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Abstract

Ectomycorrhizal

(ECM) fungi are key players in forest carbon (C)sequestration,
Cfrom their forest tree hosts in exchange for plant growth-limiting

receiving a substantial proportion of photosynthetic

soil nutrients. However, it remains unknown whether the fungus

or plant controls the quantum of Cin this exchange, nor what mechanisms are involved. Here, we aimed to identify physiological

and genetic properties of both partners that inuence
scriptomics, we quantied plant-to-fungus

Pisolithus microcarpus that range in their mycorrhization potential

ECM C transfer. Using a microcosm system, stable isotope tracing, and tran-
C transfer between the host plant Eucalyptus grandis and nine isolates of the ECM fungus
and investigated fungal growth characteristics and plant and fungal

genes that correlated with C acquisition. We found that C acquisition by P.microcarpus correlated positively with both fungal biomass

production

and the expression of a subset of fungal C metabolism genes. In the plant, C transfer was not positively correlated to

the number of colonized root tips, but rather to the expression of defence- and stress-related genes. These ndings suggest that C
acquisition by ECM fungi inv olv es indi vidual fungal demand for C and defence responses of the host against C drain.

Keyw ords: carbon, ectom ycorrhizal symbiosis, Pisolithus microcarpus, stable isotopes, transcriptomics

Introduction

Ectomycorrhizal (ECM) fungi colonize the roots of most trees in
temperate and boreal forests and, as these ecosystems make up
the majority of the global terrestrial carbon (C) sink, are crucial
to Ccycling (Taylor et al. 2000, Martin et al. 2001, Pan et al. 2011,
Averill et al. 2014, Wu et al. 2022). In nutrient-limited  forests, ECM
fungi colonize receptive plant roots and provide plants with nu-
trients from surrounding soil. These nutrients are released into a
specialized colonization structure in the root tip called the Har-
tig net, where ECM fungi obtain up to 30% of photosyntheti-
cally xed plant C (Leake et al. 2004, Hobbie 2006, Ekblad et al.
2013). While ECM fungi have specialized abilities to acquire plant
growth-limiting  nutrients such as nitrogen (N) and phosphorus (P)
from soil organic and inorganic matter, and improve water uptake,
they remain dependent on root-exuded C due to their limited ca-
pacities to metabolize complex carbohydrates (Nehls et al. 2010,
Lindahl and Tunlid 2015, Liu et al. 2020). The direct access of ECM
fungi to this C entails a competitive advantage over other soil-
borne microbes and therefore alters soil respiration and may im-
prove belowgr ound C stor age (Gadgil and Gadgil 1971, 1975, Averill
et al. 2014, Averill and Hawkes 2016, Gorka et al. 2019).

Despite the importance of ECM symbiosis in C cycling, mech-
anisms controlling host-to-fungus C transfer and greater ecosys-
tem impacts of ECM-associated C cycling are not well understood
(reviewed in Stuart and Plett 2020). Some studies suggest that ECM
host plants control C allocation through reciprocal rewards- or
sanctions-based mechanisms, wher eby plants reward more C to
fungi that provide more growth-limiting nutrients (Kytdviita 2005,
Kiers et al. 2011, Casieri et al. 2013, Bogar et al. 2019). Alterna-
tiv ely, plants may incr ease belowgr ound C allocation in response
to soil nutrient limitation to encour age greater soil nutrient sup-
ply by the fungi (Hobbie 2006, Nehls et al. 2010, Nasholm et al.
2013). Others suggest that belowground C allocation may oper-
ate based on a source-sink mechanism where nutrient transfer is
inuenced by fungal C demand. This sink may be created by in-
creases to fungal biomass production or allocation of C towards
assimilating N (Wallander 1995, Corréa et al. 2008, 2012, Lemoine
et al. 2013). Mor eover, host defence responses may play a role in
controlling Closs via attack on, and senescence of, roots colonized
by uncooper ativ e fungi (Kiers and Denison 2008, Garcia et al. 2015,
Hortal et al. 2017, Bogar et al. 2019). Mor e research is needed to
understand these defence mechanisms.
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Understanding of ECM C transfer at the molecular level is lim-
ited (Durall et al. 1994, Pumpanen et al. 2009, Heinonsalo et al.
2010, Pickles et al. 2016), although transporters and enzymes that
may facilitate sugar transfer and catabolism at the plant...fungal
interface have been found to be upregulated in colonized plant
roots (Wright et al. 2000, Nehls et al. 2010, Plett et al. 2015a, b,
Bouffaud et al. 2020, Ruytinx et al. 2021, Tang et al. 2021). While
some host-derived C may be lost via ECM fungal respiration or
exudation, a substantial amount is sequestered by rapid conver-
sion into various storage compounds including trehalose, man-
nitol, and glycogen (Martin et al. 1987, Lopez et al. 2007, Nehls
et al. 2007, Hagenbo et al. 2019). Such a sequestration mecha-
nism suggests that the ability of ECM fungi to produce biomass
should be correlated to their acquisition of host-deri ved C. Leake
et al. (2001) noted that increases in the hyphal density of Pax-
illus involutus occurred in litter patches that contained greater
amounts of C derived from the host plant Pinus sylvestris, indi-
cating a link between fungal biomass production and C acquisi-
tion. However, ther e is a curr ent lack of studies quantifying the
correlation between fungal biomass production and amounts of
host-deriv ed C acquir ed by a greater range of ECM fungi, partl y
due to the dif culties of measuring fungal biomass and C allo-
cation in eld experiments (Hobbie and Argerer 2010, Wallander
et al. 2013).

There is consider able genetic diversity amongst ECM fungal
species leading to potential interspecies variation in the genetic
mechanisms supporting C acquisition from their hosts (Read
and Perez-Mor eno 2003, Rinaldi et al. 2008, Tedersoo and Smith
2013, Martin et al. 2016, Tedersoo and Brundrett 2017). For ex-
ample, C starvation, rather than C availability was shown to
induce expression of fungal monosaccharide transporter genes
by Laccaria bicolor (Fajardo Lépez et al. 2008). In Amanita mus-
caria, the sugar transporter AmMstl is upregulated under in-
creased C sugar concentrations (Nehls et al. 2001). While these
differ ences in C exchange and metabolism have been found
to occur between distantly related fungal species, more re-
cent work would suggest that there can be distinct variation
within  one ECM fungal species (Hortal et al. 2017, Plett et
al. 2021). This suggests that understanding of this function
should be improved to a ner scale than current genus-level
knowledge.

Here, we investigated the effects of intraspecies transcriptomic
and physiological variability on C exchange between nine iso-
lates of Pisolithus microcarpus that ranged in mycorrhization po-
tential, and their host Eucalyptus grandis. The amount of C trans-
ferr ed from host to fungus and incor porated into fungal biomass
was measured via 13C stable isotope labelling using a microcosm
system, and growth differ ences betw een the fungal isolates were
examined to determine whether growth-r elated traits corr elated
with the amounts of C acquir ed. Gene expression in the fungi
and in the host plant were analysed to nd expression patterns
that may correlate to C acquisition by the fungi from the plant.
Based on the liter atur e discussed above, we hypothesized that
there would be signi cant intraspecies variation in the amounts of
host-derived Cin fungal biomass, and that these amounts would
positiv ely corr elate with fungal growth and colonization rate. We
also hypothesized that the expressions of both plant and fun-
gal genes relating to C transport and metabolism, including both
catabolism and biosynthesis, would correlate with amounts of
host-derived C, and that decreased gene expression of plant de-
fence mechanisms would allow for greater C acquisition by the
fungi.

Experimental procedures

Biological material and experimental
setup

Nine P.microcarpus isolates were originally isolated from various
locations across Australia (scientic license number S13146; Sup-
plementary Table S1;Keniry 2015) or New Caledonia (Jourand et
al. 2010). The fungal isolates were selected as they represent a
gradient of host mycorrhization potential (e.g. Plett et al. 2015a).
Pure cultur es of these fungal isolates were maintained on modi-
ed Melin Norkrans (MMN) agar plates (0.5g/L (NH4),HPOy, 0.3 g/L
KH,PQOy, 0.14 g/L MgSQ,4.7H,0, 10 g/L glucose, 1 mL/L of CaCl,
5% w/v stock solution, 1 mL/L of NaCl 2.5% w/v stock solution,

1 mL/L of ZnSO4 0.3% w/v stock solution, 133 pL/L of thiamine

0.1% w/v stock solution, 1 mL/L of citric acid + Fe EDTA 1.25% wi/v
stock solution and 13 g/L agar in de-ionized water, pH 5.5). The
plates were incubated in a growth chamber in the dark at 25 C
(ICP 800, Memmert, Schwabac h, Bavaria, German y).

Phylogenetic analysis of the P. microcarpus isolates was con-
ducted with the online tool Phylogeny.fr (Dereeper et al. 2008). ITS
sequences were obtained from the National Center for Biotech-
nology Information (NCBI) Nucleotide database (https://www.ncbi
.nim.nih.gov/nuccore ) or sequenced at the Hawkesbury Institute
for the Environment (Western Sydney Univ ersity, Richmond, New
South Wales, Australia; Supplementary Table S2).ITS sequences
were aligned using MUSCLE 3.8.31 and poorly aligned positions
and divergent regions were eliminated using Gblocks 0.91b. The
phylogenetic tree was constructed using the maximum likelihood
method (PhyML3.1/3.0 aLRT) and drawn with TreeDyn 198.3.

