
is an exotic fungus believed to be introduced into Australia
along with the plantation of pines (Chapela et al., 2001). On
the contrary, P. microcarpus is an ECM fungi that is native to
Australia. Like other ECM fungi, the extra-radical mycelium
of ECM fungi enhances tree nutrient acquisition effectively by
acting as an extension of the root system and increasing the
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TABLE 1 | Table summarized the species and location of origin within NSW, Australia of the fungi/oomycete isolates used in this study, and the colonization potential of

the ECM fungal strains.

Species Nature of interaction with eucalypts Isolate name Location of origin ECM colonization potential
Pisolithus microcarpus ECM fungi, mutualistic symbiont SI9 Sussex inlet Low
Si14 Sussex inlet High
R4 Royal National Park Low
R10 Royal National Park High
Wil3 Wilberforce Low
Wil4 Wilberforce High
Armillaria luteobubalina Indigenous pathogen HWK2 Richmond na
BG Royal Botanic Gardens, Sydney na
Phytophthora cinnamomi Introduced pathogen Phyt Royal Botanic Gardens, Sydney na
Suillus granulatus ECM fungi, Commensal* HWKBA Richmond na
HWK6B Richmond na

“While Suillus sp. is a model ECM fungus, it does not establish interaction with E. grandiis. na, not applicable.

interface with adjacent soil. ECM fungi are capable of mobilizing
organic soil N, thus providing plant host access to soil N
resources that would otherwise be unavailable to uninfected plant
roots (Burgess et al., 1994). However, it is worth mentioning that
the benefits and colonization efficiency of ECM associations to E.
grandis vary in an intraspecific manner (Plett et al., 2015).

Focusing on one lifestyle, the mutualist, we have also tracked
the origin of metabolites in root tips using stable isotope tracing,
as well as the transcriptomic responses of eucalypt roots during
this pre-symbiotic interaction. Overall, we demonstrate that
a small, but significant, number of molecular features in E.
grandis are uniquely responsive to different lifestyles of microbes.
Further, we identify plant metabolite responses that correlate
with colonization success of the ECM fungus P. microcarpus.
Our isotope tracing and transcriptomic analysis also indicated
that E. grandis roots undergo specific transcriptomic changes in
response to exposure to a range of fungal signaling metabolites
during pre-symbiotic interaction with P. microcarpus.

MATERIALS AND METHODS

Plant Materials And Microbial Isolates
Eucalyptus grandis seeds were obtained from the Commonwealth
Scientific and Industrial Research Organization (CSIRO, Clayton,
VIC Australia) tree seed center (Seedlot 20974). Two isolates
of Armillaria luteobubalina, six isolates of P. microcarpus and
two isolates Suillus granulatus, and an isolate of oomycete
Phytophthora cinnamomi, were collected from several locations
within New South Wales, Australia (Table 1).

Plant Growth Conditions and

Fungal/Oomycete Culture Condition

Seeds were sterilized in 30% H,O, (v/v) for 10 min and then
washed with sterile deionized water for five times prior to
germination on 1% (w/v) water agar. After 1 month, seedlings
were transferred into half-strength modified Melin-Norkrans
(MMN) media (0.25 g/L (NH4),HPOy, 0.15 g/L KH,POy, 0.07
g/L MgSO,7H20, 1 g/L glucose, 0.5 mL/L of CaCl, 5% stock

solution, 0.5 mL/L of NaCl 2.5% stock solution, 0.5 mL/L of
ZnSOy4 0.3% stock solution, 67.5 wWL/L of thiamine 0.1% stock
solution, 0.5 mL/L of citric acid + Fe EDTA 1.25% stock
solution and 13 g/L agar in de-ionized water, pH 5.5 £ 0.2) and
were grown in a controlled environment growth cabinet (22—
30°C night/day temperature; 16 h light cycle) for 1 month. P.
microcarpus and S. granulatus isolates were cultured on the half-
strength MMN media, while Ph. cinnamomi and A. luteobubalina
were cultured on V8 agar media (30mM CaCOs3, 15 g/L agar,
20% (v/v) V8 juice in de-ionized water, pH 7.2 & 0.2) and potato
dextrose agar (PDA) media (39 g/L PDA powder (Sigma-Aldrich)
in de-ionized water), respectively, for 14 days prior to setting up
the pre-symbiosis interaction.

Untargeted Root Metabolite Profiling
Experimental Set-Up and Sample
Collection

Three days prior to the pre-symbiotic interaction experimental
set-up, all microbial cultures and eucalypt seedlings were
transferred to half-strength MMN media without glucose. To
allow pre-symbiotic interaction, E. grandis seedlings (2 months
old) were placed into the same Petri dish as the fungal/oomycete
mycelium separated by a cellophane membrane (Kleerview
Covers by Fowlers Vacola Manufacturing Co Ltd.) (Figure 1).
Use of a cellophane membrane allows the exchange of diffusible
chemicals but prevents direct contact between seedlings and
mycelium. Un-inoculated controls were also set up with the
seedlings in contact with a cellophane membrane. After 24 h of
pre-symbiotic interaction, root tips (~1cm in length measured
from each root tip; 10-25 mg per sample; 4 biological replicates
in total) were harvested, immediately frozen in liquid nitrogen,
and stored in a —80°C freezer until extraction.

13C- Isotopic Labeling and Tracing
Experimental Set-Up

In this experiment, the fungal mycelia of P. microcarpus was
cultured in *C-labeled media prior to pre-symbiotic interaction
with E. grandis root tips. Therefore, theoretically, all fungal
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microbes. (B) The conceptual diagram explained the pre-symbiosis set-up.

fungal mycelia
growing on a
cellophane
membrane

FIGURE 1 | Experimental microcosm used for this study (A) the picture demonstrated the experimental set-up for pre-symbiotic interaction between E. grandis and

metabolites will have a higher 1C-labeled isotope signal than
plant metabolites. Cultures of P. microcarpus isolate SI14 were
grown in half-strength MMN where the normal sugar source
was replaced with 99% labeled '*Cg-glucose (Cambridge Isotope
Laboratories, Inc.) for one month. The fungal cultures were then
transferred to a half-strength MMN medium (without glucose)
for 3 d, and subsequently subjected to pre-symbiotic interaction
with E. grandis seedlings for 24 h as described above. The root tip
samples and fungal mycelia samples were harvested and frozen
in liquid nitrogen and stored in a —80°C freezer until extraction
as described below.

