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Ectomycorrhizal fungi alter soil food webs and the functional
potential of bacterial communities
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ABSTRACT Most of Earth’s trees rely on critical soil nutrients that ectomycorrhizal
fungi (ECMF) liberate and provide, and all of Earth’s land plants associate with bacte-
ria that help them survive in nature. Yet, our understanding of how the presence of
EcMF modifies soil bacterial communities, soil food webs, and root chemistry requires
direct experimental evidence to comprehend the effects that ECMF may generate in
the belowground plant microbiome. To this end, we grew Pinus muricata plants in
soils that were either inoculated with EcMF and native forest bacterial communities
or only native bacterial communities. We then profiled the soil bacterial communities,
applied metabolomics and lipidomics, and linked omics data sets to understand how
the presence of ECMF modifies belowground biogeochemistry, bacterial community
structure, and their functional potential. We found that the presence of ECMF (i) enriches
soil bacteria linked to enhanced plant growth in nature, (ii) alters the quantity and
composition of lipid and non-lipid soil metabolites, and (iii) modifies plant root chemistry
toward pathogen suppression, enzymatic conservation, and reactive oxygen species
scavenging. Using this multi-omic approach, we therefore show that this widespread
fungal symbiosis may be a common factor for structuring soil food webs.

IMPORTANCE Understanding how soil microbes interact with one another and their

host plant will help us combat the negative effects that climate change has on terres-

trial ecosystems. Unfortunately, we lack a clear understanding of how the presence

of ectomycorrhizal fungi (EcMF)—one of the most dominant soil microbial groups

on Earth—shapes belowground organic resources and the composition of bacterial

communities. To address this knowledge gap, we profiled lipid and non-lipid metabolites

in soils and plant roots, characterized soil bacterial communities, and compared soils

amended either with or without EcMF. Our results show that the presence of ECMF

changes soil organic resource availability, impacts the proliferation of different bacterial

communities (in terms of both type and potential function), and primes plant root Editor Cheng Gao, State Key Laboratory of
chemistry for pathogen suppression and energy conservation. Our findings therefore Mycology, Institute of Microbiology, Chinese
provide much-needed insight into how two of the most dominant soil microbial groups Academy of Sciences, Beijing, China
interact with one another and with their host plant. Address correspondence to Louis Berrios,
berriosl@stanford.edu.
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there is now clear evidence that the presence of ECMF symbioses significantly alters
local nutrient economies (6-8). These changes can have important consequences,
for example, that result in increased soil carbon sequestration, an increased C:N ratio in
plant tissues (9-12), and an increased capacity for plants to respond to eCO, (13, 14).
Evidence is also starting to emerge that ECMF alter other important aspects of ecosystem
structure, such as biological interactions (15-17). For example, bacterial community
richness and composition appear to vary with the presence of ECMF (18). It is unclear
though whether these changes are simply due to changes in the soil environment (e.g.,
pH and C:N ratio) associated with EcM forests (6) or are the result of direct interactions
with EcMF. If ECMF have generalizable effects on biological interactions in soils, then this
would have wide-ranging implications for our understanding of the soil microbiome.

The growth dynamics and lifestyle strategies of ECMF suggest that ECMF can alter
microbial interactions in and around root systems (19). In general, microbial composition
and function are known to differ in soils based on their proximity to roots (20, 21).
The area near the root surface (often called the “rhizosphere”) differs in the quality and
quantity of resources, and microbes that are further away from plant roots have reduced
access to these resources (22). The nature of ECM symbiosis suggests that it should have
distinct effects on soil microbial communities compared to the standard rhizosphere
view of non-ectomycorrhizal plants. First, ECM symbioses develop a thick fungal mantle
that completely envelops apical plant roots, where root exudate production and nutrient
uptake are normally greatest. Second, the foraging mycelia (or extraradical mycelium)
are highly developed and can extend long distances into the surrounding soil, disrupt-
ing clear divisions between soil and root-associated microbial communities (18, 23).
The collection of these well-established facts thus provides strong evidence for the
idea that “mycorrhizal highways” may produce and distribute metabolites that shape
plant and soil microbial community dynamics (24, 25). Yet, relatively few studies have
investigated the effect(s) that the presence of ECMF has on soil resources and community
structure (26). Consequently, much of what we know about the microbial relationships
that develop in this expanded soil-root region—known as the hyphosphere—remains
associational (23).

Though limited, multiple lines of evidence support the notion that EcMF can
transport plant-derived resources and restructure bacterial communities. For example,
tree girdling experiments—a technique that terminates rhizodeposition—performed in
natural forest environments have shown that mycorrhizal fungi may transport more than
60% of rhizodeposits to the soil (27). A meta-analysis of 26 field studies across 43 sites
showed that the hyphae of ECMF increase the potential for resource distribution by
roughly four orders of magnitude in the soil relative to non-ectomycorrhizal plant roots
(23). Likewise, greenhouse experiments have supported these field observations. For
instance, Zhou et al. (28) found that ectomycorrhizas transport ~7% more carbon-labeled
rhizodeposits to soil than non-ectomycorrhizal roots. Other greenhouse studies have
similarly shown that ectomycorrhizas facilitate rhizodeposit distributions (29, 30). The
proportion of studies that investigate how ectomycorrhiza-mediated rhizodeposition
alters bacterial community composition is comparably low (31), yet strong evidence
suggests that arbuscular mycorrhizal fungi (AMF) may drive the structure and function
of soil bacterial communities (32-35). Considering the similarities between arbuscular
and ectomycorrhizal symbioses (1), it is likely that the presence of ECMF can restructure
soil bacterial communities and the composition of belowground metabolites. It has
nonetheless remained a challenge for the field to align EcMF-associated changes to
belowground metabolites with shifts in bacterial community structure.

In a recent field survey, we found that ECMF form consistent associations with soil
bacteria across much of the geographic and climatic ranges of the host tree Pinus
muricata (18). In the same study, we used microcosms to show that these associa-
tions appear to have tangible effects on plant and fungal fitness (18) and that Suillus
pungens—a common EcMF in this system—recapitulates many of the dominant bacterial
associations observed in the field. While evidence is becoming clear that the presence
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of EcMF should have strong effects on bacterial community structure, little is still known
about the mechanisms that mediate interactions between EcMF and soil bacteria. Some
reports have implicated antibiotics (36), chemical changes to the soil environment (23),
and changes to microbial signaling pathways, metabolism, cell structure, and cell growth
responses as drivers of these interactions (37). Others have shown that biofilm formation
and organic acids also play a role (38, 39). Yet, controlled inoculations with and without
EcMF and multi-omics approaches are required to determine how the presence of ECMF
can alter belowground metabolites and bacterial community structure.

To address these uncertainties, we used a simplified growth chamber environment
to experimentally test whether the presence of ECMF changes bacterial community
structure and belowground metabolite composition. To this end, we grew P. muricata
plants in either the presence or absence of a common EcMF (S. pungens), charac-
terized bacterial communities, and profiled belowground metabolites. Our analyses
demonstrate that the presence of ECMF increases bacterial richness, selects for a more
homogenous pool of bacteria, shapes the metabolic potential of bacterial communities,
and fosters the production of unique metabolites that appear to function as both
resources and mediators of soil interactions. We have therefore begun to reveal how
EcMF restructure soil organic resources and bacterial communities, which suggests that
EcMF modify soil communities and resources wherever ECM plant communities occur.

MATERIALS AND METHODS
Plant growth experiments and microbial inoculations

To prepare for our plant growth experiments, Pinus muricata D.Don (Bishop pine) seeds
were first collected in Point Reyes National Seashore (PRNS). They were surface sanitized
with a 4.5% H;0, and Nanopure water solution and 100 pL of Tween-80 for 20 minutes.
Then, they were rinsed and soaked with Nanopure water for 24 hours to remove excess
debris and the remaining chemicals. Afterward, the seeds were placed on moistened
filter paper for 3 weeks in the dark to germinate. Seedlings were then transplanted and
grown in autoclaved 99% quartz sand (Thermo Scientific Chemicals, 40-100 mesh)—
housed in individual Cone-tainers (Ray-Leach)—instead of natural soils to minimize the
effects of legacy DNA or microbial by-products that could obscure treatment effects. Two
months after germination, the seedlings were treated with a bacterial wash. The bacterial
wash was prepared by collecting fresh soil from Bishop pine forests in PRNS (stored at
4°C until use), suspending 5 g in 45 mL of Nanopure water, vortexing the soil-water
mixture for 1 minute, centrifuging the mixture at 600 x g for 2 minutes, and then filtering
the supernatant using a 1 um Luerlock syringe filter (Whatman Puradisc PTFE). A total of
10 mL of the filtrate was added to each Cone-tainer using a syringe. The seedlings were
treated with an initial pulse of 30 mL of Ingestad solution (40), saturated with deionized
water (diH,0) once weekly, and grown in a growth chamber at 23°C under a 12:12 hour
light:dark cycle with 60% humidity.

Ectomycorrhizal spores and spore-free diH,O solutions were prepared for plant
inoculations by first collecting spores from fresh sporocarps collected from PRNS.
Mushroom caps (pores down) were placed on tinfoil to facilitate spore dispersal on
the tinfoil. After 36 hours, the spores were suspended in diH>0. The spore solution was
diluted to a known spore concentration using a hemocytometer, and the seedlings were
inoculated with either Suillus pungens spores (5 x 10° spores per seedling) or equal
volumes of spore-free diH,0 solution 7 weeks post-germination.

To allow for well-developed mycorrhizas, seedlings were harvested 5 months after
they were inoculated with spores or the spore-free solution. We uprooted each seedling,
gently shook off the roots, and homogenized the soil in an ethanol-sanitized bin.
Subsamples were then flash-frozen in liquid nitrogen for DNA and RNA extraction (2.0 +
0.1 g) and omics analyses. Because algae had grown on the surfaces of the sand medium
in many pots, the top ~5 mm of each soil sample was discarded. After collecting soil
samples, root systems were rinsed of adhering soil and examined under a dissecting
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microscope (~40x) to confirm the colonization status of the roots. For spatially resolved
metabolite and lipid analysis, we harvested the terminal ~1 ¢cm of fine root clusters and
froze them in liquid nitrogen. For plants colonized by mycorrhizal fungi, we selected
roots with clusters of swollen mycorrhizas that had an evident fungal mantle, no root
hairs, and emanating hyphae. For uncolonized plants, we selected root samples with
firm, light-colored root tips that had many root hairs. Five such clusters per plant and
condition were collected and frozen for downstream analyses.

Nucleic acid extractions and 16S rRNA amplicon library preparation

A mass of 2 g of sand-soil material was subsampled from each microcosm’s total soil
volume, frozen in liquid nitrogen, and stored individually in a 15 mL Falcon tube at
—80°C until DNA and RNA extractions were performed. Total nucleic acids were extracted
using an RNeasy PowerSoil Total RNA Kit (Qiagen, Carlsbad, CA, USA). We modified the
extraction protocol because the low amount of microbial biomass in our microcosms
prevented us from extracting sufficient nucleic acids for downstream analyses of both
DNA and RNA from all samples. Therefore, we chose to eliminate the RNA filtering
step, which allowed us to remove cellular and soil debris while preserving all captured
nucleic acids (DNA and RNA). To account for the potential differences between microbial
abundance and activity, we used half of our samples for downstream DNA sequencing
and half for downstream RNA sequencing. DNA was removed from samples allocated
for RNA sequencing using a DNase Max Kit (Qiagen, Carlsbad, CA, USA), and RNA was
removed from samples for DNA sequencing using RNase A (Qiagen, Carlsbad, CA, USA).
All samples were analyzed with a Qubit Fluorometer 3.0 (Thermo Fisher, Waltham, MA,
USA) to quantify the focal nucleic acid and ensure that all remnant DNA or RNA was
removed accordingly. DNA samples were stored at —20°C until they were needed for
library preparation. RNA samples were converted to cDNA using a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosciences) according to the manufacturer’s protocol.
Resultant ¢cDNA constructs were quantified using a Qubit Fluorometer 3.0 (Thermo
Fisher, Waltham, MA, USA) to ensure only DNA was present. The samples were then
stored at —20°C until they were needed for library preparation.