Eucalyptus grandis seeds (seedlot no. 21 068) were obtained from
the Commonwealth Scientic and Industrial Research Organi-
sation (CSIRO, Clayton, Victoria, Australia) Australian Tree Seed
Centr e. Eucalptus grandis seeds were surface sterilized with 30%
hydr ogen peroxide for 10 min and germinated on 1% w/v wa-
ter agar in a plant growth chamber (TRISL-495-1-SD, Thermo-
line Scientic, Smitheld, New South Wales, Australia) under a
16-h light cycle at 25 C. After 4 weeks of growth, the seedlings
wer e transferr ed, thr ee seedlings per plate and on top of a ster-
ile cellophane membrane, to fresh, half-strength (%) MMN agar
plates containing 0.1% w/v glucose. The plates were incubated
for another 4 weeks under the same conditions . Meanwhile , small
squares (0.5 x 0.5 cm) of each P.microcarpusisolate were cut from
the growing edge of the fungal cultures grown on 1x MMN cul-
tur es, and were transferr ed to fresh <low glucosee % MMN agar
plates, made with the same recipe as % MMN but only containing
0.01% w/v glucose, on top of a sterile cellophane membrane. Eight
cultures per isolate were prepared. The plates were incubated in
a growth chamber (ICP800) in the dark at 25°C.

After 2 weeks of fungal growth on the low glucose % MMN, indi-
vidual E.grandis seedlings were carefully transferred onto the edge
of growing P. microcarpus mycelium. In total, ve plant + fungus
microcosms (*ECMe condition) per P. microcarpus isolate were set
up. As contr ols, thr ee micr ocosms per isolate with fungi only [fr ee-
living mycelium (FLM) contr ol] were also maintained, and thr ee
E.grandis seedlings were transferred onto low glucose % MMN as
plant only controls . The plates were sealed with one-third micro-
pore tape at the top of the plate, to allow for free gas exchange,
and tw o-thir ds electricianes tape. The plates were placed in a plant
growth chamber (GC20 BDAF, Bio Chambers Incor porated, Win-
nipeg, Manitoba, Canada) at a 45 C angle and incubated under a
16 h photoperiod, light intensity of 500 pmol mS2 s51, 25 C/18 C
day/night temper atur e, 70% relativ e humidity, and ambient CO,

microcosm
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(400 ppm) for 2 weeks, at which the fungus would have full y col-
onized the root system and established nutrient trading as pre-
viously shown (Hortal et al. 2017). Within the 2 week co-culture,
at 9 days post fungal contact, two holes were opened on the front
of each plate using a soldering iron and the holes were covered
with micr opor e tape to further incr ease gas permeability into the
plates . The plates were placed in a 175 L airtight polycarbonate
chamber with an air circulation fan and a gas injection port in-
side the plant growth chamber (for more details, see Hortal et
al. 2017). The tank was injected with 12 mL of 99 atom % 3CO,
(Sigma-Aldrich, St Louis, MI, USA) and the plates were left in the
tank for 5hours under circulating air. Following this, the tank was
opened and allowed to equilibrate back to ambient levels of 13CO,.
At day 11 of co-culture, the microcosms were once again placed in
the labelling chamber and another 12 mL of 99 atom % *3CO, was
injected into the tank and the plates were again left in the tank for
5 hours under circulating air followed by return to ambient 3CO,
conditions until harv est. Free-living mycelium and plant only con-
trol plates were grown and incubated under the same conditions.

For the measurement of fungal biomass, four to v e mor erepli-
cates per isolate of the FLM control plates were set up and treated
in the same way as described above, except that they did not un-
dergo 3C labelling.

13C stable isotope analysis

Three days after the second injection of 3CO,, following sam-
pling for RNA-seq analysis (see below), all of the remaining fungal
extr a-radical mycelium (ERM)and plant leaves from the low glu-
cose % MMN plates (four to ve replicates of the ECM symbiosis
plates and thr ee replicates of the FLM fungus-only plates) were
harv ested, oven-dried at 40°C and ground to a ne powder. 3C
atom % values were measured by running about 1 mg of ground
fungal tissue or about 2 mg of ground plant tissue on an ele-
mental analyser and isotope ratio mass spectrometer (UC Davis
Stable Isotope Facility, Davis, CA, USA). Outlier 3C atom % val-
ues were identied using the interquartile range test and remov ed
from the data set. **C atom % values were converted to amounts
of C transferr ed from the plant host to the fungus via symbiosis
and retained, as respired or exuded C was not accounted for, us-
ing the calculations below based on methods previousl y described
(Tomm et al. 1994, He et al. 2009, Plett et al. 2020). Herein, *C ac-
quisition datae refer to these C values.

(13Cerm S 13CeLn)
% josis = i~ & iAa~ 1
0Csymbiosis (13Ciear S 13Crim) x 100,

Csymbiosis = %Csymbiosis x %Cfungal x fungal biomass,

where %Cgympiosis IS the percentage of fungal C derived from the
plant host, 3Cgry is the 3C atom % of the fungal ERM of the
symbiosis plates, 2Cgy is the average °C atom % of the fungal
mycelium of the fungus only plates, ¥C,y is the '3C atom % of
the leaves of the symbiosis plates, Csymyiosis IS the amount of fun-
gal C derived from the plant host disregarding any subsequentl y
respired or exuded C, %Cq,ga is the average percenta ge of total C
in the dried fungal mycelium, and fungal biomass is the average
mass of the dried fungal mycelium of the fungus only plates.

Fungal growth parameters

The following parameters were measured as they can be consid-
ered as proxies for fungal growth.

Colonization percentage was calculated from four to ve repli-
cates per fungal isolate from the ECM symbiosis plates. This cal-
culation was the number of lateral plant root tips colonized by the
fungus (i.e. exhibiting short, thickened appearance and the pres-
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ence of a fungal mantle over the root) divided by the total lateral
plant root tips in contact with fungal mycelium.

For the measurement of Hartig net depth and mantle thick-
ness, colonized plant root tips from each isolate treatment
wer e harv ested from the ECM symbiosis plates, xed in 4% w/v
paraformaldehyde and stored at 4°C for at least 24 h. The root
tips were then embedded in 6% w/v agarose and refrigerated
overnight. For each treatment, cross-sections of 30 pm thickness
from thr ee independent biological replicates were cut using a Le-
ica VT1200 vibratome (Leica Microsystems, Mt Waverley, Victoria,
Australia), stained with DAPI stain and imaged using an inverted
Leica SP6 confocal microscope (Leica Microsystems). The Hartig
net depths and thicknesses of the fungal mantles surrounding the
plant root tips were measured on four to seven sections per cross-
section using the ImageJprocessing program (National Institutes
of Health, Bethesda, MD, USA; Schneider et al. 2012).

Growth rate, biomass, and hyphal density of the fungal isolates
were determined as follows from four to ve replicates per iso-
late of the fungus only plates, rather than from symbiosis plates,
due to the dif culty in fully separating fungal hyphae from plant
roots. After 2 and 4 weeks of growth on the low glucose media,
the perimeters of the fungal colonies were marked, the colonies
were imaged and areas of the fungal colonies and of the origi-
nal agar blocks determined using ImageJ The mycelium was har-
vested, oven-dried at 40°C and weighed to determine the biomass
values. Average radial mycelial growth, calculated as the area of
radial growth per day from the second week of growth, or eplant
contacte, to the fourth week of growth, or eharveste, was used as
a proxy for growth rate during symbiosis with the plant host. Hy-
phal density was calculated as the fungal biomass per unit area
of the fungal colony at harvest.

RNA extr action and RNA-seq anal ysis

After 4 weeks of growth on the low glucose % MMN, a strip of fun-
gal ERM (including the oldest and newest part of the colony) and
plant roots in contact with the fungus (excluding tap roots) were
harv ested from thr ee replicates of symbiosis or plant only contr ol
low glucose plates and immediately frozen at $80 C. Total RNA
(from the combined fungal ERM and plant roots for three repli-
cates per treatment) was extracted using the ISOLATE Il miRNA
kit (Bioline, London, UK). The large RNA fraction from these ex-
tractions was sequenced at the Joint Genome Institute (JGl)as de-
tailed in Plett et al. (2020).

Prior to normalization of the count data, genes that were not
expressed under any isolate condition (having an average read
count within each condition of <10 mapped reads for E. grandis
and <5 for P. microcarpus) were remov ed from the data. This re-
sulted in sets of 24 615 E. grandis transcripts and 12 959 P. micro-
carpustranscripts as eexpressede under at least one condition. The
DESeq2R package (v. 3.6.1) was used to normalize the count data.
Functional annotations for the following genomes were obtained
from the JGIGenome Portal: E. grandis genome v. 2.0 (Myburg et
al. 2014; https:// phytozome-next.jgi.doe.gov/info/  Egrandis _v2_0),
P.microcarpus441 v 1.0 (Kohler et al. 2015; https://mycocosm.jgi.d
oe.gov/Pismi2/Pismi2.home .html ).