Sample Preparation and LC-MS Analysis

Samples were extracted and analyzed by Metabolomics Australia
(School of BioSciences, University of Melbourne). Aliquots (10-
25mg) of homogenized, fresh root tips were transferred to
Cryomill tubes and their weights recorded. Methanol (MeOH,
250 pL per 10 mg of sample) containing the following internal
standards, '3Cg-Sorbitol (0.02 mg/mL) and 13C5-1°N-Valine
(0.02 mg/mL), was added to the sample tubes. The samples were
homogenized using a Cryomill (Bertin Technologies; Program #2
(6100-3 x 45 x 45) at —10°C) and incubated in a Thermomixer
(Eppendorf) at 30°C with a mixing speed of 1,400 rpm for
15min, followed by 15min of centrifugation at 13,000 rpm
(15,900 x g). The MeOH supernatant was transferred into a
1.5 mL Eppendorf tube and set aside. De-ionized water (250 pL
per 10 mg of sample) was added to the remaining sample pellet
and vortexed before being centrifuged for 15 min at 13,000 rpm
(15,900 x g). The supernatant was removed and combined with
the MeOH supernatant. Metabolite profiling was then performed
with the MeOH extract on a liquid chromatogram coupled-
mass spectrometry (LC-MS) platform. Instrument and LC-MS
set-up were as follows: Agilent 6520 QTOF MS system (Agilent
Technologies, Santa Clara, CA, USA) with a dual sprayer ESI
source and attached to an Agilent 1200 series HPLC system
comprised of a vacuum degasser, binary pump, thermostated
auto-sampler, and column oven. Ten microliters of sample
extract was used in the injection. The MS was operated in positive

or negative mode using the following conditions (ESI*™/~,
respectively): nebulizer pressure 30/45 psi, gas flow-rate 10
L/min, gas temperature 300°C, capillary voltage 4,000/—3,500 V,
fragmentor 150, and skimmer 65 V. The instrument was operated
in the extended dynamic range mode with data collected in
m/z range 70-1,700. Chromatography was carried out using an
Agilent Zorbax Eclipse XDB-C18, 2.1 x 100 mm, 1.8 pm column
maintained at 40°C (& 1°C) at a flow rate of 400 L min~! with
a 20 min run time. A gradient LC method was used with mobile
phases comprised of (A) 0.1% formic acid in deionized water
and (B) 0.1% formic acid in acetonitrile: 5min linear gradient
from 5 to 30% mobile phase B, followed by a 5min gradient to
100% mobile phase B and then a 5 min hold, followed by a 5min
re-equilibration at 5% mobile phase B.

Metabolomics Data Preprocessing and

Statistical Analysis

For data generated from untargeted root metabolite profiling,
Molecular Feature Extraction (MFE) was conducted using
Agilent MassHunter Qualitative analysis (version B.07.00) and
MassHunter Profinder (version B.08.00). Binning and alignment
tolerances were set to: retention time = =+ 0.1%-0.1 min;
mass window = £ 20 ppm + 5 mDa. Allowed ion species:
+H, +Na, +K, +NHy4, and neutral losses: H,O, H3POy4, CO,,
CeH1206. MFE was restricted to the 2,500 largest features and
1-2 charge states. The acquired data matrices were exported
and further analyzed with MetaboAnalystR package (version
0.0.0.9000) (Chong et al., 2018 ) in R environment (version 3.4.2).
All data were normalized with internal standard and sample
weight, log-transformed, and auto-scaled. Univariate statistical
tests (t-test and ANOVA) and multivariate statistical tests (PCA
and PLS-DA) were both carried out with MetaboAnalystR.
PERMANOVA analysis was done with the vegan package
(version 2.5.2). A level-5 putative identification of metabolite
identities was conducted by searching the exact mass and
composite spectrum of molecular features against public
chemical databases including METLIN (Smith et al., 2005),
HMDB (Wishart et al., 2018), and Kegg (Kanehisa et al., 2006)
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with the use of CEU Mass Mediator (Schymanski et al., 2014; For the isotopic labeling experiment, peak detection,
Gil de la Fuente et al, 2018). Search results matching to  alignment and data pre-processing were performed by using
synthetic metabolites, drugs or animal-derived metabolites were ~ the XCMS package (version 3.0.2; Smith et al,, 2006) in R
filtered. The putative metabolite classes were described based on  environment. The xcmsSet output was then introduced to
the common chemical structure in cases of multiple matching ~ X'>CMS package (version 1.4; Huang et al, 2014) to detect

hits. isotopically labeled compounds. Briefly, isotopically labeled
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FIGURE 2 | Metabolite responses triggered by different lifestyles of interacting microbe (A) PCA score plot showing the variation among metabolite profiles (LC-MS
ESI* mode) of E. grandis root tips after 24 h pre-symbiosis with different microbes. The color and shape of symbols represent the species and the lifestyles of the
interacting microbes. Armi, Armillaria luteobubalina; piso, Pisolithus microcarpus; suil, Suillus granulatus; phyt, Phytophthora cinnamomi; ctrl, uninfected control (B)
venn diagrams showing the significantly enriched and suppressed molecular features amongst different microbe-treated roots in comparison to the untreated control.
Student t-test was performed for each pair of comparison between the control and the microbes-treated root tips. Significantly regulated molecular features profiled
with ESI* mode that exhibit more than 5-fold of intensity change and with p < 0.05 are shown in the Venn diagram. (C) The scatter plot showing distribution of the
significantly regulated metabolites (o < 0.05) across the span of retention time of metabolite profiling in root tips after pre-symbiotic interaction with microbes of
different species that are captured in LC-MS (EST mode).
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compounds were detected by selecting for detection peaks which
exhibit a positive shift of mz-value around the same retention
time as the original unlabeled counterpart (Huang et al., 2014).
The relative abundance of each '3C-labeled compound was
calculated by dividing the '>C-labeled compound intensity
detected in labeled condition by that in unlabeled control
condition.