PCR of the resulting DNA and cDNA was performed to identify bacterial communities.
First-step PCR amplifications were performed by mixing 1 pL of template DNA, 5 pL
of MyTaq HS Red Mix, 3.2 yL of PCR-grade H,0, and 0.4 pL of each primer (515f/806R
primer pair to amplify the V4 hypervariable region of the bacterial 16S rRNA gene) (41).
PCR amplifications were carried out in 96-well plates and consisted of 35 cycles with a
denaturation temperature of 95°C, an annealing temperature of 50°C, and an exten-
sion temperature of 72°C. Indexed tags for lllumina sequencing were attached during
a second step PCR amplification (42), which consisted of eight cycles with identical
temperature settings as the first step PCR. Gel electrophoresis was used to confirm
PCR products, and a magnetic bead purification method using Sera-Mag SpeedBeads
(MilliporeSigma, Munich, Germany) was used to clean the resulting PCR products. A
Qubit Fluorometer 3.0 (Thermo Fisher, Waltham, MA, USA) was used to quantify cleaned
DNA. Finally, we pooled our samples into two libraries at equimolar concentrations
and submitted them for 2 x 300 Illumina MiSeq sequencing at the Stanford Functional
Genomics Facility. Raw sequences are available from NCBI Short Read Archive under the
BioProject accession number PRJNA1100605.

Amplicon sequencing bioinformatics

We received 1,895,332 demultiplexed reads (average per sample = 52,648). After filtering,
denoising, merging forward and reverse reads, and removing chimeric sequences using
the DADA2 workflow (43), our 16S rRNA data set consisted of 934,306 reads (average
per sample = 26,694). The DADA2 workflow accuracy was evaluated by inferring and
matching mock community members to their expected sequences (residual error rate
= 0%). Taxonomic classifications were assigned to bacteria using the SILVA database
version 138.1 with the naive Bayesian classifier (44). Sequences assigned to “chloroplast”
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and “mitochondria” were removed from our data set, and we removed taxa with less
than 10 sequences and removed samples with less than 1,000 sequences. Samples were
rarefied to a read depth of 5,000 using the rarefy_even_depth function in the phyloseq
package in R (45). We retained 28 samples in our data set (DNA = 12; RNA = 16), which
consisted of 572 amplicon sequence variants (ASVs). We then used PICRUSt2 (46), which
matches 16S-based taxonomy to the nearest sequenced reference genomes, to estimate
the functional profiles for our identified ASVs. Both KEGG ortholog (KO) and enzyme
commission numbers (EC) pathway-level matching were performed to report maximal
functional estimate information from our PICRUSt2 analysis. Since PICRUSt2 extrapolates
information from reference genomes, outputs should be viewed as rough proxies for
maximum functional potential rather than a direct measure of in situ activity. PICRUSt2
outputs were used in tandem with MIMOSA2 (47) to estimate community metabolic
potentials (CMPs) of the soil bacterial communities. MIMOSA2 combines reference
genome information and microbiome compositional data from PICRUSt2 with metabo-
lite information and a reaction database to generate community metabolic models that
assess whether measured metabolite concentrations are consistent with estimated CMP
across a set of samples. Using this information, MIMOSA2 then identifies specific taxa and
reactions that can explain observed metabolite variation. Bergey’s manual was used to
assign cell motility and cell wall structure information to bacterial taxa (48).

Statistical analyses of amplicon sequence data

Statistical analyses were performed in R studio version 4.2.1 (49). The phyloseq package
was used to derive alpha and beta diversity estimates (45). The microbiome package
was used to transform our abundance data and derive relative abundance measures
(50). We tested for differences in bacterial community composition between experi-
mental conditions (i.e., with S. pungens [ECMF]) or without S. pungens [No EcMF]) and
transcriptionally active (RNA) versus total (DNA) bacterial communities using a permuta-
tional analysis of variance (PERMANOVA) as implemented in the adonis2 function from
the vegan package (51). The betadisper function was used to test for homogeneity
of variances across treatment groups. The DESeq2 package was used to determine
differential abundance(s) of microbial genera between experimental conditions (52). All
plots were generated using either ggplot2 (53) or ggpicrust2 (54). All the code generated
for these analyses can be obtained from https://github.com/LouisBerrios.

Gas chromatography-mass spectroscopy metabolomics analysis

Soil samples were collected from around the roots of Pinus muricata (Bishop pine) plants,
weighed, flash-frozen, and stored at —80°C prior to gas chromatography-mass spectro-
scopy (GC-MS) analysis. Dried metabolite extracts were derivatized with a modified
version of the protocol used to create FiehnLib (55). First, the samples underwent
methoximation to protect carbonyl groups and reduce tautomeric isomers. Then,
silylation with N-methyl-N-trimethylsilyltrifluoroacetamide and 1% trimethylchlorosilane
was performed to derivatize hydroxy and amine groups to trimethylsilated forms.
Samples were analyzed in an Agilent GC 7890A coupled with a single quadrupole MSD
5975C (Agilent Technologies) over a mass range of 50-550 m/z. A standard mixture of
fatty acid methyl esters (C8-C28) was analyzed in tandem for RI alignments. Samples
were held at 60°C for 1 minute after injection, followed by 10°C temperature increases
per minute till a maximum temperature of 325°C was reached and maintained for 5
minutes.

GC-MS raw data files were processed using Metabolite Detector (56). Agilent .D files
were converted to netCDF format using Agilent Chemistation and then converted to
binary files using Metabolite Detector. Retention indices of the detected metabolites
were calculated based on the analysis of fatty acid methyl ester standard mixtures and
chromatographic deconvolution and alignment. Initially, metabolites were identified by
matching experimental spectra to an augmented version of FiehnLib (57). These initial
identifications were then followed by manual validation using the NIST 14 GSMS library.

June 2024 Volume 9 Issue 6

mSystems

10.1128/msystems.00369-24 5


https://github.com/LouisBerrios
https://doi.org/10.1128/msystems.00369-24

Research Article

The summed abundances of the three most abundant fragment ions of each identified
metabolite were integrated across the GC elution profile (automatically determined by
Metabolite Detector). Fragment ions due to trimethylsilylation (that is, m/z 73 and 147)
were excluded from the determination of metabolite abundance. Features resulting from
GC column bleeding were removed from the data set before further data processing
and analysis. Processed GC-MS data were analyzed further in Matlab 2020b and pmartR
(58). All samples with m/z scores of zero were replaced with NaN and weight-normalized
values were log, transformed for statistical analyses. Only metabolites that were present
in three or more replicates were analyzed. To determine the community-wide differences
in metabolites, we conducted NMDS ordinations and PERMANOVAs using the phyloseq
package (45). We then used DESeq2 (52) to identify metabolites that were significantly
enriched between conditions (EcCMF versus No ECMF).

MALDI-FTICR MS imaging analysis of ectomycorrhizas

Ectomycorrhizal and non-ectomycorrhizal roots were analyzed and compared using
matrix-assisted laser desorption/ionization Fourier-transform ion cyclotron resonance
mass spectrometry imaging (MALDI-FTICR MSI). Roots were cleaved from living plants
and were immediately flash-frozen for downstream analyses. Three roots per treatment
(ectomycorrhizal root or non-ectomycorrhizal root) were analyzed with two technical
replicates. Roots were embedded within a mixture of 7.5% hydroxypropyl methylcellu-
lose and 2.5% polyvinylpyrrolidone and cryosectioned using CryoStar NX-70 Cryostat
(Thermo Scientific, Runcorn, UK). Longitudinal root sections (12 pm) were coated with
N-(1-naphthyl) ethylenediamine dihydrochloride MALDI matrix using M5 Sprayer (HTX
Technologies, Chapel Hill, NC, USA) to track small molecules in the tricarboxylic acid
cycle, amino acids, carbohydrates and their conjugates, and organic and phenolic acids.
All imaging analyses were performed in negative ionization mode with broadband
excitation from m/z 92 to 1,000 and a resolving power of ~70,000 at 400 m/z on a
Bruker Daltonics 15T solariX FTICR MS, equipped with a ParaCell, and MALDI source with
a SmartBeam Il frequency-tripled (355 nm) Nd: YAG laser (Bremen, Germany). A 35 um
step size was used, and data sets were acquired using Fleximaging (Bruker Daltonics).
Fleximaging sequences were directly imported and statistically treated into the SCiLS lab
(receiver operating characteristic [ROC] and colocalization analysis) and then submitted
to METASPACE for molecular annotations using the KEGG database. ROC is a univariate
measure to assess the discrimination quality of a feature for populations defined through
two groups. The ROC was calculated based on the statistical specificity and sensitivity
when the intensity of a single feature is used for the discrimination rule. The area under
the ROC curve measures the discrimination quality in the interval between 0.0 and 1.0,
where perfect discrimination would yield an area under the curve (AUC) equal to 1 or
0. As the first group, we selected all sections with ectomycorrhizae, and as the second
group, we selected all sections without ectomycorrhizae. If the feature (m/z, metabolite)
had an AUC value < 0.4 or >0.6, we considered it a discriminant.

RESULTS

Ectomycorrhizal fungi promote bacterial richness, homogenize bacterial
communities, and alter the metabolic potentials of soil bacteria

To determine how ectomycorrhizal fungi change bacterial community composition, we
first compared alpha and beta diversity metrics between experimental treatments (i.e.,
plants grown with or without the ECMF S. pungens). We found that the presence of ECMF
increased bacterial richness in soils compared to those without ECMF (Fq 26 = 5.577; P
= 0.026; Fig. 1A). When we tested the differences in beta diversity between the EcMF
and non-mycorrhizal (NM) treatments using a PERMANOVA, we found that the bacterial
communities differed significantly between these treatments (Fy 26=5.56; r* = 0.18; P
= 0.001; Fig. 1B). The bacterial communities in the ECMF treatment were more similar
to one another compared to bacterial communities without ECMF present, suggesting
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that the presence of ECMF selects for a taxonomically conserved group of bacterial
taxa (Fig. 1B). A beta dispersion test further confirmed our observation that ECMF foster
the assembly of more homogenous bacterial communities compared to those without
EcMF (F1,26=15.04; P = 0.000642; Fig. S1). Moreover, we observed differences in both the
cell wall structure (i.e., Gram-positive or Gram-negative) and motility potential between
bacterial communities in the presence or absence of ECMF (Fig. 1D and E). There were
no significant differences detected between microbial communities sequenced using
DNA versus RNA (PERMANOVA: F;6=0.889; I = 0.028; P = 0.530; beta dispersion:
F1,6=0.0412; P = 0.841), suggesting that the bacteria detected from DNA were also
metabolically active members of the community.