Heatmap visualiza tion

Eucalyptusgrandis C transporter genes, P.microcarpusC transporter
genes, and P.microcarpus C metabolism genes were obtained from
Hortal et al. (2017) and Plett et al. (2021). For heatmap visual-
ization, fold change in gene expression for each isolate was cal-
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S. cintrinum

Figure 1. Phylogenetic relationship and morphological variation of P.
microcarpus. (A) ITS-based phylogenetic tree of the studied P.microcarpus
isolates and the P.microcarpusreference isolate 441 v 1.0.ITS sequences
for P.albus, P.tinctorius, and Sclerodermacitrinum are used as outgroups.
Phylogenetic analysis and tree construction were performed with
Phylogeny.fr using eone clicks mode. Branch length represents sequence

divergence (scale bar represents 0.1 substitutions per site). (B) Pisolithus

microcarpusisolates used in this manuscript grown on low glucose %

modied Melin Norkrans agar plates. Each isolate is annotated in the
gure as follows: W3,Wil3, PA,P. micro A, G5,G5, M3,MW3,
M6,MD06, S9,SI19, R10,R10, R4,R4, W4,Wil4,

culated by dividing the DESeq2-normalized gene expression val-
ues by the average expression values of all of the isolates (i.e. the
baseline expression level), and log,-transformed. Heatmaps were
generated using the online tool Morpheus (Broad Institute, Cam-
bridge, MA, USA, https://softwar e.broadinstitute.org/mor pheus).
Hierarchical clustering for C transporter gene heatmaps was per-
formed using the Euclidean distance measure. Carbon transporter
and C metabolism genes of interest were identied as genes for
which Wil3 had the highest or lowest level of expression of the
fungal isolates . This is because Wil3 received signi cantl y greater
amounts of *3C from the host than most other fungal isolates, so
genes with compar ativ ely higher or lower levels of expression in
Wil3 may be related to fungal C acquisition.

Pearsones correlation analysis of C acquisition
data

The DESeq2-normalized count data for the expressed E.grandis
and P.microcarpus transcripts were correlated to the amounts of
host-deriv ed C acquir ed by the fungi according to the method de-
scribed by Baute et al. (2015). Briey, Pearsonss correlation coef-
cients between the averaged C acquisition data and the count
data, from the thr ee replicates on whic h transcriptomic anal-
ysis was performed, for each transcript were calculated. Tran-
scripts with Pearsonss correlation coefcients in the top per-
centile (qo.09, i.e. most positiv ely correlated transcripts) and bot-
tom percentile (goo1, i.6. Most negativ ely corr elated tr anscripts)
of correlation values were identied. All Pearsones correlation
coef cients for the identied transcripts were statistically sig-
nicant according to the Pearson Correlation Table of Critical
Values.

The functional annotations of these sets of positiv ely
and negatively correlated transcripts were searched to
identify genes involved in C metabolism (biosynthesis and
catabolism), defence/disease resistance, growth/cell cycle reg-
ulation, host...fungus interaction, signal transduction, stress
response, transcription regulation, or transport, as these cat-
egories of genes may play a role in C acquisition beyond
the C transporter and metabolism genes used for heatmap
visualization.

Statistical anal yses

ANOVA and Tuk eyes Honest Signi cant Different (HSD) test for
post-hoc anal ysis were performed on the C acquisition, growth,
and colonization data using the R stats package (v. 3.6.1). Prin-
cipal component analysis (PCA) of log-transformed  symbiotic
C acquisition and fungal growth characteristics data was per-
formed using the prcomp function in R. Correlation analyses
were conducted in Microsoft Excel (v. 16) to examine the as-
sociation between the amounts of host-derived C acquired by
the fungal isolates and their growth parameters. For correla-
tion between C acquisition and colonisation rate, data from
paired samples were used. For correlation between C acquired
and other growth parameters (biomass, hyphal density, Har
tig net depth, mantle thickness, and growth rate), averaged C
acquisition data and individual growth parameter data were
used as these groups of datasets were obtained from nonpaired
samples.

Results

Growth char acteristics and acquisition of
host-deri ved C varies signicantly between P.
microcarpus isolates

Acquisition of host-derived C was investigated using nine fun-
gal isolates. A phylogenetic tree was constructed and all iso-
lates were found to group with P. microcarpus reference isolate
441, distinct from the closely related P.albus and the more basal
species P.tinctorius (Fig. 1A). The morphology of the fungal colonies
grown in vitro on low glucose plates varied notably, ranging
from sparse, farr eaching mycelia to denser and shorter mycelia
(Fig. 1B).
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Symbiotic C acquisition by each P.microcarpusisolate from its
host was determined through 3C stable isotope analysis of the
fungal ERM.Differences between the isolates in the percentage of
ERM C deriv ed from symbiosis were not statisticall y signi cant,
due to the large variation in the Wil4 measurements (Fig.2A). Sta-
tistical signi cance was observed when Wil4 was remov ed from
the data (P< .01). While the percentage of mycelial C derived from
symbiosis gives a proportional measure of host C present in ERM
tissue per unit mass, it did not represent the total amount of C
estimated to be transferr ed to fungal tissues. Therefore, the total
amount of host C acquired by symbiosis and retained in hyphal
tissues (i.e. did not account for exuded or respired C) was calcu-
lated using the C content and overall biomass estimates of the
fungal colonies . There was signi cant variation in the amount of
biomass produced by the isolates in vitro and in the percentage
of C of the fungal mycelia (Table 1), amplifying the differences
in C acquisition amongst the P.microcarpusisolates such that the
amounts of host-acquired Cdiffered signi cantly between the iso-
lates (Fig. 2B). Wil4, while containing a high percentage of C from
symbiosis in some replicates, had the smallest amount of biomass
of the fungi considered, and thus showed the lowest amount of
total host C acquired. PCA was conducted to nd relation-
ships between symbiotic C acquisition by the fungus and mea-
sured fungal growth characteristics (Fig. 2C). PCA 1 and 2 to-
gether explained 68.6% of the variance. Along the PC1 axis,
the amount of symbiotic C acquired by the fungal isolates was
most closely related to biomass, hyphal density and Hartig net
depth.

Acquisition of host-deri ved C by P. microcarpus is
signi cantl y correla ted to biomass accumula tion,
hyphal density, and hartig net depth

As predicted by the PCA, while fungal biomass did not corre-
late with the percentage of mycelial C derived from symbio-
sis, it did positiv ely correlate with the amount of host-deriv ed
C (Fig. 3A and B). Similarly, the amount of host-derived C cor-
related signicantl y with the density of fungal hyphae (Fig. 3C)
and Hartig net depth (Fig. 3D), but did not signicantly cor-
relate with the thickness of the fungal mantle surrounding
plant root tips (Fig. 3E) nor with radial mycelial growth rate
(Fig. 3F).

Root colonization rate negati vely correlates with
host C acquisition by P. microcarpus

Plant root colonization rate did not signicantly differ between
the fungal isolates used in this experiment (Fig. 4A). Correlation
anal yses wer e performed to determine whether plant root colo-
nization rate correlated with the percentage or amount of host-
derived C acquir ed by the fungi. Colonization rate was signi-
cantl y, negativ ely corr elated with the percenta ge of symbiotic C
retained in the fungal mycelium (P < .05; Fig. 4B). Colonization
rate had a weakly negative correlation with the amount of host-
derived C, although this was not statistically signicant (P= .11;
Fig. 4C).

Pisolithus microcarpus C acquisition is more
related to expression of C metabolism genes
than C transporter genes

Plant and fungal gene expression in E. grandis roots colo-
nized by each of the P.microcarpus isolates was considered and
heatmaps of the expression of E. grandis C transporter and P.
microcarpus C transporter and metabolism genes were gener-
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ated to investigate whether fungal C acquisition was related
to plant and fungal C-related activity (Fig. 5, Supplementary
Table S3).

Overall, ther e wer e no strong trends between amounts of C ac-
quired by the fungi and expression of plant C transporter genes
(Fig. 5A). However, when plant gene expression patterns were
compared between the Wil3 treatment and all other isolates that
received lower C from the host, 13 genes of putative interest were
identied. Five plant genes were more highly expressed under
the Wil3 treatment as opposed to all other isolates, and eight
genes were repressed. The genes showing higher expression dur-
ing symbiosis encoded major facilitator superfamil y transporters
(EucgrB02021, EucgrB02013, EucgrH01571), an EQSWEET16protein
(Eucgr.H04549), and a tonoplast monosacc haride transporter (Eu-
cgr.102208). The repressed genes encoded major facilitator su-
perfamil y proteins (EucgrB02309, EucgrB02016, EucgrH04438, Eu-
cgr.H04441), inositol transporters (EucgrE03903, EucgrE02426), a
sugar transporter (Eucgr.D00720), and a sucrose transporter (Eu-
cgr.F00464).