Transcriptomic Profiling of P. microcarpus
Interacting E. grandis

E. grandis seedlings generated as described above were set up
to interact with P. microcarpus isolate SI14 in two contrasting
conditions—pre-symbiotic contact and direct physical contact
for 24 h. The former was prepared as mentioned above. To set
up the latter, E. grandis seedling roots were placed directly onto
the mycelia of P. microcarpus growing on half-strength MMN
under the same growth conditions. An untreated E. grandis
control was prepared in parallel. After 24 h, the same type of
root tissues of E. grandis seedlings, as described for metabolomic
profiling, were sampled and immediately frozen with liquid
N,. In total, four biological replicates for each condition were
taken and extracted. The RNA from the root samples were
then extracted with ISOLATE II Plant miRNA kit (Bioline) as
per the manufacturer’s instructions. RNA for four biological
replicates each of the conditions were sequenced at the Joint
Genomes Institute (JGI). Plate-based RNA sample prep was
performed on the PerkinElmer Sciclone NGS robotic liquid
handling system using Illumina’s TruSeq Stranded mRNA HT
sample prep kit utilizing poly-A selection of mRNA following the
protocol outlined by Illumina in their user guide: https://support.
illumina.com/sequencing/sequencing_kits/truseq-stranded-mrn
a-workflow.html, and with the following conditions: total RNA
starting material was 100 ng per sample and 10 cycles of PCR
was used for library amplification. The prepared libraries were
quantified using KAPA Biosystem’s next-generation sequencing
library qPCR kit and run on a Roche LightCycler 480 real-time
PCR instrument. The quantified libraries were then multiplexed
with other libraries, and the pool of libraries was then prepared
for sequencing on the Illumina HiSeq sequencing platform
utilizing a TruSeq paired-end cluster kit, v4, and Illumina’s cBot
instrument to generate a clustered flow cell for sequencing.
Sequencing of the flow cell was performed on the Illumina
HiSeq2500 sequencer using HiSeq TruSeq SBS sequencing Kkits,
v4, following a 2 x 150 indexed run recipe. Raw RNA-Seq reads
were filtered and trimmed using the JGI QC pipeline. Using
BBDuk (https://sourceforge.net/projects/bbmap/), raw reads
were evaluated for artifact sequence by kmer matching (kmer
= 25), allowing 1 mismatch and detected artifact was trimmed
from the 3’ end of the reads. RNA spike-in reads, PhiX reads,
and reads containing any Ns were removed. Quality trimming
was performed using the phred trimming method set at Q6.
Finally, following trimming, reads under the length threshold
were removed (minimum length 25 bases or 1/3 of the original
read length—whichever was longer).

Filtered reads from each library were aligned with the
E. grandis genome (Myburg et al, 2014). Only primary hits
assigned to the reverse strand were included in the raw
gene counts (-s2-p ——primary options). Raw gene counts

were used to evaluate the level of correlation between
biological replicates using Pearson’s correlation and to determine
which replicates would be used in the Differential Gene
Expression analysis. DESeq2 (version 1.18.1; Love et al,
2014) was subsequently used to determine which genes were
differentially expressed between pairs of conditions. Features
assigned to the forward strand were also tabulated (-s 1 -
p ——primary options). The strandedness of each library was
estimated by calculating the percentage of reverse-assigned
fragments to the total assigned fragments (reverse plus forward
hits).

Arabidopsis thaliana homologs of upregulated genes (log(fold
change) > 5) in E. grandis were used to perform gene ontology
(GO) enrichment with g:Profiler (Reimand et al., 2007). A GO
enrichment network was then generated with Enrichment Map
plugin (version 3.1.0; Merico et al., 2010) on the Cytoscape
platform (version 3.6.1; Shannon et al., 2003). Gene pathway
analyses were performed by using Pathview Web (Luo et al.,
2017). Gene expression values for Arabidopsis thaliana homologs
in E. grandis were mapped onto metabolite biosynthesis pathways
on the basis of KEGG pathway database.

RESULTS

Metabolite Responses Triggered by

Microbes With Different Lifestyles

Using LC-MS-based untargeted metabolite profiling, a total
of 1,868 and 2,226 molecular features were identified in 48
E. grandis root tip samples across all treatments in the ESI™
and ESI™ mode, respectively (Supplementary Tables 1, 2). A
principle component analysis (PCA) of the E. grandis root tip
metabolite profiles failed to show any clear separation based
on either the species or trophic lifestyle of the interacting
microbes (Figure 2A; Supplementary Figure 1). However,
a permutational multivariate analysis of variance analysis
(PERMANOVA) confirmed a significant variation among E.
grandis root tip metabolite profiles in relation to different species
of microbes (p = 0.018, R* = 0.1291 at 1,000 permutations for
ESI™ mode; p = 0.012, R> = 0.1261 at 1,000 permutations for
ESI™ mode).

We sought to identify the key metabolite responses that
separated one microbial species from another. A Venn diagram
analysis of the ESI™ mode showed that several significantly
induced and suppressed molecular features are specifically
regulated depending upon which microbe is interacting with
E. grandis (Figure 2B; Supplementary Table 3; ESI” mode in
Supplementary Figure 2). Generally, there were more molecular
features significantly induced than suppressed by interaction
with any of the tested microbes (Figure2C; ESI™ mode in
Supplementary Figure 3). In ESIT mode, 38, 44, 28, and 20
molecular features were identified to be significantly regulated
(p < 0.05; fold change > 5) after 24h pre-symbiosis with P.
microcarpus, A. luteobubalina, S. granulatus, and Ph. cinnamomi,
respectively (Figure 2B; Supplementary Table 3). A number of
these molecular features induced by different microbial species
(as shown in different color in Figure 2C) were eluted at a
different retention time across the chromatograph, suggesting
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TABLE 2 | Table describing the specifically-regulated molecular features and their putative identities in root tips by different associated microbes (ESIT mode).