Next, we used DESeq2 (52) to determine which bacterial taxa were differentially
enriched between experimental treatments. A total of 44 amplicon sequence variants
were significantly enriched in soils with EcMF, whereas 21 ASVs were enriched in
soils without EcMF. Of the 44 ASVs that were enriched in the ECMF treatment, 77%
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(34/44 total ASVs, spanning 60% of the differentially enriched genera detected) were
enriched exclusively in EcMF-inoculated soils. The remaining 10 ASVs belonged to genera
that were also enriched in soils without EcMF (Fig. 1C). Many of the EcMF-enriched
ASVs matched to either the phylum Proteobacteria or Bacteroidota, whereas soils
without ECMF were enriched with ASVs that mostly matched to either Proteobacteria
or Planctomycetota (Fig. 1C; Fig. S2). Taken together, though we observed phyla- and
genus-level taxonomic overlap between conditions, our data demonstrate that the
presence of ECMF selects for distinct ASVs.

To estimate the functional differences between bacterial communities with and
without EcMF, we used PICRUSt2 (46). In line with our NMDS ordination (Fig. 1B),
our principal component analysis showed clear functional differences between these
bacterial communities at both the KO-pathway level (Fig. 2A; PC1 = 12.5%, PC2 = 11.9%)
and EC-number level (Fig. S2A; PC1 = 13.5%, PC2 = 11.6%). Likewise, compared to the
bacterial communities without EcMF, the degree of bacterial potential functions was
more similar in the ECMF-amended soils compared to soils without EcMF (Fig. 2A; Fig.
S3A). Next, we sought to clarify these observed trends by determining which genes were
differentially abundant between our experimental treatments. To do this, we mapped EC
and KO numbers to biological functions and applied DESeq2 (52) to identify genes with
the greatest variance between treatments (P-values adjusted using the Holm-Bonferroni
method). A total of 376 unique KO features (Table S1) and 208 unique EC numbers (Table
S2) were differentially abundant (P adjusted <0.05) between conditions. Key bacterial
genes involved in plant-microbe symbioses were enriched in our EcMF treatment
relative to our No EcMF treatment (based on inferred genome content from PICRUSt2).
For example, the PICRUSt2 analysis suggests that the gene encoding 1-aminocyclopro-
pane-1-carboxylate deaminase—which regulates plant ethylene levels—was enriched
in our ECMF treatment (Fig. 2B). Likewise, the operon involved in the degradation of
phenylacetic acid (paaA, paaB, paaC, paal, paaX, and paaY) was also likely enriched in
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FIG 2 PICRUSt2 analysis of soil bacterial communities in the presence or absence of EcMF. (A) Principal component analysis demonstrating the functional
differences between bacterial communities based on treatment. Ellipses indicate confidence intervals of 95%. (B) The top 30 KEGG features that were
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our EcMF condition. Moreover, bacterial communities in the presence of ECMF were also
inferred to harbor more genes to biosynthesize the carbohydrate trehalose (Fig. S3B).
Together, our data highlight the potential for significant functional variations between
the bacterial communities with ECMF present and those without ECMF present.

The presence of ectomycorrhizal fungi alters soil food webs

To understand how the presence of ECMF and their associated bacteria modify the
biochemical composition of resources in soil food webs, we compared the metabolic
and lipidomic profiles of soils with and without ECMF. To this end, we first performed
NMDS ordinations on our metabolomic and lipidomic data sets. The overall metabolomic
profiles of the soils with and without EcMF did not differ significantly (Fig. 3A; PERMA-
NOVA: F144 = 1.63, P = 0.132). In contrast, the lipidomic profiles between these two
conditions were significantly different for both positively (PERMANOVA: Fy 57 = 5.31; P =
0.007) and negatively (PERMANOVA: F 57 = 6.41; P = 0.001) charged lipids (Fig. 4A and B).

Next, we used DESeq2 (52) to identify individual soil metabolites that were differen-
tially abundant between conditions with and without ECMF present. Of the 200 metabo-
lites detected, only 19 metabolites were differentially abundant between our
experimental conditions. Of these 19 metabolites, 17 were enriched in the presence of
EcMF. The remaining two metabolites were enriched in the absence of ECMF. Six metabo-
lites—D-ribose, L-ornithine, L-phenylalanine, malonic acid, scyllo-inositol, and sorbose—
were highly enriched in the presence of ECMF (greater than a log; fold change of 20), and
the remaining 11 EcMF-enriched metabolites were moderately enriched (Fig. 3B). In total,
one dicarboxylic acid (malonic acid), two unknown metabolites, three sugars (D-ribose,
sorbose, and sucrose), five sugar alcohols (D-arabitol, D-mannitol, D-xylitol, galactitol,
and scyllo-inositol), and six amino acids (L-glutamic acid, L-ornithine, L-phenylalanine, L-
pyroglutamic acid, L-threonine, and 4-aminobutyric acid) were enriched in the presence
of EcMF. Only one sugar alcohol (acetol) and one dicarboxylic acid (maleic acid) were
enriched in the absence of EcMF. In addition, D-sorbose, D-ribose, and scyllo-inositol
were consistently and exclusively detected in soils with ECMF (Fig. S4). Importantly, each
of these three metabolites can be used as a primary carbon source to drive
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FIG 3 Soil metabolite comparison between soils with and without EcMF. (A) NMDS ordination plot comparing soil metabolites with (green) and without (tan)

the addition of ECMF. PERMANOVA results are indicated in the upper right corner of the figure panel. (B) DESeq2 analysis illustrating the metabolites that are

enriched in the presence of ECMF (left of the zero on the x-axis) and the absence of ECMF (right of the zero on the x-axis). All metabolites shown have a P-adjusted

value (Benjamini-Hochberg) equal to or less than 0.05.
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FIG 4 Soil lipid comparison between soils with and without EcMF. (A) NMDS ordination plot of the positively charged lipids and (B) negatively charged lipids.
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All lipids shown have a P-adjusted value (Benjamini-Hochberg) equal to or less than 0.05. The lipid species designations are as follows: Cer, ceramide; HexCer,

hexosylceramide; PC, phosphatidylcholine; PC-Lyso, lyso-phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; Pl, phosphatidylinositol;

DGDG, digalactosyldiacylglycerol; DGTSA, diacylglyceryltrimethylhomo-serine; SQDG, sulfoquinovosyl diacylglycerol; DG, diacylglycerol; and TG, triacylglycerol.

energy-intensive metabolic functions. Together, our soil metabolite data suggest that a
large degree of metabolite overlap exists in soils with and without ECMF, yet the presence
of ECMF is associated with the production of some unique soil metabolites that can be
important bacterial resources.

We then used the same DESeq2 approach to determine which lipids were differ-
entially abundant between soils with and without ECMF. A total of 216 lipids were
detected in our initial profiling analysis. More than 80% (n = 174) of them were positively
charged lipids such as ceramides and some sphingolipids, whereas the other ~20%
were negatively charged lipids (n = 42). Of these 216 lipids, 17 lipids were significantly
enriched in the presence of EcMF, and 22 lipids were significantly enriched in the
absence of EcMF (Fig. 4C; adjusted P < 0.05). All the EcMF-enriched lipids were either
glycerophospholipids or glycerolipids. Most of the glycerophospholipids comprised
linoleic, oleic, and palmitic lipid tails typical of membrane-derived diacyl phospholipids
(n = 11). The soil lipid profiles in the absence of ECMF were comparatively more diverse,
including many unique sphingolipids, glycerophospholipids, and glycerolipids. Those
glycolipids enriched tended to be monoacyled with tail lengths of 40-54 carbon atoms.
To sum up, these lipidomic data suggest that soils with and without EcMF share many
of the same lipids with none of the lipids we detected present exclusively in either of
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the two environments (Fig. S5). However, the presence of ECMF enriches select lipids
(greater than a log; fold change of 2) compared to those observed in soils without
EcMF (Fig. 4C). Therefore, the enrichment of these lipids—which support metabolic and
structural functions for plant and microbial life—may facilitate the divergent bacterial
taxa-function relationships that we observed (Fig. 2).

Bacterial taxa that are linked to soil resources

To clarify the link(s) between soil bacteria and soil resources, we estimated soil bacterial
community metabolic potentials using MIMOSA2 (47) and compared CMPs between
conditions. A total of 16 metabolites were linked to bacterial metabolic processes (Table
S3), and six of these (i.e., dihydroxyacetone, fumaric acid, phthalic acid, succinic acid,
L-threonine, and L-valine) had CMPs that were significantly different (Welch's t-test; P <
0.05) between conditions (Fig. S6). One additional metabolite, caprylic acid, was linked
exclusively to bacterial communities from soils amended with ECMF. The remaining nine
metabolites—L-glutamic acid, glycine, L-lactic acid, palmitic acid, glyceric acid, maleic
acid, stearic acid, pyroglutamic acid, and adipic acid—did not have CMPs that differed
significantly between conditions (P > 0.05), suggesting that these metabolites may be
common resources that are shared among bacterial taxa and that they are not largely
determined by the presence of ECMF.

Next, we matched ASVs to their CMPs and aggregated CMPs at the genus level
to determine which bacterial genera were significantly associated with soil chemistry.
Since the MIMOSA2 CMP outputs can be either negative (low correlation between input
metabolite data and taxonomic data) or positive values (high correlation between input
metabolite data and taxonomic data), we focused on the positive CMP values (i.e., those
that likely play strong roles in modifying soil food webs). However, a comprehensive list
of all metabolites, their CMPs, and their matched taxa can be found in Table S3. Three
metabolites—fumaric acid, L-threonine, and succinic acid—were represented signifi-
cantly by the CMP predictions of MIMOSA?2, and several taxa were consistently among
the top 20 bacterial genera that were positively associated with these metabolites (Fig.
5). For instance, Bradyrhizobium, Rhizobium, and Shinella were significantly associated
with these metabolites in the presence of EcMF. Members in the genera Caulobacter,
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FIG5 Strongly associated community metabolic potentials derived from MIMOSA2 metabolite-taxa predictions. CMPs for individual amplicon sequence variants
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Hydrocarboniphaga, and Qipengyuania were the only taxa with predicted contributions
to caprylic acid, and they were present exclusively in the presence of ECMF. In contrast,
the metabolite phthalic acid was associated with seven bacterial genera (Rhizobium,
Psychroglaciecola, lamia, Hyphomicrobium, Fimbriimonas, Devosia, and Bacillus). Of these,
only Rhizobium, Hyphomicrobium, Devosia, and Bacillus had positive CMPs, and their
CMPs were specific to our ECMF condition. The CMPs for Psychroglaciecola and Fimbriimo-
nas were negative and observed in both conditions (i.e.,, ECMF and No EcMF), and the
CMP for the genus lamia was positive but only detected in the absence of ECMF.