Similar to the E.grandis genes, the P.microcarpus C transporter
genes also did not have strong trends with the C acquisition
data (Fig. 5B). However, ther e were general trends between C
acquisition ability of a given isolate and gene expression of the
following fungal major facilitator superfamil y transporters (by
protein  ID): Pm113068, Pm579566, Pm171041, Pm678263,
Pm676370, Pm677567, Pm654975, and Pm9181. Inter estingl y, the
majority of these P.microcarpusC transporters had a negative trend
with C acquisition, with the exception of Pm9181 and Pm579566.
Fungal C metabolism genes with general trends with the C ac-
quisition data were also identied (i.e. higher in Wil3 as opposed
to other isolates; Fig. 5C). These encoded the sugar/carbohydrate
utilization  enzymes fructokinase (Pm60756, Pm110989), phos-
phoglucose isomerase (Pm676950), and trehalase (Pm24996),
and the carbohydrate biosynthesis enzymes galactinol synthase
(Pm91096), glycogen synthase (Pm683186), and trehalose-6-
phosphate synthase (Pm677150). Inter estingly, all of these C
metabolism genes were repressed in isolates that received and
retained higher host C with the exception of the trehalase gene
Pm24996.

Pisolithus microcarpus C acquisition correlates
with the plant expression of defence- and
stress-related genes and regulatory genes

To further investigate the genes potentially involved in fungal C
acquisition, a Pearsones corr elation anal ysis was conducted to de-
termine the level of positiv e or negativ e corr elation between host
gene expression and fungal Cacquisition. The top and bottom per-
centiles of E.grandis tr anscripts corr elated with the amounts of C
acquired by P.microcarpusfungi (i.e. the most positiv ely corr elated
and most negativ ely correlated transcripts, respectively) were
consider ed. In total, ther e were 247 transcripts each in the top
and bottom percentiles of correlations with the Cacquisition data
(qo.99 Pearson = 0.52, qo.01 Pearson = $0.50; Fig. 6A, Supplementary

Table S4).

As GOenrichment did not identify any specic pathways within
these datasets, a search was conducted for genes involved in
C acquisition beyond the C transporter and metabolism genes
previousl y identied. The categories of genes searched for are
presented in Table 2. 32% of all correlated genes (26% of posi-
tively correlated and 39% of negativ ely corr elated genes) related
to growth/cell cycle and/or transcription regulation, including
genes for methyltr ansfer ases, pentatricopeptide repeat proteins,
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Figure 2. Pisolithus microcarpusshows signi cant intraspecies variation in acquisition of host-derived carbon (C)that is related to fungal biomass and
hyphal density. (A) Percentage of mycelium C acquired by P.microcarpusisolates from E.grandis host. (B) Amount of 3C acquired by P.microcarpus
isolates from E.grandis host. (C) PCA showing variation between fungal isolates in terms of their amount of symbiotic C acquisition (black arrow) and
fungal growth characteristics (coloured arrows). Different letters indicate statistically signicant (P< .05) differences as determined via the Tuk eyss
HSD test. Error bars indicate standard error.

Table 1. Growth characteristics of P.microcarpusisolates.

Radial mycelial

Hyphal density Hartig net depth Mantle thickness growth rate (%
Isolate Biomass (mg) Mycelium C (%) (mg/cm 2) (Lm) (um) area/day)
Wil3 1.20 + 0.082 38.92 + 0.57% 0.07 + 0.012 14.78 + 0.572 35.54 + 5.1gabed 15.56 + 2.472P
P.micro A 1.18 + 0.072 38.31 + 0.60° 0.06 + 0.00% 9.90 + 0.76° 42.08 + 7.502cd 8.89 + 1.50"
SI9 0.62 + 0.23% 37.93 £ 0.17° 0.04 + 0.02%° 6.16 + 0.50° 21.29 + 1.169 13.16 + 1.562°
MDO06 1.30 + 0.142 37.74 + 0.44° 0.07 £ 0.012 9.64 + 0.68 57.26 + 3.39% 4.24 + 0.68°
R4 1.10 + 0.152 37.54 + 0.68° 0.03 + 0.00% 15.99 + 0.822 33.28 + 7.78%cd 8.86 + 0.57°°
G5 1.15 + 0.202 37.84 + 0.30° 0.05 £ 0.01% 7.08 + 0.45Y 49.24 + 5,5320cd 11.13 = 1.22%
MW3 0.97 + 0.112 41,93 + 1.332 0.05 + 0.01%° 16.62 + 0.602 24.21 + 0.95% 21.10 + 0.772
Wil4 0.08 £ 0.05° 39.49 + 0.75% 0.01 £ 0.01° 452 £ 0.57¢ 62.90 + 6.902 14.75 + 2.922b
R10 0.90 + 0.13?2 36.86 + 0.20° 0.03 + 0.00% 6.72 + 0.53%e 59.52 + 8.522b° 13.81 + 1.50%
P-value <.001 <.01 <.01 <.001 <.001 <.001

Values are displayed as mean + SE.P-values for each characteristic were determined by one-way ANOVA. Different letters indicate statistically signicant (P< .05)
differences as determined via the Tuk eyss HSD test.
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Figure 3. Acquisition of host-derived carbon (C)by P.microcarpuscorrelates to fungal biomass production,
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hyphal density, and Hartig net depth. (A)

Correlation of percentage of fungal mycelium C acquired from host with fungal biomass production. (B...FTorrelation of amount of C acquired from
E.grandis host with fungal biomass production (B),hyphal density (C),Hartig net depth (D), mantle thickness (E),and radial mycelial growth rate (F).
Dots represent the averaged data of the P.microcarpusisolates. Dotted lines indicate lines of best t.

Table 2. Predicted carbon (C)-related functions of E.grandis genes positiv ely and negativ ely corr elated with amount of C acquired by the
fungi. Correlated genes were identied via Pearsones correlation analysis of DESeq2-normalized genes.

C-related functional category

% of positi vely
correlated genes

% of negati vely
correlated genes

% of correlated genes

Carbohydrate biosynthesis
Defence/disease resistance
Growth/cell cycle regulation
Host...fungus interaction
Sugar/carbohydrate catabolism
Signal transduction

Stress response

Transcription regulation
Transporter

1
12
11

1

10
15

1
10
13

1

2

8
10
19

4

tetr atricopeptide
ubiquitin-associated

repeat proteins,

F-box superfamil y proteins,
proteins and zinc ngers (Table 2). Genes

related to defence/disease resistance and/or stress response ac-
counted for 20% of correlated genes (22% of positiv ely corr elated

and 19% of negativ ely corr elated genes), including genes for lac-
cases, U-box superfamily proteins, and LRRdomain and NB-ARC
domain disease resistance genes. Carbon metabolism genes made
up <3% of all correlated genes.
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Figure 4. Acquisition of host-derived carbon (C)by P.microcarpusnegativ ely corr elates with plant root colonization. (A) Percenta ges of E.grandis later al
roots colonised by P.microcarpusisolates. (B) Correlation of percentage of fungal mycelium C acquired from host with plant root colonization rate. (C)
Correlation of amount of 3C acquired from host with plant root colonization rate. Different letters indicate statistically signi cant (P < .05) differences
as determined via the Tuk eyss HSD test. Each dot represents the paired C and colonization data for one replicate. Dotted lines indicate lines of best t.

Pisolithus microcarpus C acquisition negati vely
correlates with fungal expression of signalling,
regulatory, and defence genes

Gene expression in the P.microcarpusisolates correlated to sym-
biotic C acquisition with E. grandis was also analysed via Pear
sones corr elation analysis. There were 130 transcripts each in
the top and bottom percentiles of correlations with the C ac-
quisition data (gogs Pearson = 0.67, goo1 Pearson = $0.58;
Fig. 6B, Supplementary Table S5). Similar to the analysis of
E. grandis gene correlation, within this data set P. microcar-
pus genes relating to C acquisition were targeted (Table 3).
Only nine of the positively correlated genes fell into these
categories, of which six were related to transcription regulation
and none were related to C metabolism. Negatively correlated
genes were largely annotated as being involved in signal trans-
duction, transcription regulation, growth/cell cycle regulation,
and defence/disease resistance . Three carbohydrate biosynthe-
sis genes and seven sugar/C catabolism genes were also identi-
ed as negativ ely corr elated, of whic h one was related to inositol
metabolism.

Discussion

While knowledge of the factors that affect C acquisition by ECM
fungi across distantl y related linea ges have impr oved in recent
years, understanding of how this is affected by genetic variabil-
ity between closely related fungi is less well characterized. In this
study, as hypothesized, the P.microcarpusisolates tested varied in
the amounts of C acquired from E.grandis. This variation between
the fungi allowed us to uncover physiological and genetic mech-
anisms that correlate with host-to-fungus C exchange.