Associated Molecular Neutral Retention time Up/Down Fold change p-value Putative metabolite Putative metabolite
microbe feature mass (mz) regulation identity class
Armillaria Cp1854  558.3733 10.49 Up 4992.50 4.11E-02
Cp358 430.2000 10.32 Up 4881.10 2.49E-03 Armillarilin Sesquiterpenoids
Cp426 464.1599 10.51 Up 4031.30 1.38E-06 Armillarinin Sesquiterpenoids
Cp968 440.3819 12.80 Up 2231.60 4.03E-02
Cp118 462.1808 11.64 Up 1974.40 4.25E-02 6-0O-Methylarmillaridin Sesquiterpenoids
Cp408 464.1795 11.64 Up 875.21 1.22E-02 Flavonoids
Cp1468  334.0201 6.09 Up 849.61 1.07E-02
Cp775 502.1370 9.15 Up 371.60 4.59E-02
Cp1792  352.2098 3.57 Up 59.18 7.96E-03
Cp1816  412.1989 2.87 Up 32.25 9.16E-03 Fatty acid derivatives
Cp232 283.3227 9.70 Up 31.99 2.53E-02
Cp1841 251.2087 6.40 Up 17.27 1.29E-02
Cp145 602.4002 10.47 Up 13.49 1.12E-02 Glycerophospholipids
Cp198 759.4880 9.05 Up 13.39 3.70E-04 Glycerophospholipids
Cp977 436.1574 3.87 Up 18.17 4.57E-03
Cpb7 596.2980 10.66 Up 1117 3.45E-03 Salannin Triterpenoids
Cp1829 514.3861 12.19 Up 8.08 2.92E-02
Cp899 499.2235 6.84 Up 7.80 1.00E-02
Cp1043  475.2704 9.23 Up 7.57 5.82E-03 Glycerophospholipids
Cp465 457.2105 5.56 Up 6.06 1.83E-05 O-Demethylpuromycin  adenosine derivatives
Cp1494  346.0900 3.21 Up 5.67 8.14E-03
Cp1223  395.1924 5.06 Down —5.09 2.82E-03 Fatty acid derivative
Cp1101 272.1876 7.84 Down -5.19 4.48E-02
Cp1845  536.3023 10.51 Down —5.37 1.20E-03 Terpenoids
Cp929 280.2410 11.56 Down —5.47 1.98E-02 Fatty acid derivative
Cp668 1108.6272 11.42 Down —5.80 2.02E-02 B-obscurine Alkaloids
Cp1646  338.0447 8.25 Down —5.84 1.69E-02 Dihydrochalcone
oxidance sulfonic acid
Cp555 238.1210 8.17 Down —-5.92 1.71E-03 Sugar/terpenoid
Cp1786  206.0938 10.95 Down —6.13 4.06E-03
Cp18 434.2890 10.46 Down —6.94 3.54E-03 Fatty acid derivative
Cp1830 419.1784 4.03 Down —8.77 1.34E-03 Oligopeptides
Cp1791 322.1237 9.46 Down —10.02 2.49E-02 Flavonoids
Cp1634 520.8287 10.52 Down —10.18 1.15E-03
Cp1133  216.1705 9.67 Down —550.48 2.79E-02 Fatty acid derivative
Cp1817  284.2330 11.19 Down —689.23 7.31E-08
Cp719 180.0778 8.16 Down —1460.05 1.01E-02 Fatty acid derivative
Phytophthora  Cp1789  609.3868 4.67 Up 27189.00 1.35E-09
Cp1869  308.0812 7.30 Up 16067.00 2.26E-08 Indole alkaloids
Cp1794  541.2806 4.67 Up 15635.00 1.74E-10
Cp104 521.3472 10.14 Up 5.44 5.93E-03 Glycerophospholipids
Cp1175  496.8433 11.33 Up 5.05 1.05E-02
Cp1287 463.1482 4.98 Up 5.04 9.62E-03
Cp639 499.2315 6.09 Down —0.26 2.40E-02
Cp915 184.0732 9.65 Down —1.01 1.95E-02
Cp1835  500.2872 10.29 Down —1.21 2.68E-02
Cp1795  418.2220 9.89 Down —2.94 3.24E-02 Oligopeptides
Cp1859  148.0516 9.80 Down —3.64 1.76E-02
Cp659 342.2916 8.47 Down -3.70 3.45E-02
(Continued)
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TABLE 2 | Continued

Associated Molecular Neutral Retention time Up/Down Fold change p-value Putative metabolite Putative metabolite
microbe feature mass (mz) (min) regulation identity class
Cp693 342.1478 10.59 Down —4.29 2.82E-02 Hydroxyl-phenolic
compound
Pisolithus Cp1793 246.1363 3.51 Up 52827.00 4.69E-24 Hypaphorine Indole alkaloids
Cp1802  469.2517 6.26 Up 12751.00 7.61E-09
Cp592 288.2629 11.63 Up 13.19 3.98E-02
Cp745 580.8951 13.22 Up 8.86 3.41E-02
Cp1807  702.4568 10.35 Up 8.63 8.99E-03
Cp275 1431.6166 6.09 Up 7.81 3.57E-02
Cp1080  606.9080 10.87 Up 7.23 3.61E-06
Cp791 310.2490 11.79 Up 6.12 2.69E-02 Fatty acid derivatives
Cp515 401.3488 9.54 Up 5.95 4.58E-02
Cp1135  581.3927 13.23 Up 5.65 1.59E-03
Cp863 955.9076 6.10 Up 5.59 1.21E-02
Cp1052  546.3608 10.55 Up 5.24 1.16E-05 Diterpenoids
Cp402 312.2275 9.83 Down -0.87 2.49E-03 Fatty acid derivative
Suillus Cp1855  145.1105 1.78 Up 6452.60 9.21E-04 Short-chain fatty
acid/amino acid
derivatives
Cp893 210.1576 8.51 Up 15.68 3.63E-02
Cp1024  441.2005 2.31 Up 7.79 3.69E-02
Cp961 331.2716 9.57 Up 6.52 6.27E-03
Cp1268 212.1399 9.76 Up 6.26 1.82E-02 Jasmonic acid
derivatives
Cp521 772.5590 11.50 Up 5.63 3.92E-02 Glycerophospholipids
Cp657 418.2224 10.08 Up 5.53 1.05E-03 Oligopeptides
Cp875 480.1268 5.74 Up 5.20 1.25E-03 Flavonoids
Cp143 441.2006 2.32 Up 5.08 2.35E-02
Cp205 398.2446 10.59 Down —6.53 4.79E-02

that they are potential specific metabolite responses toward
different microbial species. For instance, 12 molecular features
were specifically upregulated in root tips interacting with
P. microcarpus. Most of the suppressed molecular features
correspond to responses expected toward pathogens (i.e., A.
luteobubalina and/or Ph. cinnamomi) rather than mutualists
(i.e., P. microcarpus) and commensalists (i.e., S. granulatus). For
instance, there were 15 significant molecular features exclusively
suppressed by A. luteobubalina as opposed to only one molecular
feature significantly suppressed by P. microcarpus.

By matching the neutral mass of the molecular features to
public databases, we have putatively identified some metabolites
or their functional class (Table2). Most significantly, the
regulated molecular features belongs to common plant root
metabolite classes such as terpenoids, flavonoids and fatty
acids. However, some molecular features identified in root
tips also appear to be of microbial origin. For example,
Cp1793, a molecular feature that is exclusively induced by P.
microcarpus, is putatively identified as hypaphorine (Table 2).
Hypaphorine is a known auxin inhibitor secreted by Pisolithus
which modulates plant root development during the early phase
of ECM establishment (Ditengou and Lapeyrie, 2000). Several
A. luteobubalina-induced molecular features also matched to

known sesquiterpenes derived from Armillaria species (i.e.,
armillarilin and armillarinin; Table 2; Kobori et al., 2015).