Ectomycorrhizal fungi modify the chemical environments in and around
roots

While our previous measurements characterized chemical changes in soils beyond the
rhizosphere, we also used mass spectrometry imaging to understand how the presence
of EcMF changes the chemical environment within roots and at the root-soil interface.
Using this approach, we compared root metabolites between experimental conditions
(i.e., ECMF or No EcMF) with MALDI-FTICR, using the area under the curve from receiver
operating characteristic analyses for finding discriminant ions between two treatments
and METASPACE for tentative molecular annotation of ions. Since MALDI-FTICR measures
accurate mass ions (i.e., their m/z), and distinct metabolites can have identical masses
(i.e., mass isomers), we report potential metabolites that were enriched and depleted
between conditions. A total of 330 ions (representing 1,022 potential metabolites) were
annotated by METASPACE in our analysis (Table S4), and 85% were not significantly
enriched or depleted between conditions. Only two ions, representing two metabolites
annotated in the KEGG database, were enriched in the presence of ECMF: gamma-L-glu-
tamyl-L-cysteine (m/z 249.0550) and ungeremine (m/z 265.0744). In contrast, 49 ions
(representing 294 potential metabolites) were enriched in the absence of ECMF (Table
S5). Of these 49 ions, 13 of them correspond to a single metabolite by the KEGG
database (Fig. 6A). In addition, we captured images of both non-ectomycorrhizal and
ectomycorrhizal roots to observe the spatial distribution of metabolites. We observed
clear differences in both the intensity and localization of several differentially enriched
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FIG 6 MALDI-FTICR detected root metabolites. Metabolites that were significantly enriched in plant roots that either were colonized by ECMF (green) or were
not colonized by ECMF (tan) are shown. (A) Area under the curve values represent how enriched metabolites were between conditions (i.e., ECMF versus No
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metabolites (Fig. 6B). The results from this analysis suggest that ECMF modify the energy
dynamics of the host plant (i.e.,, reducing the production of primary and secondary
metabolites). However, given the limited sample size, we were able to detect only a few
statistically enriched metabolites in the root compartment.

DISCUSSION

Many investigations have examined plant-microbe interactions that occur solely at the
root-soil interface (i.e, the rhizosphere or rhizoplane), yet whether ectomycorrhizal
fungi (ECMF) restructure soil food webs and bacterial communities has remained an
outstanding question that lacked experimental evidence (59). This is an important point
of inquiry when we consider that (i) the interplay between soil metabolites and soil
microbiota largely determines the fate of plant communities (60, 61); (i) ECMF may
functionally extend the rhizosphere compartment and impact soil food webs (23); and
(i) as recipients of approximately 13% of plant primary productivity (62), ECMF are
major conduits and transformers of C inputs to soils. To address this knowledge gap,
we directly tested how the presence of ECMF changes soil bacterial communities and
substrate availability using a multi-omics approach. Our analyses show that the presence
of ECMF has significant effects on bacterial diversity and richness, bacterial taxa-function
relationships, and biochemistry in soils and at the root-soil interface. We, therefore, have
begun elucidating the potential for ECMF to modify soil food web structure and offer
critical insights into one of the most widespread mutualisms in the world.

The effects of ECMF on bacterial richness and beta diversity

Many interactions among microbes in complex systems have been inferred using
correlational analyses of co-occurrence data from DNA sequencing. Here, we were able
to use an experimental approach to reveal the direct responses of bacteria to soils
amended with ECMF. Because these seedling microcosms were grown in a sterilized pure
sand substrate, this approach allowed us to disentangle confounding differences in soil
chemistry or litter quality that may have driven bacterial associations with ECMF trees
documented in field studies (6, 13). This finding indicates that the presence of ECMF
hyphae in soils has direct effects on the composition and structure of bacterial com-
munities. In soils amended with EcMF, bacterial richness was increased, and commun-
ity composition changed—both in terms of taxonomic composition and increased
homogeneity. Others have found that soils inhabited by either AMF or saprotrophic
fungi tend to have higher microbial richness than soils without these fungi (31, 63, 64).
The fact that we see similar trends for soils amended with ECMF (Fig. 1A) supports the
notion that diverse fungal types—not only ECMF—may relax bacterial competition or
create new niches. This contrasts somewhat with the strongly antagonistic relationship
inferred between bacteria and fungi in a recent global metagenomic survey (65). In
terms of beta diversity, we also observed significant differences between experimen-
tal conditions. Soils amended with ECMF were taxonomically more homogenous than
those without EcMF (Fig. 1B; Fig. S1 and S2). This observation contrasts with findings
derived from AM fungus systems (32). However, it aligns with previous evidence showing
that EcMF tend to cultivate more homogenous microbial communities (66). Why this
happens has yet to be addressed experimentally, but ECMF and AM fungi may foster the
development of different bacterial soil communities due to their differences in fungal
growth, physiology, and plant root colonization dynamics (1). One possible hypothesis
is that a high degree of underground connectivity generated by ECMF mycelium may
create a spatially homogenous environment that leads to more predictable assemblies
of bacterial communities. While knowing the specific nature of these interactions will
require additional experiments, our data collectively point toward a complex suite of
interactions between bacteria and ECMF that appear to transcend simple competition.
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Linking greenhouse and field studies: similar patterns of bacterial-EcMF
partnerships

Linking laboratory and field observations has been a challenge in microbial ecology (67).
However, the bacterial taxa that we identified in soils amended with ECMF align largely
with those that previous studies have identified in natural Pinus muricata forests (18, 68).
At the phylum level, Proteobacteria and Bacteroidota had a higher relative abundance
in soils amended with ECcMF compared to those without ECMF (Fig. S2). Many genera
in these phyla were also significantly enriched in EcMF-amended soils (Fig. 1C). For
instance, amplicon sequence variants within the genera Bradyrhizobium, Conexibacter,
and Reyranella were enriched in ECMF-amended soils in this experiment and were shown
recently to function as strong, positive predictors of ECMF relative abundance along
a climate-latitude gradient (18). Importantly, the genus Bradyrhizobium was shown to
correlate positively with plant biomass and the colonization of ECMF on plant roots
(18), reinforcing the notion that ECMF-amended soils generate soil conditions that are
advantageous to bacterial taxa that in turn benefit ECMF growth dynamics. Likewise,
the preserved field-to-lab connections that we observed between our current study and
those conducted previously (18, 68) demonstrate that some relationships between EcMF
and bacteria can be recapitulated independently of soil characteristics and microbial
diversity. Yet, particular bacterial genera—and species within these genera—likely
have higher intra-genus and intra-species variability in their lifestyle strategies, which
reinforces the notion of varying strain-specific interaction strengths between and among
plants and microbes (69, 70). Overall, these observations suggest that ECMF play a key
role in structuring bacterial communities via direct fungal and tripartite symbioses.

Estimates of how EcMF shape the functional potential of soil bacterial
communities

In line with our observation that ECMF drive changes in the taxonomic composition
of bacterial taxa (Fig. 1; Fig. S1 and S2), we also observed changes to the inferred
functional potential of these bacterial taxa (Fig. 2; Fig. S3). Of note, soils amended with
EcMF nearly doubled the relative abundance of bacterial taxa likely to harbor the gene
needed to reduce plant ethylene levels (i.e., 1-aminocyclopropane-1-carboxylate, ACCd).
This well-known gene has been documented extensively as one of the primary plant
growth-promoting features of many beneficial bacteria (71). The fact that we observe
an increased relative abundance of this gene in the presence of EcMF (Fig. 2) could
indicate a role in tripartite symbioses. While the exact mechanism is not immediately
clear, plant ethylene has been shown to alter ECMF colonization—often leading to a
partial reinforcement of plant cell walls that could restrict mycorrhizal symbioses (72). By
selecting for ACCd-producing bacterial taxa, ECMF could therefore potentially increase
their ability to colonize plant roots. Moreover, this potential fine-tuning event may also
serve to regulate other plant hormones (e.g., auxin), particularly during the early stages
of symbiosis (73). Alternatively, the role of bacterial ACCd may be context-dependent—
as others have shown that harboring this metabolic feature does not always lead to
plant growth benefits (70). Therefore, additional work is required to determine whether
ACCd shapes tripartite symbioses or is indicative of commensalistic bacterial-fungal
interactions.

Aside from changes to the relative abundance of ACCd in bacterial soil communities,
we also observed differences that may be linked to nutrient consumption and bacterial
colonization-lifestyle patterns. For example, the operon involved in the degradation of
phenylacetic acid (paaA, paaB, paaC, paal, paaX, and paaY) was enriched in our ECMF
condition based on the PICRUSt2 analysis (Fig. 2). Others have noted that phenylace-
tic acid is a common metabolite released at fungal surfaces, suggesting that ECMF
may select for bacteria that can actively degrade and use this compound for energy
production (74, 75). Likewise, we see clear indications of changes to nitrogen (N)
cycling potential. The gene coding for asparagine synthase (glutamine-hydrolyzing) is
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essential for plant N assimilation, and this gene is enriched in bacteria in soils without
EcMF amendments (Fig. 2). This paired with the enrichment of bacterial taxa (in soils
without ECMF amendments) that play key roles in nitrification (i.e., Nitrobacter and
Nitrosospira) in non-mycorrhizal soils suggest that the way ECMF can change the local
N economy, independent of the soil environment. In addition to modifying N econom-
ics, the presence of ECMF selected for bacterial communities with a higher relative
abundance of genes to biosynthesize trehalose (Fig. S3B)—a carbohydrate known
to play osmo-protective, thermal-protective, and energy-generating roles (76). Other
mechanisms of bacterial colonization-lifestyle strategies may also be driven by EcMF.
For instance, soils without ECMF amendments drove the proliferation of bacteria with a
higher relative abundance of pilT genes (involved in movement along surfaces), and this
observation aligns with the increased motility potential of these bacterial communities
(Fig. 1E). These data therefore suggest that ECMF may function as spatial carriers for
bacterial cells and that they select for bacteria that are strong hyphal colonizers yet
not strong dispersers, which is likely a product of the highly interconnected below-
ground environment that ECMF can foster. Taken together, our estimates of bacterial
functions provide evidence that (i) ECMF may restructure carbon and N soil economies,
and (ii) ECMF colonization may select for specific bacterial motility strategies. However,
additional functional profiling analyses (e.g., meta-transcriptomics) are required to fully
understand how EcMF change the community-wide functions of soil bacteria.

Non-lipid soil metabolite profiles and their potential links to bacterial
community functions

When we examined the metabolic profile of bulk soils, we found that the presence
of EcMF drove the enrichment of 17 soil metabolites, and three of these (D-sorbose,
D-ribose, and scyllo-inositol) were consistently and exclusively present in soils amended
with ECMF (Fig. 3; Fig. S4). Links between these enriched metabolites and the metabolic
potentials of bacterial communities were sparse, but several connections were evident.
For example, several of them were either precursors (i.e., glutamic acid), intermediates
(i.e., fumaric acid), or inhibitors (i.e., malonic acid) in the tricarboxylic acid (TCA) cycle,
and the community metabolic potentials for ECMF soil bacteria were predicted to
contribute substantially to the metabolism of the same (i.e., fumaric acid) or comple-
mentary (e.g., succinic acid) metabolites in the TCA cycle. EcMF-enriched bacterial taxa
(e.g., Bradyrhizobium, Rhizobium, and Shinella) were also identified as potentially major
contributors to these metabolic processes (Fig. 1C and 5; Table S3), suggesting that (i)
EcMF alter the biochemical flux of energetic metabolites available to bacterial communi-
ties in bulk soils, and (ii) ECMF-specialist bacterial taxa that have been identified in field
studies (18, 68) are primary players in these processes. Others have noted how EcMF
modify the production of TCA cycle metabolites in plant host roots (77-79), but here we
show that these modifications extend into the bulk soils and may drive both bacterial
coexistence and taxonomic dominance. In addition, L-threonine was highly enriched in
soils amended with EcMF, and CMP estimates suggest that several key bacterial taxa
drive its metabolism (Fig. 5; Table S3). The functional role(s) of L-threonine in these
contexts suggest greater bacterial protein synthesis and biofilm formation—both of
which modify bacterial physiology and growth dynamics (80). Therefore, the primary
takeaways from these soil metabolite data are that ECMF facilitate the production of key
carbon sources and subsequently influence the community assembly of soil bacteria—
many of which have been independently confirmed to mediate tripartite symbioses in
both field and lab studies (18, 68).