Early reports considering C allocation to mycorrhizal root tips
found that ne roots colonized by ECM fungi received between
5...18 more photosynthate than uncolonized roots (Cairney et al.
1989, Wu et al. 2002). A signi cant portion of this Cis then trans-
ferred into the ERM within the rst few days (Wu et al. 2002). For
this reason, it was originally hypothesized that isolates of P.mi-
crocarpuswith higher amounts of host-derived C acquired would
also show higher levels of root tip colonization. Congruent with
this theoretical framework, a study by Shinde et al. (2018) found
that ECM-colonized Populustremuloides plants under nonlimiting
nutrient conditions had higher levels of certain carbohydrates in
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Figure 5. Host-derived carbon (C)acquisition is lar gely unr elated to expression of plant and fungal genes for C transport and metabolism. Heatmaps of
DESeqg2-normalized and log,-transformed expression values of (A) E.grandis C transporter genes, (B) P.microcarpus C transporter genes, and (C) P.
microcarpus C metabolism genes. Heatmaps were generated using Morpheus online tool. Hierarchical clustering for C transporter gene heatmaps was
performed using the Euclidean distance measure. Carbon metabolism genes were grouped by C metabolism pathway, as indicated to the right of the
heatmap. Isolates labelled as *high Ceand elow Cehad statistically signi cant differences in amounts of acquired host-derived C, as determined by
ANOVA. Arrows indicate genes of interest that are referenced in the text and are identied as genes for which Wil3 had the highest or lowest level of
expression out of the fungal isolates. Columns labelled as «Ctrle represent uninoculated control plants. Each additional column is ordered as in Fig.
2.2B based on relativ e C captur e from the plant and is labelled with the fungal isolate name as follows: W3,Wil3, PA,P. micro A, G5,G5, M3,MW3,
M6,MD06, S9,S19, R10,R10, R4,R4, and W4,Wil4. GLC,glucose, MFS, major facilitator superfamily.
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Figure 6. Pearsones corr elation anal ysis reveals gene transcripts of E.grandis and P.microcarpuscorrelated with fungal carbon (C)acquisition. Frequency
histograms of Pearsonss correlation coef cients for correlations between C acquisition data and transcriptomic data, and heatmaps of transcripts
positiv ely (qo.g9) and negativ ely (qo01) correlated with C acquisition, for (A) E.grandis, and (B) P.microcarpus. Dotted lines in histograms indicate (.99 and
go.o1 Of the Pearsonss correlation coef cients (i.e. where the most positively and most negatively correlated genes are located, respectively). Heatmaps
display fold change expression relative to the average expression of each gene across all conditions (DESeq2-normalized and log,-transformed).

Hier archical clustering was performed using the Euclidean distance measure. Columns labelled as «Ctrle represent uninoculated control plants. Each
additional column is ordered asin Fig. 2.2B based on relative C capture from the plant and is labelled with the fungal isolate name as follows:
W3,Wil3, PA,P. micro A, G5,G5, M3,MW3, M6,MD06, S9,SI9, R10,R10, R4,R4, and W4, Wil4.
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Table 3. Predicted carbon (C)-related functions of P.microcarpus genes positiv ely and negativ ely corr elated with amount of C acquir ed
from the host plant. Correlated genes were identied via Pearsones correlation analysis of DESeq2-normalized genes.

% of positi vely

C-related functional category correlated genes

% of negati vely

correlated genes % of correlated genes

Carbohydrate biosynthesis
Defence/disease resistance
Growth/cell cycle regulation
Host...fungus interaction
Sugar/carbohydrate catabolism
Signal transduction

Stress response

Transcription regulation
Transporter

P 0P, NOOFRFR OO

3 2
15 7
16 8

8 4

6 3
21 11

6 1
19 12

6 3

their colonized roots, including starch and sucrose. Furthermore ,
plants colonized by Paxillus involutus, which had up to 13% higher
colonization rates than L. bicolor, had higher levels of starch in
their ne roots than L. bicolor-colonized plants. However, the re-
sults of our current study demonstrate a negative correlation be-
tween Cacquisition and colonization rates of the host root system.
Findings by Hortal et al. (2017), who measured both colonization
rate and symbiotic C content in the mycelia of three Pisolithusiso-
lates associated with E.grandis, also found that colonization rate
was not associated with host-derived C. Further studies examin-
ing both plant root colonization and C transfer from host to fun-
gus are needed to gain a better understanding of the importance
of root colonization rate in C acquisition and whether there are
ECM fungal genera that require high rates of root colonization to
obtain host C while others do not.

Our aim to identify host genes putativ ely corr elated to greater
Cacquisition by an ECMfungus identied that 20% of genes corre-
lated with this trait were involv ed in defence or stress responses.
While plant defence and stressresponses to colonization by myc-
orrhizal fungi have been reported previously, they are often ob-
served in the context of symbiosis formation or defence prim-
ing rather than the control of C transfer to symbionts (Pozo and
Azcon-Aguilar 2007, Kiers et al. 2011, Garcia et al. 2015, Plett et
al. 2015b, Kanekar et al. 2018, Watts-Williams et al. 2018, Dreis-
chhoff et al. 2020). However, plants are known to employ defence
mechanisms against root-dwelling fungi to limit resource loss and
to prevent mycorrhizal fungi from becoming parasitic towards
their hosts (Ferreira et al. 2007, Agren et al. 2019). Supporting this,
Hortal et al. (2017) found elevated host defence gene transcrip-
tion and reduced colonization of a P.microcarpusisolate that pro-
vided less N than its competitors. Similarly, the induction of sev-
eral defence-r elated pathways in late stage of symbiosis establish-
ment in Populus L. bicolorECM mycorrhizal root tips was suggested
to be a means of host control to curtail over-colonization by the
fungal partner (Plett et al. 2014). A secondary reason for the in-
volvement of defence pathways in colonized roots could be due
to direct induction of defences by sugar molecules themselves.
Several pathogens have been found that manipulate plant hosts
to redirect sugar into infected tissues (Chen et al. 2010, Chong et
al. 2014). The perception of glucose molecules in these situations
then leads to induction of innate cell immunity (Baena-Gonzalez
2010, Rampitsch and Bykova 2012, Guo et al. 2013). Ther efore,
defence- and stress-related gene transcription may be corr elated
to C presence and transfer at the symbiotic interface, not because
these pathways benet the ECM fungus, but because the plant is
preventing Cdrainageto ECM fungi. This may also provide an ex-
planation asto why a negative correlation between C acquisition

and colonization rate was observed in our study as the plant host
may be activ ely reducing colonization of the more C-demanding
fungi. Furthermor e, a positiv e corr elation was found between C
acquisition and the depth of the Hartig net, which may suggest
that fungi that can penetrate further into the root tip to receive
C are better able to tolerate plant defence mechanisms . The role
of plant defence and stress mechanisms in controlling coloniza-
tion and C acquisition by ECM fungi should be further investi-
gated. Also, future studies on mechanisms behind C transfer in
ECM symbioses should take into account that function in mycor-
rhizal symbioses is highly complex and can be in uenced at vari-
ous levels other than transcriptional regulation, including protein
localization and activity.

The exploration type of fungal mycelium, which describes the
rate and form of a given ECM fungal species to grow thr ough soll
(Agerer 2001), may drive levels of C acquired from a host. Based
on one species, Pisolithus hyphae are classied as a long-distance
exploration type, de ned as having sparser but furtherr eaching
mycelium (Agerer 2001). Not only does the current study demon-
strate that this may be an over-simpli cation, as mycelial growth
form varied signi cantl y between the tested isolates of P.microcar-
pus, host Cin fungal tissues was found not to be positiv ely cor-
related with radial mycelial growth rate or thic kness of the fun-
gal mantle surrounding plant root tips, but rather with density of
fungal mycelium and Hartig net depth. This implies that hyphal
branching and a dense mycelium growth pattern might be a bet-
ter predictor of high C acquisition than extension of mycelia into
the substrate. Using a microcosm-based study system, Wu et al.
(2002) found similar results whereby ECM fungi with denser hy-
phal growth concentrated higher portions of host C. This would
support the hypothesis that one mechanism by which ECM fungi
acquir e C from their host is due to a greater sink strength created
by fungal biomass, although the signalling connecting growth
char acteristics to C acquisition remain to be investigated in fu-
ture studies. While such research questions are typically hard to
measur e in natur al systems, it is known that host C accum ulates
most in areas with high fungal biomass (Leake et al. 2001). Fur-
thermore, when Cis nonlimiting to the host (e.g. due to elevated
CO,, during summer), ECM species with faster growth and thicker
mantles around colonized roots are favoured, while the converse
is true when the host is C-limited (e.g.due to defoliation, during
winter; Godbold et al. 1997, Markkola et al. 2004, Parrent and Vil-
galys 2007, Pritchard et al. 2008, Saravesi et al. 2008). These pre-
vious results would argue that, in addition to the ndings of this
study regarding fungal Cdemand, the C status of the host is also
a driver of photosynthate allocation to ECM partners . This raises
the question of whether ahigh amount of host-deliv ered C causes
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high fungal biomass production or if inherent growth properties
of the fungi result in Csupply by the host. ECM C transfer is likely
to be both a cause and consequence of fungal biomass produc-
tion, as well as of plant nutrient requir ements and fungal ability
to acquire and deliver these nutrients from soil.