The Relationship Between Root Metabolite
Responses and Colonization Potential of

Pisolithus Isolates
We wished to gain a more in-depth understanding of the diversity
of host metabolic responses toward different isolates within one
species of fungus. Therefore, we ran further tests on the early
metabolite responses of E. grandis roots with six different isolates
of P. microcarpus isolated from different geographic locations
and which exhibited differing host colonization potential (Plett
et al., 2015). By performing a univariate ¢-test, the metabolite
profiles of root tips after pre-symbiotic interaction with P.
microcarpus (n = 24) was compared with the untreated control
root tip samples (n = 4). Overall, there were more molecular
features induced in the E. grandis root tips than suppressed by
the pre-symbiotic interaction with P. microcarpus in either the
ESI™ mode (Figure 3) or ESI™ mode (Supplementary Figure 4).
The PCA plot of the metabolite profiles in ESIT mode
(Figure 4A), showed a separation between control root tips and
those interacting with Pisolithus isolates. Further, the metabolite
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FIGURE 3 | Pre-symbiotic interaction induces a large number of metabolites
in E. grandis roots. Volcano plot showing the varied molecular features in

E. grandis root tips after pre-symbiosis with P microcarpus (n = 24) for 24hin
comparison to control root tips (n = 4). The metabolite profiles are derived
from LC-MS (ESIT mode). The y-axis and x-axis correspond to the mean fold
change of Pisolithus-interacting root tips in comparison to control, and the
significance value in terms of p-value (adjusted by Bonferroni-method). Red =
p < 0.05; Orange = fold change > 2; Green = p < 0.05 and Intensity fold
change >2.

profiles for root tips interacting with Pisolithus isolates clustered
according to the colonization potential (p = 0.001, R? = 0.2506
at 1,000 permutations), suggesting a possible correlation between
early metabolic responses of the host root during pre-symbiosis
and later colonization success. In ESI™ mode, there was no
similar metabolic separation based on either mycorrhization
rate or geographic origin (Supplementary Figure 5). Despite
this, PERMANOVA indicated that the colonization rate was a
significant predictor of the root tip metabolite profile dispersion
in ESI™ mode, as is in the ESI* mode (p = 0.001, R? = 0.1878 at
1,000 permutations).

In an effort to identify the important early metabolite
responses that correlate with later colonization success by P.
microcarpus isolates, we performed a supervised-multivariate
analysis—partial least square-discriminant analysis (PLS-DA)
on the metabolite profiles of Pisolithus-treated root tips. The
performance and fitting of the PLS model was evaluated by an
internal cross-validation and permutation test to have significant
predictive power and to be non-random (R?> = 0.9958, Q* =
0.6851, Accuracy = 0.8929 at 4 components with leave-one-out
cross-validation, p = 0.008 at 1,000 permutations). As shown
in Figure 4B, the PLS model clearly separates root metabolite
profiles corresponding to colonization potential (ESI~ mode
in Supplementary Figure 6). According to the first component
of the model, the top 25 important features with the highest
discriminative capacities in terms of Variable Importance in
Projection (VIP) scores were selected for further characterization
based on the mass-to-charge ratio (mz) value and retention time
(Table 3). VIP score is an index measuring the importance for
the selected features in explaining the predefined classification,
which in this case are the uninfected control, low colonization,

and high colonization groups (Cho et al., 2008). The higher the
VIP score is, the more important the feature is. VIP scores >
1.0 (Weljie et al, 2011; Davis et al., 2012) are generally used
as a cut-off for selecting important features, and all of the top
25 important features selected in Table 3 have achieved a VIP
score > 2. Important features such as Cp 170, a fatty acid
derivative, and Cp494, a diterpenoid, demonstrated distinctive
responses in root tips that were interacting with Pisolithus isolates
of high colonization potential vs. those of low colonization
potential (Figure 4C; Table 3). Intriguingly, besides Cp 494,
most of the important molecular features that co-vary with
colonization potential appear to have a negative relationship with
colonization potential (Figure 4C). Cp1793, putatively fungal-
derived hypaphorine as mentioned above, were also selected by
the PLS model as one of the important features that were induced
by the presence of Pisolithus (Figure 4C).

Fungal Signaling Metabolites Are Detected

in Roots During Pre-symbiotic Interaction
The discovery of a hypaphorine-like metabolite in the pre-
symbiotic roots of E. grandis led us to investigate what proportion
of the metabolites detected in the plant tissues came from the
fungus via secretion. We conducted a stable isotope labeling and
tracing experiment in conjunction with metabolite profiling to
investigate the origin of the detected metabolites in root tips
interacting with Pisolithus. Our experimental setup successfully
incorporated *C onto most of the Pisolithus fungal metabolites.
The labeling efficiency of fungal mycelia was evaluated
by computing the average percentage of '>C-isotope-labeled
metabolite intensity corresponding to each of the 1084 detected
metabolite species (ESI™ mode in Figure 5A; ESI™ mode in
Supplementary Figure 7). Overall, there is a significantly higher
abundance of the !'3C-isotope-labeled metabolite in labeled
fungal mycelia (mean = 88.62%) in comparison with the natural
13C-isotope abundance in unlabeled control (mean = 14.40%).
After pre-symbiotic interaction with '*C-labeled P. microcarpus
mycelia, the root tips samples exhibited two major groups
of metabolites; one with a significantly higher abundance of
13C-labeled metabolites (>10 log (relative abundance)) and
another with natural *C-labeled abundance (Figure 5B). The
13C-labeled metabolites (17 = 201) are likely to have originated
from the isotopically-labeled P. microcarpus, while the latter
set of metabolites (n = 317) originate from plant processes.
Generally, 1*C-labeled fungal metabolites were detected in low
absolute intensity as compared to plant derived metabolites.
This observation suggests that this isotopic labeling and tracing
approach can detect a range of Pisolithus fungal signaling
metabolites in E. grandis roots during pre-symbiotic interaction,
but the abundance of these metabolites remains low as compared
to plant metabolites.

Pre-symbiotic Signals From P. microcarpus
Induce Distinct Gene Signaling Networks
in E. grandis Roots When Compared to
Direct Physical Contact

As the 1°C labeling and tracing experiment recovered a portion
of fungal metabolites in P. microcarpus-interacting root tips
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during the pre-symbiotic stage, we carried out transcriptomic
profiling to test if there were plant host genes that could be
transcriptionally responsive solely to these putative fungal
signaling compounds. We achieved this by comparing the
root transcriptomic changes during pre-symbiotic interaction
with that of the roots in direct physical contact with the P.
microcarpus. A comparable number of genes were differentially
expressed in both interaction conditions. We identified
654 highly-induced genes (log(fold-change) > 5) and 565
repressed genes (log(fold change) < —5) in roots after pre-
symbiotic interaction, while there were 554 induced genes
and 662 repressed genes in roots that are in direct physical
contact. Amongst genes that are differentially regulated in

the pre-symbiotic interaction, disease resistance gene families
such as Leucine-rich repeat protein kinase and Cysteine-rich
receptor kinases are over-represented (Supplementary Table 4).
Furthermore, the differential responses amongst genes
related to disease resistance showed that there is a selective
activation/repression of pathogen-related receptor responses
toward P. microcarpus. Gene ontology (GO) enrichment
analysis suggests gene-sets up-regulated in E. grandis roots
during pre-symbiotic interaction are related to metabolism
of organic substances and other metabolites, interaction with
organisms (e.g., response to other organism, multi-organism
process, response to external biotic stimulus) and transporter
activity (Supplementary Figure 8). These enriched GO terms
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TABLE 3 | Putative identities and response levels in Pisolithus-treated root tips of top-25 important molecular features identified in PLS-DA (LCMS-ESIT mode).