Changes to soil lipids: building blocks, antimicrobials, and signaling mole-
cules

Our soil lipid data also indicate that EcMF significantly change the community-wide
lipid profiles of bulk soils and drive the differential enrichment of 37 lipids (Fig. 4),
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which collectively may have cascading effects on soil food webs and the composition
of bacterial communities. Several differentially enriched lipid subgroups (i.e., diacyl
glycerolipids with 16:0/18:2 or 16:1/18:2 tails and glycerophospholipids with 18:2/18:2
tails) have been identified previously as signatures of mycorrhization, fungal coloniza-
tion, and fungal biomass (81, 82). Therefore, it is not surprising that we see these
lipid species enriched in soils amended with EcMF. But how do these changes to soil
lipid profiles shape bacterial communities? Many of these lipids serve structural roles
within fungal cell walls and membranes (i.e., glycerolipids and glycerophospholipids),
and some of them that are frequently found in fungal membranes have been suggested
to have antibiotic properties (i.e., sphingolipids) or trigger the production of antimicro-
bial peptides (83). Therefore, the three hypotheses explaining these differences are that
(i) these lipids provide structural and energetic materials for bacterial cells (i.e., trophic
transfer, perhaps from necromass); (ii) some of them also function as bactericidal or
bacteriostatic compounds; and (iii) they may mediate cellular communication between
and among plants and microbes. For instance, lipids represent a large fraction of carbon
pools in both the rhizosphere and bulk soils (83), and trophic transfer events and
cell-cell communication are presumably common in both soils (84-86). In addition,
the antimicrobial properties of sphingolipids can limit the formation of biofilms (83),
and each of the differentially abundant sphingolipids that we observed in our analysis
was enriched in soils without ECMF (Fig. 4). This paired with the enrichment of L-threo-
nine—a promoter of bacterial biofilm formation—in EcMF-amended soils and estimates
that bacterial taxa primed to metabolize L-threonine are enriched in EcMF-amended
soils suggest that ECMF may facilitate the production of biofilms. Together, these data
provide mechanistic insights into how the presence of ECMF can restructure bulk soil
carbon economics, modify soil food webs, and provide a selective force that drives the
establishment of bacterial communities.

EcMF-driven root metabolite production: evidence for pathogen suppression
and energetic modifications

Nutrient availability and composition tend to differ drastically between plant root and
soil compartments (87). When we profiled the metabolites of both colonized and
uncolonized Bishop pine roots (Fig. 6), we observed significant differences between
the metabolites that were enriched—and these metabolites were distinct from those
that we observed in soils (independent of treatment type; see Fig. 3 and 4). The most
prominent observation was that uncolonized roots had many more metabolites that
were enriched compared to EcMF-colonized roots. The function(s) of these metabo-
lites are varied, but common themes are evident. For example, many of them (N-feru-
loylglycine, abacavir, 8-oxodeoxycoformycin, N-monomethyl-2-aminoethylphosphonate,
dyphylline, oxoinosine, and xanthopterin-B2) have unknown functions in the context
of plant biology or microbial ecology. Yet, several of them (abacavir, 8-oxodeoxycoformy-
cin, and dyphylline) have reported anti-viral (e.g., HIV), anti-cancer, or bronchodilator
functions (88-91). Other detected metabolites, however, yield clearer interpretations
in the context of our system. Cyclopizaonic acid, for instance, is a well-known myco-
toxin that is produced by Penicillium cyclopium (92). The fact that this metabolite is
enriched in the non-mycorrhizal roots suggests that the presence of ECMF suppresses the
colonization and proliferation of Penicillium sp. or—more conservatively—the accumula-
tion of cyclopiazonic acid (Fig. 6B). Similarly, riccionidin A is a known anthocyanidin
and photo-protectant that plays a critical role in cell wall-associated defense (93).
The enrichment of this metabolite in the absence of EcMF suggests that ECMF may
dampen plant host defenses or reduce the presence of pathogens and reconfigure
energy dynamics in and around the plant root cell walls. Several other lines of evidence
suggest further that EcMF alter the flux of energetic pathways within plant roots, such
as the enrichment of inosine (alters RNA structure and can lead to mistranslation),
indoleglycerol phosphate (branch point in the biosynthesis of the plant growth hormone
indole-3-acetic acid), and pyridoxamine phosphate (prerequisite to amino acid synthesis)
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in non-mycorrhizal roots (94-96). In contrast to the variety of metabolites enriched in the
roots of plants grown in the absence of ECMF, the roots of plants grown in the presence
of EcMF had only two enriched metabolites (i.e., ungeremine and gamma-L-glutamyl-L-
cysteine). Functionally, ungeremine has been described as an anti-mold biofungicide,
whereas gamma-L-glutamyl-L-cysteine is a key intermediate in the glutathione synthesis
pathway (97). Therefore, these results suggest that the presence of ECMF may limit the
accumulation of mold (i.e., pathogen suppression) and drive the synthesis of strong
reactive oxygen species scavenging molecules, respectively (98, 99). Taken together, our
root metabolite data illustrate that the presence of ECMF may both modify plant host
energy dynamics and suppress the outgrowth of non-mycorrhizal fungi.

Though many of the observations in our present study align with those from previous
field studies (18, 68), several considerations should be undertaken moving forward.
For instance, bridges between bacterial community assembly, genetic regulation, and
metabolite production require additional experimental work to determine the causal
factors that support bacterial-fungal interactions and connect multi-omic data sets.
Functional genetics approaches, for example, that leverage both bacterial and fungal
mutant libraries to test the effect of the presumptive functions we have revealed in this
study would enhance our understanding of the genetic and metabolic determinants of
bacterial-fungal-plant interactions. Likewise, efforts to harmonize multi-omic data sets
would clarify the relationships among bacterial gene functions, soil metabolites, root
metabolites, and soil food webs in general (100). Our data sets here do reveal how
the presence of ECMF can alter resource availability and modify bacterial communities
in ways that suggest an overall reshaping of soil food webs. However, our data sets
cannot reveal the microbial taxa that are producing and consuming specific metabolites.
Methods to do so still require substantial developments for the complex communities
found in plant microbiomes. Finally, our observations are limited to a specific time
point of plant development. Though previous field observations (18, 68) across different
climates, latitudes, and forest maturity confirm many of the bacterial taxonomic trends
that we observed here, efforts to understand how soil food webs change in the presence
of ECMF across plant developmental time will help resolve the complex mechanisms that
likely shape these community-level interactions.

Conclusion

How EcMF drive changes in soil biogeochemistry has received little experimental
attention. Yet, emerging evidence suggests that soil chemical structure is the by-product
of bacterial and fungal biogeochemistry (101, 102). Using a multi-omic approach, we
show here that the presence of a keystone guild (i.e., ECMF) can impact soil lipid and
non-lipid metabolites, soil food webs, and the bacterial communities that develop.
Our work, therefore, demonstrates how the presence of ECcMF can modify plant host
roots and have substantial consequences on the chemical and bacterial community
composition of bulk soils. In broader terms, our work adds to the emerging set of
fundamental differences between arbuscular mycorrhizal and EcMF forests (2), which
further emphasizes the need to account explicitly for the functional differences of these
forests and the theory and models that surround them.

ACKNOWLEDGMENTS

This work was funded, in part, by a National Science Foundation PRFB grant 2109481
awarded to L.B., an NSF PRFB 2011020 to L.M.B., and NSF Awards DEB 1845544 and
2021478 and EMSL LSR Award #51394 to K.G.P. T.B.A. is supported by Schmidt Science
Fellows, in partnership with the Rhodes Trust.

The funders did not contribute to the design of the experiments, data collection,
analyses, decision to publish, or the preparation of the manuscript.

L.B., G.D.B, LMB., AM.V,, ADR., KZ, D.V,, CH., KB., and K.G.P. designed the experi-
ments and conducted the analyses. L.B. drafted the manuscript. L.B. and K.G.P. edited

June 2024 Volume 9 Issue 6

mSystems

10.1128/msystems.00369-2417


https://doi.org/10.1128/msystems.00369-24

Research Article mSystems

the final version of the manuscript. All the authors reviewed the manuscript prior to
submission.

AUTHOR AFFILIATIONS

'Department of Biology, Stanford University, Stanford, California, USA

Kellogg Biological Station, Michigan State University, Hickory Corners, Michigan, USA
*Department of Plant Biology, University of California, Davis, Davis, California, USA
*School of Environmental and Forest Sciences, University of Washington, Seattle,
Washington, USA

*Division of CryoEM and Bioimaging, SSRL, SLAC National Accelerator Laboratory, Menlo
Park, California, USA

®Earth and Biological Sciences Directorate, Pacific Northwest National Laboratory,
Richland, Washington, USA

"Department of Earth System Science, Stanford University, Stanford, California, USA

AUTHOR ORCIDs

Louis Berrios 2 http://orcid.org/0000-0003-3888-9928
Glade D. Bogar & http://orcid.org/0000-0002-1601-6336
Laura M. Bogar & http://orcid.org/0000-0001-6121-2224
Andressa M. Venturini (2 http://orcid.org/0000-0002-5901-1658
Claire E. Willing @ http://orcid.org/0000-0002-7563-242X
T. Bertie Ansell (2 http://orcid.org/0000-0003-4870-5387
Kevin Zemaitis { http://orcid.org/0000-0002-3524-9776
Marija Velickovic @ http://orcid.org/0000-0003-3664-5719
Dusan Velickovic 2 http://orcid.org/0000-0001-7945-9620
Peter T. Pellitier @ http://orcid.org/0000-0002-0226-0784
Jay Yeam & http://orcid.org/0000-0002-4309-986X

Kabir G. Peay & http://orcid.org/0000-0002-7998-7412

FUNDING

Funder Grant(s) Author(s)
National Science Foundation (NSF) 2109481 Louis Berrios
National Science Foundation (NSF) 2011020 Laura M. Bogar
National Science Foundation (NSF) 1845544 Kabir G. Peay

DATA AVAILABILITY

All data and code generated in the current study can be found in either NCBI GenBank
SRA (BioProject accession number PRINA1100605), https://github.com/LouisBerrios, the
main text, or the supplemental material.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental figures (mSystems00369-24-s0001.docx). Figures S1 to Sé.

Supplemental tables (mSystems00369-24-s0002.xIsx). Tables S1 to S5.

REFERENCES

1. Smith SE, Read DJ. 2010. Mycorrhizal symbiosis. Academic press. 2. Steidinger BS, Crowther TW, Liang J, Van Nuland ME, Werner GDA,
Reich PB, Nabuurs GJ, de-Miguel S, Zhou M, Picard N, Herault B, Zhao X,

Zhang C, Routh D, Peay KG, GFBI consortium. 2019. Climatic controls of

June 2024 Volume 9 Issue 6 10.1128/msystems.00369-2418


https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1100605
https://github.com/LouisBerrios
https://doi.org/10.1128/msystems.00369-24
https://doi.org/10.1128/msystems.00369-24

Research Article

20.

21,

22.