The likelihood of an ECM fungus to form a C sink may depend
on its ability not only to acquire Cfrom its host but also to rapidly
metabolise C into various intermediate storage compounds, in-
cluding trehalose and glycogen (L6pez et al. 2007, Wiemken 2007,
Nehls 2008). Genomic and transcriptomic  studies have indicated
the abilities of several ECM fungal species, such as L. bicolor, Tuber
melanosporum and A. muscaria, to both utilize sugars and synthe-
size C storage compounds during symbiosis (Deveau et al. 2008,
Nehls 2008, Ceccaroli et al. 2011). Plett et al. (2021) found that
when growing under the same glucose availability as used in the
current study (0.01% w/v), P.microcarpus isolates MW3, SI9, R10,
and R4 all had little to no glucose in the free sugar compositions
of their mycelia, and trehalose was instead the predominant stor-
age sugar. The analysis of fungal C metabolism gene expression in
this study revealed that P.microcarpusfungi with signicantly dif-
ferent C acquisition values had different expression levels of en-
zymes for the utilization of sugars, such as fructose and glucose,
and for the biosynthesis of the carbohydr ates tr ehalose, glycogen,
galactinol, and inositol. However, expression was not necessaril y
higher in the fungi with higher Cvalues and Pearsonss correlation
analysis of fungal C metabolism genes did not nd genes signi -
cantl y positiv ely corr elated with C acquisition. It should be noted
that neither the study by Plett et al. (2021) nor the current study
examined C acquisition within colonized plant root tips, which
are the actual site of C exchange between plants and ECM fungi,
but rather ERM. Further work combining the stable isotope and
sugar composition analyses from the two studies, to conrm that
host-acquired glucose is converted to C storage compounds at the
Hartig net within colonized root tips, would provide greater under-
standing of the potential mechanisms of Csink formation by ECM
fungi.

Together, the ndings of this study suggest that ECM fun-
gal acquisition of host-deriv ed C involv es both fungal and plant
mechanisms . This study provides early indications that C acqui-
sition may be highl y variable within a given species of ECM fungi,
wher eby this trait is dependent on indi vidual C demands as de-
termined by the ability of the fungus to metabolize host-derived
C and convert it into biomass. Our study also demonstrates that
C acquisition is not purely under the control of the fungus, but
also depends on the ability of the host plant to reduce coloniza-
tion and, ther efore, C drain. Advances in curr ent understanding of
the molecular mechanisms behind the exchange of C within the
ECM symbiosis will be essential in better understanding the roles
of this plant...fungus association in the Ccycling of temperate and
bor eal for est ecosystems and, thus, in the global terrestrial C sink.

Author

Emiko K. Stuart (Conceptualization, Formal analysis, Investiga-
tion, Methodology, Visualization, Writing ... original draft, Writing
... eview & editing), Vasanth Singan (Formal analysis, Writing

review & editing), Mojgan Amir ebrahimi (Investigation), Hyunsoo
Na (Investigation), Vivian Ng (Project administration, Resources),
Igor Grigoriev (Formal analysis , Resources, Writing ... eview & edit-
ing), Francis Martin (Funding acquisition, Writing ... eview & edit-
ing), lan C Anderson (Funding acquisition, Supervision, Writing

review & editing), Jonathan M. Plett (Formal analysis, Funding ac-
quisition, Supervision, Writing ... eview & editing), and Krista L.

contributions

Plett (Conceptualization, Formal analysis , Investigation, Method-
ology, Supervision, Visualization, Writing ... eview & editing).

Ackno wledgements

We also thank UC Davis Stable Isotope Facility for running the
stable isotope analyses and Western Sydney University Confocal
Bio-Imaging Facility for access to its instrumentation.

Supplementary  data
Supplementary data are available at FEMSEnline.

Conict of inter est. Authors declar e no conicts of inter est.

Funding

E.K.S. would like to acknowledge Western Sydney University
for a PhD research stipend. JM.P.and I.C.A. would like to ac-
knowledge the Australian Research Council for research funding
(DP190102254). The work (proposal: 10.46936/10.25585/60001058)
conducted by the U.S. Department of Energy Joint Genome Insti-
tute (https://r or.or g/04xm1d337), a DOE Of ce of Science User Fa-
cility, is supported by the Of ce of Science of the U.S. Department
of Energy operated under Contract No. DE-AC02-05CH11231.

References

Agerer R. Exploration types of ectomycorrhizae.  Mycorrhiza
2001;11:107...14https:// doi.org/ 10.1007/s005720100108

Agren GlI, Hyvbnen R, Baskaran P. Ectomycorrhiza, friend or foe?
Ecosystems 2019;22:1561...72.https:// doi.org/ 10.1007/s10021-019
-00356-y

Averill C,Hawkes CV.Ectomycorrhizal fungi slow soil carbon cycling.
EcolLett 2016;19:937...47https:// doi.org/ 10.1111/ele.12631

Averill C, Turner BL, Finzi AC. Mycorrhiza-mediated competition be-
tween plants and decomposers drives soil carbon stor age. Nature
2014;505:543...5https:// doi.org/ 10.1038/nature12901

Baena-Gonzalez E. Energy signaling in the regulation of gene expres-
sion during stress. Molecular Plant 2010;3:300...13https://doi.org/
10.1093/mp/ssp113

Baute J Herman D, Coppens F et al. Correlation analysis of the tran-
scriptome of growing leaves with mature leaf parameters in a
maize RIL population. GenomeBiol 2015;16:168. https:// doi.org/ 10
.1186/s13059- 015-0735-9

Bogar L, Peay K, Kornfeld A et al. Plant-mediated partner discrimina-
tion in ectomycorrhizal
https:// doi.org/ 10.1007/s00572-018-00879-7

Bouffaud ML, Herrmann S, Tarkka MT et al. Oak displays common
local but specic distant gene regulation responses to different
mycorrhizal fungi. Bmc Genomics[ElectronicResource020;21:399.
https:// doi.org/ 10.1186/s12864-020-06806-5

Cairney JWG, Ashford AE, Allaway WG. Distribution of photosyn-
thetically xed carbon within root systems of Eucalyptus pilu-
laris plants ectomycorrhizal with Pisolithus tinctorius . New Phy-
tol 1989;112:495...500. https:// doi.org/ 10.1111/j.1469-8137.1989.t
b00343.x

Casieri L, Lahmidi NA, Doidy Jet al. Biotr ophic transportome in mu-

tualistic plant fungal interactions. Mycorrhiza 2013;23:597...625.

https:// doi.org/ 10.1007/s00572-013-0496-9
Ceccaroli P, Buffalini M, Saltarelli R et al. Genomic proling of
carbohydrate metabolism in the ectomycorrhizal fungus Tuber

mutualisms. Mycorrhiza 2019;29:97...111.

€20z AINC €0 UO 13N UOUBIAY VNI Aq Z0EB60L/LEOPEY/S/66/3101E/09SWaY/ W09 dNo"dIWapese//:sdny WOy papeojumoq



melanosporum. New Phytol 2011;189:751...64. https:// doi.org/ 10.1
111/j.1469-8137.2010.03520.x

Chen LQ, Hou BH, Lalonde Setal. Sugar transporters for intercellular
exchange and nutrition of pathogens. Nature 2010;468:527...32 ht
tps:// doi.org/ 10.1038/nature09606

Chong J Piron MC, Meyer Setal. The SWEET family of sugar trans-
porters in grapevine: vwSWEET4 is involv ed in the inter action
with Botrytis cinerea. JExp Bot 2014;65:6589...601 https://doi.org/
10.1093/jxb/ eru375

Corréa A, Gurevitc h J, Martins-Lougdo MA et al. C allocation to
the fungus is not a cost to the plant in ectomycorrhizae. Oikos
2012;121:449...63 https:// doi.org/ 10.1111/j.1600-0706.2011.19406
X

Corréa A, Strasser RJ,Martins-Loucdo MA. Response of plants to ec-
tomycorrhizae in N-limited conditions: which factors determine
its variation? Mycorrhiza 2008;18:413...27https:// doi.org/ 10.1007/
s00572-008-0195-0

Dereeper A, Guignon V, Blanc G et al. Phylogeny.Fr: robust phy-
logenetic analysis for the non-specialist. Nucleic Acids Res
2008;36:W465...9. https:// doi.org/ 10.1093/nar/ gkn180

Deveau A, Kohler A, Frey-Klett Petal. The major pathways of carbo-
hydrate metabolism in the ectomycorrhizal basidiomycete Lac-
caria bicolor S238N. New Phytol 2008;180:379...90https:// doi.org/ 10
.1111/j.1469-8137.2008.02581.x

Dreischhoff S, Das IS, Jakobi M et al. Local responses and systemic
induced resistance mediated by ectomycorrhizal fungi. FrontPlant
Sci2020;11:590063. https:// doi.org/ 10.3389/fpls.2020.590063

Durall DM, Jones MD, Tinker PB.Allocation of #C-carbon in ectomy-
corrhizal willow. New Phytol 1994;128:109...14https:// doi.org/ 10.1
111/j.1469-8137.1994.th03993.x

Ekblad A, Wallander H, Godbold DL, et al. The production and
turnov er of extr amatrical mycelium of ectom ycorrhizal fungi in
for est soils: role in carbon cycling. Plant Soil2013;366:1...27https:
/I doi.org/ 10.1007/s11104-013-1630-3

Fajardo Lépez M, Dietz S,Grunze N etal. The sugar porter gene family
of Laccariabicolor. function in ectomycorrhizal symbiosis and soil-
growing hyphae. New Phytol 2008;180:365...78https:// doi.org/ 10.1
111/j.1469-8137.2008.02539.x

Ferreira RB, Monteir o S, Freitas R et al. The role of plant defence

proteins in fungal pathogenesis. Mol Plant Pathol 2007;8:677...700.

https:// doi.org/ 10.1111/j.1364-3703.2007.00419.x

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

Gadgil RL, Gadgil PD. Suppression of litter decomposition by mycor-
rhizal roots of Pinusradiata. N Z JFor Sci1975;5:1.