Putative metabolite identity Molecular Neutral Retention time VIP Average fold-change*
(metabolite class) feature mass (mz) (min) score?
High colonization Low colonization
rate (n = 12) rate (n = 12)

2-Dodecyl-benzenesulfonic acid Cp907 326.1911 11.19 2.2439 -0.87 -0.13

(benzenoid derivative)

Dehydrochorismic acid Cp1452 224.0339 6.79 2.5956 3.54 0.61

(benzenoid derivative)

(Catechols derivatives) Cp776 356.0535 5.73 2.2479 -0.16 0.10

(Phytosterol derivatives) Cp417 482.3106 11.59 2.2402 —0.68 —0.02

(dihydrochalcone oxidane sulfonic acid Cp1646 338.0447 8.25 2.366 —0.71 0.03

derivative)

Methyl Cp494 352.2092 3.32 2.4919 -0.70 -0.15

(92)-8'-0x0-6,8'-diapo-6-carotenoate

(diterpenoid)

(-)-11-Hydroxy-9,15,16- Cp170 342.2042 11.01 2.5368 —0.62 —0.38

trioxooctadecanoic acid

(fatty acid derivative)

(fatty acid derivative) Cp934 333.2294 6.68 2.5844 -0.79 -0.35
Cp1817 284.2330 11.19 2.6443 19.59 0.58

Hypaphorine (indole alkaloid) Cp1793 246.1363 3.51 2.4686 >1000 >1000

(Short chain peptide) Cp1795 418.2220 9.89 2.2969 -0.77 0.26

Unknown Cp83 238.1200 8.25 2.6407 —0.40 —0.20
Cp555 238.1210 8.17 2.5906 —0.46 —0.07
Cp1656 268.1337 11.01 2.4975 1.50 —0.16
Cp1608 201.1718 4.07 2.4865 —0.49 —-0.14
Cp115 206.1509 6.4 2.3929 6.06 0.37
Cp1223 395.1924 5.06 2.3564 —0.46 0.25
Cp862 286.2039 8.24 2.3411 —0.53 —0.21
Cp1087 298.0541 8.46 2.2971 -0.84 —0.29
Cp541 387.2614 11.59 2.2964 —0.90 —0.41
Cp1792 352.2098 3.57 2.2677 —0.63 0.07
Cp219 265.9734 5.73 2.2638 -0.87 -0.23
Cp719 180.0778 8.16 2.2435 -0.74 -0.17
Cp415 2711779 3.9 2.2433 —0.38 0.07
Cp503 183.1616 3.05 2.2433 -0.71 0.07

*VIP score was an index values measuring the importance of a selected metabolite in classification.
*average fold change is calculated based on the normalized response of Pisolithus-treated root tips relative to the untreated control condition (n = 4).

are aligned with the metabolic induction we observed in the
abovementioned metabolomic analysis. The enriched gene-sets
are different during pre-symbiotic interaction in comparison
with direct physical contact (Figure 6; Supplementary Table 5).
Gene-sets corresponding to the metabolic compound process
and transporter activity are exclusively upregulated in pre-
symbiotic interaction. On the other hand, there are overlapping
gene-sets with functions corresponding to response to other
organisms and response to chemical stimuli are enriched in
both interaction conditions. As our metabolomics analysis
(Table 2) suggested that terpenoids, flavonoids and fatty acids
are the main metabolite classes induced by pre-symbiotic
interaction with P. microcarpus, we examined the expression
patterns of the gene-sets associated to their biosynthesis
pathways (Supplementary Figures 9-12). Congruent with our

metabolic analysis, the expression of key genes involved in
the biosynthesis of these chemical groups were significantly
induced by pre-symbiotic contact. For example, the downstream
reactions for fatty acid, diterpenoid and flavonoid biosynthesis
pathways were induced by Pisolithus pre-symbiotic interaction
(Supplementary Figures 10-12). However, the gene expression
patterns for these enzymes in pre-symbiotic contact condition
were different from those in the direct physical contact condition.

DISCUSSION

To prime symbiotic interactions, it is well-established that plants
and their interacting microbes alter in physiological parameters
and growth just prior to both parties coming into physical
contact (Fries et al., 1987; van Brussel et al., 1992; St-Arnaud
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FIGURE 5 | Fungal signaling metabolites are detected in roots during pre-symbiotic interaction (A) Box plot depicting the 13C—Iabe\ing efficiency of each compound
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compounds in Pisolithus-interacting root tips in labeled setup in relation to unlabeled setup, across the retention time span of LC-MS ESIT mode metabolite profiling.
The color of the points showing the absolute intensity of the compound peak detected by the LC-MS. An unlabeled or mis-detected labeled metabolite would have a

log (relative abundance) < 0. (B, right) The violin plot demonstrates the distribution of 18C-labeled compounds with different relative abundance.

et al., 1996; Beguiristain and Lapeyrie, 1997; Felten et al., 2010).
Such changes during the pre-symbiotic stage are mediated by an
exchange of various metabolic signals that define the outcome
of these interactions (Steinkellner et al., 2007). In the present
study, we used E. grandis roots as a model to assess the effect
of microbial pre-symbiotic interaction on the root metabolome.
With untargeted LC-MS metabolite profiling, we observed that
microbial interaction led predominantly to an accumulation of
metabolites in E. grandis. Our analyses suggest a significant
specificity of the root metabolite responses toward the microbial
species, as well as a correlation with subsequent colonization
success. Therefore, metabolic regulation must be considered
when attempting to understand plant-microbe interactions.