June 2024 Volume 9

decomposition drive the global biogeography of forest-tree symbioses.
Nature 569:404-408. https://doi.org/10.1038/541586-019-1128-0
Hobbie EA. 2006. Carbon allocation to ectomycorrhizal fungi correlates
with belowground allocation in culture studies. Ecology 87:563-569.
https://doi.org/10.1890/05-0755

Gorzelak MA, Ellert BH, Tedersoo L. 2020. Mycorrhizas transfer carbon in
a mature mixed forest. Mol Ecol 29:2315-2317. https://doi.org/10.1111/
mec.15520

Treseder KK. 2004. A meta - analysis of mycorrhizal responses to
nitrogen, phosphorus, and atmospheric CO2 in field studies. New
Phytol 164:347-355. https://doi.org/10.1111/j.1469-8137.2004.01159.x
Averill C, Bhatnagar JM, Dietze MC, Pearse WD, Kivlin SN. 2019. Global
imprint of mycorrhizal fungi on whole-plant nutrient economics. Proc
Natl Acad Sci U S A 116:23163-23168. https://doi.org/10.1073/pnas.
1906655116

Read DJ, Perez-Moreno J. 2003. Mycorrhizas and nutrient cycling in
ecosystems—a journey towards relevance?. New Phytol 157:475-492.
https://doi.org/10.1046/j.1469-8137.2003.00704.x

van der Heijden MGA. 2010. Mycorrhizal fungi reduce nutrient loss from
model grassland ecosystems. Ecology 91:1163-1171. https://doi.org/10.
1890/09-0336.1

Averill C, Turner BL, Finzi AC. 2014. Mycorrhiza-mediated competition
between plants and decomposers drives soil carbon storage. Nature
505:543-545. https://doi.org/10.1038/nature12901

Fernandez CW, Kennedy PG. 2016. Revisiting the ‘gadgil effect”: do
Interguild fungal interactions control carbon cycling in forest soils?
New Phytol. 209:1382-1394. https://doi.org/10.1111/nph.13648

Gadgil RL, Gadgil PD. 1971. Mycorrhiza and litter decomposition.
Nature 233:133. https://doi.org/10.1038/233133a0

Hogberg MN, Baath E, Nordgren A, Arnebrant K, Hogberg P. 2003.
Contrasting effects of nitrogen availability on plant carbon supply to
mycorrhizal fungi and saprotrophs-a hypothesis based on field
observations in boreal forest. New Phytologist 160:225-238. https://doi.
org/10.1046/j.1469-8137.2003.00867.x

Phillips RP, Brzostek E, Midgley MG. 2013. The mycorrhizal - associated
nutrient economy: a new framework for predicting carbon-nutrient
couplings in temperate forests. New Phytol 199:41-51. https://doi.org/
10.1111/nph.12221

Terrer C, Vicca S, Hungate BA, Phillips RP, Prentice IC. 2016. Mycorrhizal
association as a primary control of the CO2 fertilization effect. Science
353:72-74. https://doi.org/10.1126/science.aaf4610

Cotrufo MF, Ranalli MG, Haddix ML, Six J, Lugato E. 2019. Soil carbon
storage informed by particulate and mineral-associated organic matter.
Nat Geosci 12:989-994. https://doi.org/10.1038/s41561-019-0484-6
Pélme S, Bahram M, Jacquemyn H, Kennedy P, Kohout P, Moora M, Oja
J, Opik M, Pecoraro L, Tedersoo L. 2018. Host preference and network
properties in biotrophic plant-fungal associations. New Phytol
217:1230-1239. https://doi.org/10.1111/nph.14895

Tedersoo L, Bahram M, Zobel M. 2020. How mycorrhizal associations
drive plant population and community biology. Science 367:eaba1223.
https://doi.org/10.1126/science.aba1223

Berrios L, Yeam J, Holm L, Robinson W, Pellitier PT, Chin ML, Henkel TW,
Peay KG. 2023. Positive interactions between mycorrhizal fungi and
bacteria are widespread and benefit plant growth. Curr Biol 33:2878-
2887. https://doi.org/10.1016/j.cub.2023.06.010

Frey SD. 2019. Mycorrhizal fungi as mediators of soil organic matter
dynamics. Annu Rev Ecol Evol Syst 50:237-259. https://doi.org/10.1146/
annurev-ecolsys-110617-062331

Singh BK, Millard P, Whiteley AS, Murrell JC. 2004. Unravelling
rhizosphere-microbial interactions: opportunities and limitations.
Trends Microbiol 12:386-393. https://doi.org/10.1016/j.tim.2004.06.008
de Ridder-Duine AS, Kowalchuk GA, Klein Gunnewiek PJA, Smant W,
van Veen JA, de Boer W. 2005. Rhizosphere bacterial community
composition in natural stands of carex arenaria (sand sedge) is
determined by bulk soil community composition. Soil Biol Biochem
37:349-357. https://doi.org/10.1016/j.s0ilbio.2004.08.005

Tian P, Razavi BS, Zhang X, Wang Q, Blagodatskaya E. 2020. Microbial
growth and enzyme kinetics in rhizosphere hotspots are modulated by
soil organics and nutrient availability. Soil Biol Biochem 141:107662.
https://doi.org/10.1016/j.50ilbi0.2019.107662

Issue 6

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

mSystems

See CR, Keller AB, Hobbie SE, Kennedy PG, Weber PK, Pett-Ridge J. 2022.
Hyphae move matter and microbes to mineral microsites: integrating
the hyphosphere into conceptual models of soil organic matter
stabilization. Glob Chang Biol 28:2527-2540. https://doi.org/10.1111/
gcb.16073

Goldford JE, Lu N, Baji¢ D, Estrela S, Tikhonov M, Sanchez-Gorostiaga A,
Segré D, Mehta P, Sanchez A. 2018. Emergent simplicity in microbial
community assembly. Science 361:469-474. https://doi.org/10.1126/
science.aat1168

Jacoby RP, Kopriva S. 2019. Metabolic niches in the rhizosphere
microbiome: new tools and approaches to analyse metabolic
mechanisms of plant-microbe nutrient exchange. J Exp Bot 70:1087-
1094. https://doi.org/10.1093/jxb/ery438

Cheng YT, Zhang L, He SY. 2019. Plant-microbe interactions facing
environmental challenge. Cell Host Microbe 26:183-192. https://doi.
0rg/10.1016/j.chom.2019.07.009

Godbold DL, Hoosbeek MR, Lukac M, Cotrufo MF, Janssens IA,
Ceulemans R, Polle A, Velthorst EJ, Scarascia-Mugnozza G, De Angelis P,
Miglietta F, Peressotti A. 2006. Mycorrhizal hyphal turnover as a
dominant process for carbon input into soil organic matter. Plant Soil
281:15-24. https://doi.org/10.1007/s11104-005-3701-6

Zhou L, Zhou X, He Y, Fu Y, Du Z, Lu M, Sun X, Li C, Lu C, Liu R, Zhou G,
Bai SH, Thakur MP. 2022. Global systematic review with meta-analysis
shows that warming effects on terrestrial plant biomass allocation are
influenced by precipitation and mycorrhizal association. Nat Commun
13:4914. https://doi.org/10.1038/s41467-022-32671-9

Leyval C, Berthelin J. 1993. Rhizodeposition and net release of soluble
organic compounds by pine and beech seedlings Inoculated with
rhizobacteria and ectomycorrhizal fungi. Biol Fertil Soils 15:259-267.
https://doi.org/10.1007/BF00337210

Rambelli A. 1973. The rhizosphere of mycorrhizae, p 299-343. In Marks
GL, Koslowski TT (ed), Ectomycorrhizae: their ecology and physiology.
Academic Press, New York.

LiuY, Sun Q, Li J, Lian B. 2018. Bacterial diversity among the fruit bodies
of ectomycorrhizal and saprophytic fungi and their corresponding
hyphosphere soils. Sci Rep 8:1-0. https://doi.org/10.1038/541598-018-
30120-6

Nuccio EE, Hodge A, Pett-Ridge J, Herman DJ, Weber PK, Firestone MK.
2013. An arbuscular mycorrhizal fungus significantly modifies the soil
bacterial community and nitrogen cycling during litter decomposition.
Environ Microbiol 15:1870-1881. https://doi.org/10.1111/1462-2920.
12081

Yuan MM, Kakouridis A, Starr E, Nguyen N, Shi S, Pett-Ridge J, Nuccio E,
Zhou J, Firestone M. 2021. Fungal-bacterial cooccurrence patterns differ
between arbuscular mycorrhizal fungi and nonmycorrhizal fungi across
soil niches. mBio 12:€03509-20. https://doi.org/10.1128/mBio.03509-20
He T, Zhang X, Du J, Gilliam FS, Yang S, Tian M, Zhang C, Zhou Y. 2023.
Arbuscular mycorrhizal fungi shift soil bacterial community composi-
tion and reduce soil ammonia volatilization and nitrous oxide
emissions. Microb Ecol 85:951-964. https://doi.org/10.1007/500248-
023-02172-3

Hestrin R, Hammer EC, Mueller CW, Lehmann J. 2019. Synergies
between mycorrhizal fungi and soil microbial communities increase
plant nitrogen acquisition. Commun Biol 2:233. https://doi.org/10.
1038/542003-019-0481-8

Riedlinger J, Schrey SD, Tarkka MT, Hampp R, Kapur M, Fiedler HP. 2006.
Auxofuran, a novel metabolite that stimulates the growth of fly agaric,
is produced by the mycorrhiza helper bacterium streptomyces strain
AcH 505 . Appl Environ Microbiol 72:3550-3557. https://doi.org/10.
1128/AEM.72.5.3550-3557.2006

Schrey SD, Schellhammer M, Ecke M, Hampp R, Tarkka MT. 2005.
Mycorrhiza helper bacterium streptomyces AcH 505 induces
differential gene expression in the ectomycorrhizal fungus Amanita
muscaria. New Phytol 168:205-216. https://doi.org/10.1111/j.1469-
8137.2005.01518.x

Duponnois R, Garbaye J. 1990. Some mechanisms involved in growth
stimulation of ectomycorrhizal fungi by bacteria. Can J Bot 68:2148-
2152. https://doi.org/10.1139/b90-280

Miquel Guennoc C, Rose C, Labbé J, Deveau A. 2018. Bacterial biofilm
formation on the hyphae of ectomycorrhizal fungi: a widespread ability

10.1128/msystems.00369-2419


https://doi.org/10.1038/s41586-019-1128-0
https://doi.org/10.1890/05-0755
https://doi.org/10.1111/mec.15520
https://doi.org/10.1111/j.1469-8137.2004.01159.x
https://doi.org/10.1073/pnas.1906655116
https://doi.org/10.1046/j.1469-8137.2003.00704.x
https://doi.org/10.1890/09-0336.1
https://doi.org/10.1038/nature12901
https://doi.org/10.1111/nph.13648
https://doi.org/10.1038/233133a0
https://doi.org/10.1046/j.1469-8137.2003.00867.x
https://doi.org/10.1111/nph.12221
https://doi.org/10.1126/science.aaf4610
https://doi.org/10.1038/s41561-019-0484-6
https://doi.org/10.1111/nph.14895
https://doi.org/10.1126/science.aba1223
https://doi.org/10.1016/j.cub.2023.06.010
https://doi.org/10.1146/annurev-ecolsys-110617-062331
https://doi.org/10.1016/j.tim.2004.06.008
https://doi.org/10.1016/j.soilbio.2004.08.005
https://doi.org/10.1016/j.soilbio.2019.107662
https://doi.org/10.1111/gcb.16073
https://doi.org/10.1126/science.aat1168
https://doi.org/10.1093/jxb/ery438
https://doi.org/10.1016/j.chom.2019.07.009
https://doi.org/10.1007/s11104-005-3701-6
https://doi.org/10.1038/s41467-022-32671-9
https://doi.org/10.1007/BF00337210
https://doi.org/10.1038/s41598-018-30120-6
https://doi.org/10.1111/1462-2920.12081
https://doi.org/10.1128/mBio.03509-20
https://doi.org/10.1007/s00248-023-02172-3
https://doi.org/10.1038/s42003-019-0481-8
https://doi.org/10.1128/AEM.72.5.3550-3557.2006
https://doi.org/10.1111/j.1469-8137.2005.01518.x
https://doi.org/10.1139/b90-280
https://doi.org/10.1128/msystems.00369-24