Garcia K, Delaux P, Cope KR et al. Molecular signals re-
quired for the establishment and maintenance of ecto-
mycorrhizal ~ symbioses. New Phytol 2015;208:79...87. ?PMU
? https:// doi.org/ 10.1111/nph.13423

Godbold DL, Berntson GM, Bazzaz FA. Growth and mycorrhizal col-
onization of three North American tree species under elevated
atmospheric CO,. New Phytol 1997;137:433...40https:// doi.org/ 10
.1046/].1469-8137.1997.00842.x

Gorka S, Dietrich M, Mayerhofer W et al. Rapid transfer of plant
photosynthates to soil bacteria via ectomycorrhizal hyphae and
its interaction with nitrogen availability. Frontiers in Microbiology
2019;10. https:// doi.org/ 10.3389/fmich.2019.00168

Guo R, Shen W, Qian H et al. Jasmonic acid and glucose synergisti-
cally modulate the accumulation of glucosinolates in Arabidopsis
thaliana. JExp Bot 2013;64:5707...19https:// doi.org/ 10.1093/jxb/ er
t348

Hagenbo A, Hadden D, Clemmensen KE, et al. Carbon use ef ciency
of mycorrhizal fungi increases during the growing season but de-

Nature

Stuart etal. | 13

creases with forest age across a Pinus sylvestris chronosequence.
Journal of Ecology2019;107:2808...2822 https:// doi.org/ 10.1111/13
65-2745.13209

He X, Xu M, Qiu GY etal.. JPlant Ecol2009;2:107...18https:// doi.org/ 10
.1093/jpe/ rtp015

Heinonsalo J Pumpanen J,Rasilo T etal. Carbon partitioning in ecto-
mycorrhizal Scots pine seedlings. Soil Biol Biochem2010;42:1614...
23. https:// doi.org/ 10.1016/j.s0ilbio.2010.06.003

Hobbie EA, Agerer R. Nitrogen isotopes in ectomycorrhizal mush-
rooms correspond to belowgr ound explor ation types. Plant Soil
2010;327:71...83.https:// doi.org/ 10.1007/s11104-009-0032-2

Hobbie EA. Carbon allocation to ectomycorrhizal fungi
lates with belowground allocation in cultur e studies. Ecoloy
2006;87:563...9https:// doi.org/ 10.1890/05-0755

Hortal S, Plett KL, Plett JM et al. Role of plant...fungal nutrient trading
and host control in determining the competitive success of ecto-
mycorrhizal fungi. ISMEJ2017;11:2666...76https:// doi.org/ 10.103
8/ismej.2017.116

Jourand P, Ducousso M, Loulergue-Majorel C et al. Ultramac soils
from New Caledonia structur e Pisolithus albus in ecotype. FEMS
Microbiol Ecol2010;72:238...49https:// doi.org/ 10.1111/j.1574-6941.
2010.00843.x

Kanekar SS Cale JA, Erbilgin N. Ectomycorrhizal fungal species dif-
ferentiall y affect the induced defensive chemistry of lodgepole
pine. Oecologia2018;188:395...404 https:// doi.org/ 10.1007/s00442
-018-4231-2

Keniry KL. Climate change impacts on ectomycorrhizal fungi associated
with Australian eucalypts. PhD Thesis, Western Sydney University,
2015. Retrieved from https://r esearchdir ect.westernsydney.edu.a
u

Kiers ET, Denison RF. Sanctions, cooperation, and the sta-
bility of plant-rhizosphere  mutualisms.  Annu Rev Ecol Evol
Syst2008;39:215...36https:// doi.org/ 10.1146/annurev.ecolsys.39.1
10707.173423

Kiers ET, Duhamel M, Beesetty Y et al. Reciprocal rewards stabilize
cooperation in the mycorrhizal symbiosis. Science2011;333:880...
2. https:// doi.org/ 10.1126/science.1208473

Kohler A, Kuo A, Nagy LG et al. Convergent losses of de-
cay mechanisms and rapid turnover of symbiosis genes
in  mycorrhizal mutualists. Nat  Genet
https:// doi.org/ 10.1038/ng.3223

Kytoviita MM. Role of nutrient level and defoliation on symbiotic
function: experimental evidence by tracing *C/ !N exchange
in mycorrhizal birch seedlings. Mycorrhiza 2005;15:65...70https:
// doi.org/ 10.1007/s00572-004-0337-y

Leake J Johnson D, Donnelly D, et al. Netw orks of power and in-

the role of mycorrhizal mycelium in controlling plant
communities and agroecosystem functioning. Canadian Journalof
Botany 2004;82:1016...1045http:// doi.org/ 10.1139/b04-060

Leake JR Donnelly DP,Saunders EM etal. Rates and quantities of car-
bon ux to ectomycorrhizal mycelium following C pulse label-
ing of Pinus sylvestris seedlings: effects of litter patches and inter-
action with a wood-decomposer fungus. Tree Physiol 2001;21:71...
82. https:// doi.org/ 10.1093/treephys/21.2-3.71

Lemoine R,La Camera S,Atanassova Retal. Source-to-sink transport
of sugar and regulation by environmental factors. Front Plant Sci
2013;4:272. https:// doi.org/ 10.3389/fpls.2013.00272

Lindahl BD, Tunlid A. Ectomycorrhizal fungi ... potential organic mat-
ter decomposers, yet not saprotr ophs. New Phytol 2015;205:1443...
7. https:// doi.org/ 10.1111/nph.13201

Liu Y, Li X, Kou Y. Ectomycorrhizal fungi: participation in nutrient
turnov er and comm unity assembly pattern in forest ecosystems.
Forests2020;11:453. https:// doi.org/ 10.3390/f11040453

corre-

uence:

2015;47:410...5.

€20z AINC €0 UO 13N UOUBIAY VNI Aq Z0EB60L/LEOPEY/S/66/3101E/09SWaY/ W09 dNo"dIWapese//:sdny WOy papeojumoq



14 | FEMSMicrobiology Ecology, 2023, Vol. 99, No. 5

Lépez MF, Manner P, Willmann A et al. Increased trehalose biosyn-
thesis in the Hartig net hyphae of ectomycorrhizas. New Phytol
2007;174:389...98 https:// doi.org/ 10.1111/j.1469-8137.2007.01983
X

Markkola A, Kuikka K, Rautio Petal. Defoliation increases carbon lim-
itation in ectomycorrhizal symbiosis of Betula pubescensOecologia
2004;140:234...40https:// doi.org/ 10.1007/s00442-004-1587-2

Martin F, Duplessis S, Ditengou F et al. Developmental cross talk-
ing in the ectomycorrhizal symbiosis: signals and communica-
tion genes. New Phytol 2001;151:145...54https:// doi.org/ 10.1046/].
1469-8137.2001.00169.x

Martin F, Kohler A, Murat C et al. Unearthing the roots of ecto-
mycorrhizal symbioses. Nat Rev Microbiol 2016;14:760...73 https:
// doi.org/ 10.1038/nrmicro.2016.149

Martin F, Ramstedt M, Soderhall K. Carbon and
nitrogen metabolism in ectomycorrhizal fungi
and ectomycorrhizas. Biochimie 1987;69:569...81.

https:// doi.org/ 10.1016/0300- 9084(87)90176-3

Mybur g AA, Gratta paglia D, Tuskan GA etal.. Nature 2014;510:356...62.

https:// doi.org/ 10.1038/nature13308

Nasholm T, Hogberg P, Franklin O et al. Are ectomycorrhizal fungi
alleviating or aggravating nitrogen limitation of tree growth in
boreal for ests? New Phytol 2013;198:214...21https:// doi.org/ 10.111
1/nph.12139

Nehls U, Bock A, Ecke M et al. Differential expression of the
hexose-regulated fungal genes AmPAL and AmMstl within
Amanita/P opulus ectomycorrhizas. New Phytol 2001;150:583...9ht
tps:// doi.org/ 10.1046/j.1469-8137.2001.00129.x

Nehls U, Gohringer F, Wittulsky Setal. Fungal carbohydrate support
in the ectomycorrhizal symbiosis: areview. PlantBiol2010;12:292...
301. https:// doi.org/ 10.1111/j.1438-8677.2009.00312.x

Nehls U, Grunze N, Willmann M et al Sugar for
my honey: carbohydrate partitioning in ectom y-
corrhizal symbiosis. Phytochemistry 2007;68:82...91.

https:// doi.org/ 10.1016/j.phytochem.2006.09.024

Nehls U. Mastering ectomycorrhizal symbiosis: the impact of carbo-
hydrates. JExp Bot2008;59:1097...108https:// doi.org/ 10.1093/jxb/
erm334

Pan Y, Birdsey RA, Fang Jet al. A large and persistent carbon sink
in the worldss forests. Science2011;333:988...93https:// doi.org/ 10
.1126/science.1201609

Parrent JL, Vilgal ys R. Biomass and compositional responses of ecto-
mycorrhizal fungal hyphae to elevated CO, and nitrogen fertil-
ization. New Phytol 2007;176:164...74https:// doi.org/ 10.1111/j.14
69-8137.2007.02155.x

Pickles BJ Wilhelm R, Asay AK et al. Transfer of 1*C between paired
Douglas-r seedlings reveals plant kinship effects and uptake of
exudates by ectomycorrhizas .New Phytol2016;214:400...11https:
/I doi.org/ 10.1111/nph.14325

Plett JM, Khachane A, Ouassou M et al. Ethylene and jasmonic acid
act as negative modulators during mutualistic  symbiosis be-

tween Laccariabicolorand Populusroots. New Phytol 2014;202:270...