In terms of tree-ECM fungal interaction models, a study by
Zmasek et al. (2016) has predicted the metabolic reprogramming
in Populus-Laccaria interaction at early pre-symbiotic phase
through in silico modeling based on transcriptomic datasets.
Yet, as far as we know, our present study is one of the few
assessing the global metabolite responses in tree roots during
pre-symbiotic interaction with ECM fungi. Furthermore, few
studies have simultaneously compared root responses to multiple
different microbes prior to infection using the same experimental
system. Our current study demonstrates that plant metabolite
changes occur with partial specificity toward different microbial
species attempting to enter symbiosis with the plant. This is
in agreement with past research in this field (Kamilova et al.,
2006; Giovannetti et al., 2015; Kelly et al,, 2018). While we
were unable to determine the exact identities of the specific
metabolites in our tissues, they fell into several common plant
metabolite classes such as terpenoids, flavonoids, and fatty acids.
Terpenoids and flavonoids are generally known to be secreted
by roots and mediate microbial interactions (Steinkellner et al.,
2007). Strigolactones, which are terpenoids, are phytohormones
that induce AM fungi—plant interactions (Akiyama et al., 2005).

Similarly, flavonoids are also known to attract rhizobia into
nodulation with legume plants (Steinkellner et al., 2007). Given
our finding that some of these metabolites are specifically
induced by only one fungal species, these metabolites have the
potential to be a part of plant-encoded microbe-specific signaling
pathways that enable tailored responses on the part of the
plant to microbes of different lifestyles. In addition to species-
specific metabolite responses, our results indicate that there are
also general, overlapping, root metabolite responses triggered
by pathogens, commensalists and/or mutualistic microbes. This
suggests that, in addition to highly specific metabolites, there are
also generic metabolites regulated in E. grandis roots in response
to microbial presence. This is in agreement with previous studies
that pointed out the overlapping perception mechanisms toward
both pathogenic and mutualistic microbes in rice and legumes
(Rey et al., 2013; Miyata et al., 2014; Zhang et al., 2015).

In our previous study, we showed that different isolates of
P. microcarpus exhibit a variation in colonization rates with
E. grandis (Plett et al, 2015). Fungal secretory metabolites
such as sesquiterpenes and hypaphorine, as well as plant
metabolites including rutin and abietic acid have been previously
characterized as signaling molecules activating symbiotic plant-
ECM interactions (Fries et al., 1987; Ditengou and Lapeyrie,
2000; Lagrange et al., 2001; Akiyama et al., 2005). Upon exchange
of metabolite signals, lateral root growth and ECM fungal mycelia
growth toward the plant roots were facilitated, leading to the
initiation of colonization (Martin et al., 2001). Despite the fact
that the aforementioned pre-symbiotic metabolite signaling is
considered to be crucial for ECM colonization, the contribution
of these metabolite responses in the early phase of interaction to
the observed intra-specific variation in ECM colonization success
was unexplored. By making use of the same P. microcarpus
isolates, we have demonstrated that root metabolite responses at
the early pre-symbiotic interaction (24 h after inoculation) are
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FIGURE 6 | Network analysis of early transcriptomic responses of E. grandis
to R microcarpus. The network illustrates the gene ontology (GO) enrichment
resulted with transcriptome data derived from E. grandis roots after two
different kind of contact interaction with mycelia of P microcarpus

— pre-symbiotic contact (green) and direct physical contact (blue). Only
significantly up-regulated genes in comparison to untreated control roots with
log(fold change) > 5 are included. Circled with dotted-lines are clusters of
enriched gene-sets with related GO functions. Node size represents the
number of genes within the enriched gene-set of certain GO (g < 0.1). Edges
connect gene-sets with overlapping genes (similarity coefficient > 0.5). Edge
thickness and length are correlated with the similarity coefficient between
gene-sets.

correlated with the ultimate colonization success (measured at
1 month after inoculation). The important metabolite responses
that differentiated between P. microcarpus isolates of high and
low colonization rates were mainly suppressed by P. microcarpus
isolates with high colonization potential while they stayed at
similar levels to untreated control roots when P. microcarpus
isolates with low colonization potential were present. In other
words, repression of these metabolites appears to be necessary
during the pre-symbiotic interaction for the fungus to achieve
high levels of root colonization. Given that these metabolites
were repressed in Pisolithus colonized roots, they are likely to
be plant metabolites rather than fungal. This result suggests
that the general suppression of plant metabolic responses during
early pre-symbiotic ECM interaction may be crucial for roots
to establish successful ECM colonization in later stages. A

possible interpretation is that the Pisolithus isolates of the
high colonization group are more successful in inactivating
the plant immune responses. This result is in agreement with
the transcriptomic study by Giovannetti et al. (2015), which
demonstrated suppression of defense-related responses in Lotus
roots after 48h of pre-symbiotic interaction with mutualistic
mycorrhizal fungal exudates.

There is currently insufficient published information on tree
root and fungal metabolites, making it challenging to determine
the origins of detected molecular features without any a priori
knowledge of their identities. In this study, we leveraged the
use of stable '3C-isotopic tracing of fungal metabolites in
conjunction with untargeted metabolite profiling to differentiate
plant metabolites from fungal metabolites. Isotopic labeling
with 13C and N are common practice in rhizosphere studies
to trace the fate and partitioning of carbon and nitrogen
flow between plants and soil microbes (Haichar et al., 2016).
However, most of these studies focused on the transfer of
total carbon in established plant-soil microbial interactions
rather than the exchange of specific metabolite signals prior
to that (e.g., Simard et al, 1997; Deslippe et al., 2016). Also
the approach used by these studies can only identify the
overall isotopic composition of the overall metabolite pool (e.g.,
Simard et al., 1997), or target metabolite in companies with
appropriate internal standards (e.g., Deslippe et al., 2016). On
the contrary, the approach we adopted (i.e., incorporation of
isotopic labeling with untargeted metabolomics) predicted the
labeling pattern of each individual metabolite species detected,
giving a more comprehensive ability to track each metabolite’s
fate (Huang et al., 2014). Similar approaches have been used
to track metabolites produced by Pseudomonas syringae during
interaction with Arabidopsis epidermal cells on the leaves (Pang
et al,, 2018). Our result suggested that a significant number
of detected molecular features (202 out of 518 in total) in
Pisolithus-treated roots are highly '*C-enriched, implying that
these 1>C-labeled metabolites are putatively originated from the
ECM fungus even after only 24h of interaction, despite the
low detection intensity. It is uncertain whether these detected
ECM fungal metabolites were translocated into the root tissues
or remains on the root surface. However, the mass-to-charge
ratio of most of the detected metabolites by an untargeted
metabolomics approach here is small (mz range 70-1,700). Given
that known fungal signaling molecules with a comparable mz
range such as lipochitooligosaccharides and chitin oligomers for
AM fungal symbiosis are known to diffuse into root tissues
(Maillet et al., 2011; Genre et al., 2013), it is plausible that the
ECM fungal metabolites detected here in the present study were
diffusible as well. A further comparative transcriptomic analysis
on E. grandis roots confirmed that plant genes of functions
related to plant-microbial interaction are activated during pre-
symbiotic interaction. Besides the metabolism for synthesis and
processing of metabolites, the induction of genes related to
transporter activity and interaction with other organisms also
suggested that the roots perceived fungal metabolite signals. The
activation of these genes is also interaction-context dependent—
in pre-symbiotic interaction as opposed to direct physical
contact. A selection of genes corresponding to biosynthesis
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pathways for flavonoid, terpenoid and fatty acid were also
upregulated in E. grandis in response to the Pisolithus pre-
symbiotic interaction. Altogether, these findings imply that
there are many more microbial metabolite signals perceived
by plants in additional to what has previously been reported.
Furthermore, sole perception of these microbial metabolite
signals without actual physical contact occurring in pre-
symbiotic interaction, is likely responsible for an activation of
distinctive gene-sets in the host that affect the later stage of
interaction.