Research Article

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

June 2024 Volume 9

under controls?. FEMS Microbiol Ecol
https://doi.org/10.1093/femsec/fiy093

Ingestad T, Kdhr M. 1985. Nutrition and growth of coniferous seedlings
at varied relative nitrogen addition rate. Physiologia Plantarum 65:109-
116. https://doi.org/10.1111/j.1399-3054.1985.tb02368.x

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA,
Turnbaugh PJ, Fierer N, Knight R. 2011. Global patterns of 16S rRNA
diversity at a depth of millions of sequences per sample. Proc Natl Acad
Sci U S A 108 Suppl 1:4516-4522. https://doi.org/10.1073/pnas.
1000080107

Toju H, Kishida O, Katayama N, Takagi K. 2016. Networks depicting the
fine-scale co-occurrences of fungi in soil horizons. PLoS ONE
11:e0165987. https://doi.org/10.1371/journal.pone.0165987

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
2016. DADAZ2: high-resolution sample inference from lllumina amplicon
data. Nat Methods 13:581-583. https://doi.org/10.1038/nmeth.3869
Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J,
Glockner FO. 2013. The SILVA ribosomal RNA gene database project:
improved data processing and web-based tools. Nucleic Acids Res
41:D590-D596. https://doi.org/10.1093/nar/gks1219

McMurdie PJ, Holmes S. 2013. Phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One
8:e61217. https://doi.org/10.1371/journal.pone.0061217

Douglas GM, Maffei VJ, Zaneveld JR, Yurgel SN, Brown JR, Taylor CM,
Huttenhower C, Langille MGI. 2020. PICRUST2 for prediction of
metagenome functions. Nat Biotechnol 38:685-688. https://doi.org/10.
1038/541587-020-0548-6

Noecker C, Eng A, Muller E, Borenstein E. 2022. MIMOSA2: a metabolic
network-based tool for Inferring mechanism-supported relationships in
microbiome - metabolome data. Bioinformatics 38:1615-1623. https://
doi.org/10.1093/bioinformatics/btac003

Bergey DH. 1994. Bergey's manual of determinative bacteriology.
Lippincott Williams & Wilkins.

R Core Team R. 2015. R: a language and environment for statistical
computing

Lahti L, Shetty S. 2018. Introduction to the microbiome R package.
Bioconductor 2018. Available from: https://www. bioconductor. org/
packages/release/bioc/html/microbiome. html. Retrieved 15 Oct 2022.
Oksanen J, Kindt R, Legendre P, O’'Hara B, Stevens MH, Oksanen MJ,
Suggests MA. 2007. The Vegan package. Community ecology package
10:631-637.

Love M, Anders S, Huber W. 2014. Differential analysis of count data-
the DESeq2 package. Genome Biol 15:10-186. https://doi.org/10.1186/
$13059-014-0550-8

Wickham H. 2011. Ggplot2. Wiley Interdisciplinary reviews: Computa-
tional Statistics, Vol. 3, p 180-185.

Yang C, Mai J, Cao X, Burberry A, Cominelli F, Zhang L. 2023. ggpicrust2:
an R package for PICRUST2 predicted functional profile analysis and
visualization. Bioinformatics 39:btad470. https://doi.org/10.1093/
bioinformatics/btad470

Fiehn O. 2016. Metabolomics by gas chromatography-mass spectrom-
etry: combined targeted and untargeted profiling. Curr Protoc Mol Biol
114:30. https://doi.org/10.1002/0471142727.mb3004s114

Hiller K, Hangebrauk J, Jdger C, Spura J, Schreiber K, Schomburg D.
2009. Metabolitedetector: comprehensive analysis tool for targeted
and nontargeted GC/MS based metabolome analysis. Anal Chem
81:3429-3439. https://doi.org/10.1021/ac802689c

Kind T, Wohlgemuth G, Lee DY, Lu Y, Palazoglu M, Shahbaz S, Fiehn O.
2009. FiehnLib: mass spectral and retention index libraries for
metabolomics based on quadrupole and time-of-flight gas chromatog-
raphy/mass spectrometry. Anal Chem 81:10038-10048. https://doi.org/
10.1021/ac9019522

Bramer LM, Stratton KG, White AM, Bleeker AH, Kobold MA, Waters KM,
Metz TO, Rodland KD, Webb-Robertson B-JM. 2019. P-mart: Interactive
analysis of ion abundance global proteomics data. J Proteome Res
18:1426-1432. https://doi.org/10.1021/acs.jproteome.8b00840

Pollierer MM, Dyckmans J, Scheu S, Haubert D. 2012. Carbon flux
through fungi and bacteria into the forest soil animal food web as
indicated by compound - specific 13 C fatty acid analysis. Funct Ecol
26:978-990. https://doi.org/10.1111/j.1365-2435.2012.02005.x

94:fiy093.

Issue 6

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

mSystems

Hu L, Robert CAM, Cadot S, Zhang X, Ye M, Li B, Manzo D, Chervet N,
Steinger T, van der Heijden MGA, Schlaeppi K, Erb M. 2018. Root
exudate metabolites drive plant-soil feedbacks on growth and defense
by shaping the rhizosphere microbiota. Nat Commun 9:2738. https://
doi.org/10.1038/541467-018-05122-7

Wei Z, Gu Y, Friman VP, Kowalchuk GA, Xu Y, Shen Q, Jousset A. 2019.
Initial soil microbiome composition and functioning predetermine
future plant health. Sci Adv 5:eaaw0759. https://doi.org/10.1126/sciadv.
aaw0759

Hawkins H-J, Cargill RIM, Van Nuland ME, Hagen SC, Field KJ, Sheldrake
M, Soudzilovskaia NA, Kiers ET. 2023. Mycorrhizal mycelium as a global
carbon pool. Curr Biol 33:R560-R573. https://doi.org/10.1016/j.cub.
2023.02.027

Scheublin TR, Sanders IR, Keel C, van der Meer JR. 2010. Characterisa-
tion of microbial communities colonising the hyphal surfaces of
arbuscular mycorrhizal fungi. ISME J 4:752-763. https://doi.org/10.
1038/ismej.2010.5

Gahan J, Schmalenberger A. 2015. Arbuscular mycorrhizal hyphae in
grassland select for a diverse and abundant hyphospheric bacterial
community involved in sulfonate desulfurization. Appl Soil Ecol 89:113-
121. https://doi.org/10.1016/j.aps0il.2014.12.008

Bahram M, Netherway T, Frioux C, Ferretti P, Coelho LP, Geisen S, Bork
P, Hildebrand F. 2021. Metagenomic assessment of the global diversity
and distribution of bacteria and fungi. Environ Microbiol 23:316-326.
https://doi.org/10.1111/1462-2920.15314

Raczka NC, Pifeiro J, Tfaily MM, Chu RK, Lipton MS, Pasa-Tolic L,
Morrissey E, Brzostek E. 2021. Interactions between microbial diversity
and substrate chemistry determine the fate of carbon in soil. Sci Rep
11:19320. https://doi.org/10.1038/s41598-021-97942-9

Otwell AE, Lépez Garcia de Lomana A, Gibbons SM, Orellana MV, Baliga
NS. 2018. Systems biology approaches towards predictive microbial
ecology. Environ Microbiol 20:4197-4209. https://doi.org/10.1111/
1462-2920.14378

Nguyen NH, Bruns TD. 2015. The microbiome of pinus muricata
ectomycorrhizae: community assemblages, fungal species effects, and
burkholderia as important bacteria in multipartnered symbioses.
Microb Ecol 69:914-921. https://doi.org/10.1007/5s00248-015-0574-y
Berg G. 2009. Plant-microbe interactions promoting plant growth and
health: perspectives for controlled use of microorganisms in agricul-
ture. Appl Microbiol Biotechnol 84:11-18. https://doi.org/10.1007/
500253-009-2092-7

Berrios L, Ely B. 2020. Plant growth enhancement is not a conserved
feature in the caulobacter genus. Plant Soil 449:81-95. https://doi.org/
10.1007/511104-020-04472-w

Glick BR, Todorovic B, Czarny J, Cheng Z, Duan J, McConkey B. 2007.
Promotion of plant growth by bacterial ACC deaminase. Crit Rev Plant
Sci 26:227-242. https://doi.org/10.1080/07352680701572966

Plett JM, Kemppainen M, Kale SD, Kohler A, Legué V, Brun A, Tyler BM,
Pardo AG, Martin F. 2011. A secreted effector protein of laccaria bicolor
is required for symbiosis development. Curr Biol 21:1197-1203. https://
doi.org/10.1016/j.cub.2011.05.033

DaguerreY, PlettJM, Veneault-FourreyC. 2016. Signaling pathways
driving the development of ectomycorrhizal symbiosis. In Molecular
Mycorrhizal Symbiosis. Vol. 8.

Frey-Klett P, Burlinson P, Deveau A, Barret M, Tarkka M, Sarniguet A.
2011. Bacterial-fungal interactions: hyphens between agricultural,
clinical, environmental, and food microbiologists. Microbiol Mol Biol
Rev 75:583-609. https://doi.org/10.1128/MMBR.00020-11

Churchland C, Grayston SJ. 2014. Specificity of plant-microbe
interactions in the tree mycorrhizosphere biome and consequences for
soil C cycling. Front Microbiol 5:261. https://doi.org/10.3389/fmicbh.
2014.00261

Wolf A, Krdmer R, Morbach S. 2003. Three pathways for trehalose
metabolism in corynebacterium glutamicum ATCC13032 and their
significance in response to osmotic stress. Mol Microbiol 49:1119-1134.
https://doi.org/10.1046/j.1365-2958.2003.03625.x

Sebastiana M, Gargallo-Garriga A, Sardans J, Pérez-Trujillo M, Monteiro
F, Figueiredo A, Maia M, Nascimento R, Silva MS, Ferreira AN, Cordeiro C,
Marques AP, Sousa L, Malhé R, Pefuelas J. 2021. Metabolomics and
transcriptomics to decipher molecular mechanisms underlying

10.1128/msystems.00369-2420


https://doi.org/10.1093/femsec/fiy093
https://doi.org/10.1111/j.1399-3054.1985.tb02368.x
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1371/journal.pone.0165987
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1093/bioinformatics/btac003
https://www.%20bioconductor.%20org/packages/release/bioc/html/microbiome.%20html
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/bioinformatics/btad470
https://doi.org/10.1002/0471142727.mb3004s114
https://doi.org/10.1021/ac802689c
https://doi.org/10.1021/ac9019522
https://doi.org/10.1021/acs.jproteome.8b00840
https://doi.org/10.1111/j.1365-2435.2012.02005.x
https://doi.org/10.1038/s41467-018-05122-7
https://doi.org/10.1126/sciadv.aaw0759
https://doi.org/10.1016/j.cub.2023.02.027
https://doi.org/10.1038/ismej.2010.5
https://doi.org/10.1016/j.apsoil.2014.12.008
https://doi.org/10.1111/1462-2920.15314
https://doi.org/10.1038/s41598-021-97942-9
https://doi.org/10.1111/1462-2920.14378
https://doi.org/10.1007/s00248-015-0574-y
https://doi.org/10.1007/s00253-009-2092-7
https://doi.org/10.1007/s11104-020-04472-w
https://doi.org/10.1080/07352680701572966
https://doi.org/10.1016/j.cub.2011.05.033
https://doi.org/10.1128/MMBR.00020-11
https://doi.org/10.3389/fmicb.2014.00261
https://doi.org/10.1046/j.1365-2958.2003.03625.x
https://doi.org/10.1128/msystems.00369-24

Research Article

78.