In conclusion, we have provided a comprehensive account
on the metabolite responses in roots of E. grandis seedlings
during the pre-symbiotic interaction with a range of microbes.
We revealed distinctive root metabolite response patterns
in relation to microbes of different lifestyles, as well as the
colonization potential of isolates within the same microbial
species. Like many other untargeted metabolomics studies,
our present study provided limited putative identification for
the detected molecular features with a low level of confidence
due to the technical difficulties in metabolite identification
(Dunn et al., 2013). Despite this drawback, we have harnessed
the advantageous high sensitivity provided by untargeted
metabolomics and coupled it with the use of stable isotope
labeling to uncover a significant number of microbial signaling
metabolites perceived by plant roots. While specific pairings
of “key” microbial chemical signals with plant receptors are
generally accepted to serve as a means by which plants distinguish
different microbes (Felix et al, 1999; Zipfel et al, 2004;
Raudaskoski and Kothe, 2014; Hacquard et al., 2017), our results
would argue that, instead of relying on individual microbial
signal, plant recognition of different microbes depends on a
collection of metabolite cues released by the microbe. Further
work is needed to understand the role of this compendium
of microbial signaling metabolites in plant-microbial
interaction.
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Supplementary Figure 1 | PCA score plot showing the variation among
metabolite profiles (LC-MS ESI™ mode) of E. grandis root tips after 24 h
pre-symbiosis with different microbes. The color and shape of symbols represent
the species and the lifestyles of the interacting microbes. armi, Armillaria
luteobubalina; piso, Pisolithus microcarpus; suil, Suillus granulatus; phyt,
Phytophthora cinnamomi.

Supplementary Figure 2 | Venn diagrams showing the significantly enriched and
suppressed molecular features amongst different microbe-treated roots in
comparison to the untreated control. Student t-test was performed for each pair of
comparison between the control and the microbes-treated root tips. Significantly
regulated molecular features profiled with ESI~ mode that exhibit more than 5-fold
of intensity change and with p < 0.05 are shown in the Venn diagram.

Supplementary Figure 3 | The scatter plot showing distribution of the
significantly regulated metabolites (o < 0.05) across the span of retention time of
metabolite profiling in root tips after pre-symbiotic interaction with microbes of
different species that are captured in LC-MS (ESI™). armi, Armillaria luteobubalina;
piso, Pisolithus microcarpus; suil, Suillus granulatus; phyt, Phytophthora
cinnamomi.

Supplementary Figure 4 | Volcano plot showing the varied molecular features in
E. grandis root tips after pre-symbiosis with P microcarpus (n = 24) for 24hin
comparison to control root tips (1 = 4). The metabolite profiles are derived from
LC-MS (ESI™ mode). The y-axis and x-axis correspond to the mean fold change
of Pisolithus-interacting root tips in comparison to control, and the significance
value in terms of p-value (adjusted by Bonferroni-method). Red = p < 0.05;
Orange = Fold Change > 2; Green = p < 0.05 and Intensity fold

change >2.
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Supplementary Figure 5 | PCA score plot showing the multivariate-variation
among Pisolithus-interacting root tips samples in terms of metabolite profiles
derived from the ESI~ mode, LC-MS. The color of the symbols represents the
geographical origin (geo. origin) of the Pisolithus strains, while the shape of the
symbols represents the colonization rates (col. rate). Ctrl, un-infected control
roots; R, Royal National Park; SI, Sussex Inlet; Wil, Wilberforce.

Supplementary Figure 6 | PLS-DA score plot showing the first two components
of the supervised classification model that separates metabolite profiles of
Pisolithus-interacting root tips samples (LC-MS ESI~ mode) in terms of
colonization rate. The color of the symbols represents the geographical origin
(geo. origin) of the Pisolithus isolates, while the shape of the symbols represents
the colonization rates (col. rate). Ctrl, un-infected control roots; R, Royal National
Park; Sl, Sussex Inlet; Wil, Wilberforce.

Supplementary Figure 7 | (Left) Scatter plot showing the abundance of
13C-labeled compounds in Pisolithus-treated root tips in labeled setup in relation
to unlabeled setup, across the retention time span of LC-MS ESI™ mode
metabolite profiling. The color of the points showing the absolute intensity of the
compound peak detected by the LC-MS. An unlabeled or mis-detected labeled
metabolite would have a log (relative abundance) < 0. (right) The violin plot
demonstrates the distribution of 3C-labeled compounds with different relative
abundance.

Supplementary Figure 8 | Gene ontology enrichment results for highly-induced
genes (logo(fold change) >5) in E. grandis roots in the pre-symbiotic interaction.
Bar plot represent the number of genes involved in a gene-set of the enriched
gene ontology term. The darkness of the color of the bar represent the
significance (in terms of p-values) of the enriched gene-sets.

Supplementary Figure 9 | Pathway graph to visualize the genes associated with
the terpenoid backbone biosynthesis pathway and their expressions in E. grandis
roots during direct physical interaction (coloration on left-hand side of each
enzyme box) and pre-symbiotic interaction (coloration on the right-hand side of
each enzyme box) with Pisolithus microcarpus in comparison to uninfected control
roots. The Arabidopsis thaliana homologs of the E. grandis genes and their
expression were mapped onto the pathway. The color of the boxes represents the
logo (fold change) value of the gene.

Supplementary Figure 10 | Pathway graph to visualize the genes associated
with the fatty acid biosynthesis pathway and their expressions in E. grandis roots
during direct physical interaction (coloration on left-hand side of each enzyme box)
and pre-symbiotic interaction (coloration on the right-hand side of each enzyme
box) with Pisolithus microcarpus in comparison to uninfected control roots. The
Arabidopsis thaliana homologs of the E. grandis genes and their expression were
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