79.

80.

81.

82.

83.

84,

85.

86.

87.

88.

89.

90.

June 2024 Volume 9

ectomycorrhizal root colonization of an oak tree. Sci Rep 11:8576. https:
//doi.org/10.1038/541598-021-87886-5

Mangeot-Peter L, Tschaplinski TJ, Engle NL, Veneault-Fourrey C, Martin
F, Deveau A. 2020. Impacts of soil microbiome variations on root
colonization by fungi and bacteria and on the metabolome of populus
tremulax alba. Phytobiomes J 4:142-155. https://doi.org/10.1094/
PBIOMES-08-19-0042-R

Szuba A, Marczak t, Ratajczak |, Kasprowicz-Maluski A, Mucha J. 2020.
Integrated proteomic and metabolomic analyses revealed molecular
adjustments in populusx canescens colonized with the ectomycorrhi-
zal fungus paxillus involutus, which limited plant host growth. Environ
Microbiol 22:3754-3771. https://doi.org/10.1111/1462-2920.15146

Sun W, Shi S, Chen J, Zhao W, Chen T, Li G, Zhang K, Yu B, Liu D, Chen Y,
Ying H, Ouyang P. 2022. Blue light signaling regulates Escherichia coli
W1688 biofilm formation and L-threonine production. Microbiol Spectr
10:e0246022. https://doi.org/10.1128/spectrum.02460-22

Wewer V, Brands M, Dérmann P. 2014, Fatty acid synthesis and lipid
metabolism in the obligate biotrophic fungus R hizophagus Irregularis
during mycorrhization of L otus japonicus. Plant J 79:398-412. https://
doi.org/10.1111/tpj.12566

Olsson PA. 1999. Signature fatty acids provide tools for determination
of the distribution and interactions of mycorrhizal fungi in soil. FEMS
Microbiol Ecol 29:303-310. https://doi.org/10.1111/j.1574-6941.1999.
tb00621.x

Kunz TC, Kozjak-Pavlovic V. 2019. Diverse facets of sphingolipid
involvement in bacterial infections. Front Cell Dev Biol 7:203. https://
doi.org/10.3389/fcell.2019.00203

Pausch J, Kramer S, Scharroba A, Scheunemann N, Butenschoen O,
Kandeler E, Marhan S, Riederer M, Scheu S, Kuzyakov Y, Ruess L. 2016.
Small but active—pool size does not matter for carbon incorporation in
below - ground food webs. Funct Ecol 30:479-489. https://doi.org/10.
1111/1365-2435.12512

Ruess L, Chamberlain PM. 2010. The fat that matters: soil food web
analysis using fatty acids and their carbon stable Isotope signature. Soil
Biol Biochem 42:1898-1910. https://doi.org/10.1016/j.s0ilbio.2010.07.
020

Siebers M, Brands M, Wewer V, Duan Y, Holzl G, Dormann P. 2016. Lipids
in plant-microbe interactions. Biochim Biophys Acta 1861:1379-1395.
https://doi.org/10.1016/j.bbalip.2016.02.021

Ballauff J, Schneider D, Edy N, Irawan B, Daniel R, Polle A. 2021. Shifts in
root and soil chemistry drive the assembly of belowground fungal
communities in tropical land-use systems. Soil Biol Biochem
154:108140. https://doi.org/10.1016/j.s0ilbio.2021.108140

Abafe OA, Spath J, Fick J, Jansson S, Buckley C, Stark A, Pietruschka B,
Martincigh BS. 2018. LC-MS/MS determination of antiretroviral drugs in
influents and effluents from wastewater treatment plants in kwazulu-
natal, South Africa. Chemosphere 200:660-670. https://doi.org/10.
1016/j.chemosphere.2018.02.105

Hendeles L, Weinberger M. 1977. Dyphylline: the “untheophylline”
xanthine bronchodilator. Drug Intell Clin Pharm 11:424-424. https://
doi.org/10.1177/106002807701100705

Maga G, Hiibscher U. 2008. Repair and translesion DNA polymerases as
anticancer drug targets. Anticancer Agents Med Chem 8:431-447.
https://doi.org/10.2174/187152008784220348

Issue 6

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

mSystems

Wang Y, Rajpoot S, Li P, Lavrijsen M, Ma Z, Hirani N, Saqib U, Pan Q, Baig
MS. 2022. Repurposing dyphylline as a pan-coronavirus antiviral
therapy. Future Med Chem 14:685-699. https://doi.org/10.4155/fmc-
2021-0311

Le Bars JO. 1979. Cyclopiazonic acid production by penicillium
camemberti thom and natural occurrence of this mycotoxin in cheese.
Appl Environ Microbiol 38:1052-1055. https://doi.org/10.1128/aem.38.
6.1052-1055.1979

Carella P, Gogleva A, Hoey DJ, Bridgen AJ, Stolze SC, Nakagami H,
Schornack S. 2019. Conserved biochemical defenses underpin host
responses to oomycete infection in an early-divergent land plant
lineage. Curr Biol 29:2282-2294. https://doi.org/10.1016/j.cub.2019.05.
078

Tsuge H, Kuroda Y, Iwamoto A, Ohashi K. 1982. Partial purification and
property of pyridoxine (pyridoxamine)-5"-phosphate oxidase Isozymes
from wheat seedlings. Arch Biochem Biophys 217:479-484. https://doi.
org/10.1016/0003-9861(82)90527-6

Ouyang J, Shao X, Li J. 2000. Indole - 3 - glycerol phosphate, a
branchpoint of Indole - 3 - acetic acid biosynthesis from the
tryptophan biosynthetic pathway in arabidopsis thaliana. Plant J
24:327-333. https://doi.org/10.1046/j.1365-313x.2000.00883.x

Straube H, Straube J, Rinne J, Fischer L, Niehaus M, Witte CP, Herde M.
2023. An inosine triphosphate pyrophosphatase safeguards plant
nucleic acids from aberrant purine nucleotides. New Phytol 237:1759-
1775. https://doi.org/10.1111/nph.18656

Gao C, Zhang Q, Ma L, Xu G, Song P, Xia L. 2021. Metabolic pathway and
biological significance of glutathione detoxification of aristolochic acid
I. J Photochem Photobiol 7:100054. https://doi.org/10.1016/j.jpap.2021.
100054

Noctor G, Foyer CH. 1998. Ascorbate and glutathione: keeping active
oxygen under control. Annu Rev Plant Physiol Plant Mol Biol 49:249-
279. https://doi.org/10.1146/annurev.arplant.49.1.249

Berrios L, Rentsch JD. 2022. Linking reactive oxygen species (ROS) to
abiotic and biotic feedbacks in plant microbiomes: the dose makes the
poison. Int J Mol Sci 23:4402. https://doi.org/10.3390/ijms23084402
Perez-Riverol Y, Bai M, da Veiga Leprevost F, Squizzato S, Park YM, Haug
K, Carroll AJ, Spalding D, Paschall J, Wang M, et al. 2017. Discovering
and linking public omics data sets using the omics discovery index. Nat
Biotechnol 35:406-4009. https://doi.org/10.1038/nbt.3790

Crowther TW, van den Hoogen J, Wan J, Mayes MA, Keiser AD, Mo L,
Averill C, Maynard DS. 2019. The global soil community and its
influence on biogeochemistry. Science 365:eaav0550. https://doi.org/
10.1126/science.aav0550

Sokol NW, Slessarev E, Marschmann GL, Nicolas A, Blazewicz SJ, Brodie
EL, Firestone MK, Foley MM, Hestrin R, Hungate BA, Koch BJ, Stone BW,
Sullivan MB, Zablocki O, Pett-Ridge J, LLNL Soil Microbiome Consor-
tium. 2022. Life and death in the soil microbiome: how ecological
processes influence biogeochemistry. Nat Rev Microbiol 20:415-430.
https://doi.org/10.1038/541579-022-00695-z

10.1128/msystems.00369-2421


https://doi.org/10.1038/s41598-021-87886-5
https://doi.org/10.1094/PBIOMES-08-19-0042-R
https://doi.org/10.1111/1462-2920.15146
https://doi.org/10.1128/spectrum.02460-22
https://doi.org/10.1111/tpj.12566
https://doi.org/10.1111/j.1574-6941.1999.tb00621.x
https://doi.org/10.3389/fcell.2019.00203
https://doi.org/10.1111/1365-2435.12512
https://doi.org/10.1016/j.soilbio.2010.07.020
https://doi.org/10.1016/j.bbalip.2016.02.021
https://doi.org/10.1016/j.soilbio.2021.108140
https://doi.org/10.1016/j.chemosphere.2018.02.105
https://doi.org/10.1177/106002807701100705
https://doi.org/10.2174/187152008784220348
https://doi.org/10.4155/fmc-2021-0311
https://doi.org/10.1128/aem.38.6.1052-1055.1979
https://doi.org/10.1016/j.cub.2019.05.078
https://doi.org/10.1016/0003-9861(82)90527-6
https://doi.org/10.1046/j.1365-313x.2000.00883.x
https://doi.org/10.1111/nph.18656
https://doi.org/10.1016/j.jpap.2021.100054
https://doi.org/10.1146/annurev.arplant.49.1.249
https://doi.org/10.3390/ijms23084402
https://doi.org/10.1038/nbt.3790
https://doi.org/10.1126/science.aav0550
https://doi.org/10.1038/s41579-022-00695-z
https://doi.org/10.1128/msystems.00369-24

	Ectomycorrhizal fungi alter soil food webs and the functional potential of bacterial communities
	MATERIALS AND METHODS
	Plant growth experiments and microbial inoculations
	Nucleic acid extractions and 16S rRNA amplicon library preparation
	Amplicon sequencing bioinformatics
	Statistical analyses of amplicon sequence data
	Gas chromatography-mass spectroscopy metabolomics analysis
	MALDI-FTICR MS imaging analysis of ectomycorrhizas

	RESULTS
	Ectomycorrhizal fungi promote bacterial richness, homogenize bacterial communities, and alter the metabolic potentials of soil bacteria
	The presence of ectomycorrhizal fungi alters soil food webs
	Bacterial taxa that are linked to soil resources
	Ectomycorrhizal fungi modify the chemical environments in and around roots

	DISCUSSION
	The effects of EcMF on bacterial richness and beta diversity
	Linking greenhouse and field studies: similar patterns of bacterial-EcMF partnerships
	Estimates of how EcMF shape the functional potential of soil bacterial communities
	Non-lipid soil metabolite profiles and their potential links to bacterial community functions
	Changes to soil lipids: building blocks, antimicrobials, and signaling molecules
	EcMF-driven root metabolite production: evidence for pathogen suppression and energetic modifications
	Conclusion