86. https:// doi.org/ 10.1111/nph.12655

Plett JM, Kohler A, Khachane A et al. The effect of elevated carbon
dioxide on the interaction between Eucalyptusgrandis and diverse
isolates of Pisolithus sp. is associated with a complex shift in the
root transcriptome. New Phytol 2015a;206:1423...36https://doi.or
9/10.1111/nph.13103

Plett JM, Tisserant E,Brun A etal.. MPMI 2015b;28:261...73https://do
i.org/ 10.1094/ MPMI- 05- 14-0129-FI

Plett KL, Kohler A, Lebel T et al. Intra-species genetic
variability drives  carbon metabolism and symbi-
otic host interactions in the ectomycorrhizal fungus

Pisolithus  microcarpus Environ  Microbiol
https:// doi.org/ 10.1111/1462-2920.15320
Plett KL, Singan VR, Wang M et al. Inorganic nitrogen availability al-
ters Eucalyptus grandis recepti vity to the ectomycorrhizal fungus
Pisolithus albus but not symbiotic nitrogen transfer. New Phytol
2020;226:221...31https:// doi.org/ 10.1111/nph.16322

Pozo MJ, Azcén-Aguilar C. Unraveling mycorrhiza-induced  resis-
tance. Curr Opin Plant Biol 2007;10:393...8https:// doi.org/ 10.1016/
j-pbi.2007.05.004

Pritchard SG, Strand AE, McCormac k ML et al. Mycorrhizal and rhi-
zomorph dynamics in a loblolly pine forest during 5 years of
free-air-CO ,-enric hment. Glob ChangeBiol 2008;14:1252...64https:
// doi.org/ 10.1111/j.1365-2486.2008.01567.x

Pumpanen JS Heinonsalo J,Rasilo T et al. Carbon balance and allo-
cation of assimilated CO, in Scots pine, Norwa y spruce, and Sil-
ver birc h seedlings determined with gas exchange measur ements
and '4C pulse labelling. Trees2009;23:611...21https:// doi.org/ 10.1
007/s00468- 008-0306-8

Rampitsc h C, Bykova NV. Proteomics and plant disease: advances in
combating a major threat to the global food supply. Proteomics
2012;12:673...90https:// doi.org/ 10.1002/pmic.201100359

Read DJ, Perez-Mor eno J.Mycorrhizas and nutrient cycling in ecosys-

tems ... gourney towards relevance? New Phytol 2003;157:475...92.

https:// doi.org/ 10.1046/].1469-883 8137.2003.00704.x
Rinaldi AC, Comandini O, Kuyper TW. Ectomycorrhizal fungal diver-

sity: separating the wheat from the chaff. Fungal Divers 2008;33:1...

45.

Ruytinx J Miyauchi S, Hartmann-Wittulsky ~ Setal. A transcriptomic
atlas of the ectomycorrhizal fungus Laccaria bicolor. Microorgan-
isms 2021;9:2612. https:// doi.org/ 10.3390/ microorganisms912261
2

Saravesi K, Markk ola AM, Rautio P et al. Defoliation causes paral-
lel tempor al responses in a host tree and its fungal symbionts.
Oecologia2008;156:117...23.https:// doi.org/ 10.1007/s00442-008-0
967-4

Schneider CA, Rasband WS, Eliceiri KW. NIH image to ImageJ: 25
years of image analysis. Nat Methods 2012;9:671...5https://doi.or
0/10.1038/nmeth.2089

Shinde S, Naik D, Cumming JR.Carbon allocation and partitioning
in Populus tremuloides are modulated by ectomycorrhizal fungi
under phosphorus limitation. Tree Physiol 2018;38:52...65.https:
// doi.org/ 10.1093/treephys/tpx117

Stuart EK, Plett KL. Digging deeper: in search of the mechanisms
of carbon and nitrogen exchange in ectomycorrhizal symbioses.
Front Plant Sci 2020;10:1658. https:// doi.org/ 10.3389/fpls.2019.01
658

Tang N, Lebreton A, Xu W et al. Transcriptome pro ling reveals dif-
ferential gene expression of secreted proteases and highly spe-
cic generepertoir esinvolv ed in Lactarius, Pinussymbioses .Front
Plant Sci2021;12:714393. https:// doi.org/ 10.3389/fpls.2021.714393

Taylor AFS, Martin F, Read DJ. Fungal diversity in ectomycorrhizal
communities of Norway spruce [Piceaabies(L.) Karst.] and beech
(Fagus sylvatica L.) along north...south transects in Europe. In:
Schulze ED (ed.), Carbon and Nitrogen Cycling in European For-
est Ecosystems.EcologicalStudies (Analysis and Synthesis) Vol. 142.
Berlin, Heidelberg: Springer, 2000. https:// doi.org/ 10.1007/978-3-
642-57219-7_16

Tedersoo L, Brundrett M. Evolution of ectomycorrhizal symbiosis in
plants. In: Biogeagraphy of Mycorrhizal Symbiosis. EcologicalStudies
Vol. 230. Berlin, Heidelberg: Springer, 2017. https:// doi.org/ 10.100
7/978- 3-319-56363-3_19

Tedersoo L, Smith ME. Lineages of ectomycorrhizal fungi revisited:
foraging strategies and novel linea ges revealed by sequences

2021,23:2004...20.

€20z AINC €0 UO 13N UOUBIAY VNI Aq Z0EB60L/LEOPEY/S/66/3101E/09SWaY/ W09 dNo"dIWapese//:sdny WOy papeojumoq



from belowgr ound. Fungal Biol Rev2013;27:83...99https://doi.org/
10.1016/).fbr.2013.09.001

Tomm GO, van Kessel C, Slinkard AE. Bi-dir ectional transfer of ni-
trogen between alfalfa and bromegrass: short and long term ev-
idence. Plant Soil 1994;164:77...86https:// doi.org/ 10.1007/BF0001
0113

Wallander H. A new hypothesis to explain allocation of dry matter
between mycorrhizal fungi and pine seedlings in relation to nu-
trient supply. Plantand Soil 1995;168:243...248https:// doi.org/ 10.1
007/BF00029334

Wallander H, Ekblad A, Godbold DL et al. Evaluation of methods to
estimate production, biomass and turnover of ectomycorrhizal

mycelium in forests soils ... aeview. SoilBiolBiochem2013;57:1034...

47. https:// doi.org/ 10.1016/j.s0ilbio.2012.08.027
Watts-Williams SJ Emmett BD, Levesque-Tr emblay V etal.. Plant Cell
Environ 2018;42:1758...74https:// doi.org/ 10.1111/pce.13509

Stuart etal. | 15

Wiemken V. Trehalose synthesis in ectomycorrhizas ... ariving force
of carbon gain for fungi? New Phytol 2007;174:228...30https://doi.
org/10.1111/j.1469-8137.2007.02049.x

Wright DP, Scholes JD,Read DJetal. Changes in carbon allocation and
expression of carbon transporter genes in BetulapendulaRoth. col-
onized by the ectomycorrhizal fungus Paxillus involutus (Batsch)
Fr. Plant Cell Environ 2000;23:39...49https:// doi.org/ 10.1046/j.1365
-3040.2000.00518.x

Wu B, Nara K, Hogestsu T. Spatiotemporal transfer of carbon-
14-labelled photosynthate from ectomycorrhizal Pinus densiora
seedlings to extr aradical mycelia. Mycorrhiza 2002;12:83...8https:
// doi.org/ 10.1007/s00572-001-0157-2

Wu Y, Deng M, Huang Jet al. Global patterns in mycorrhizal me-
diation of soil carbon stor age, stability, and nitrogen demand: a
meta-anal ysis. Soil Biol Biodhem 2022;166:108578. https://doi.org/
10.1016/j.s0ilbio.2022.108578

Received 17 October 2022; revised 27 March 2023; accepted 29 March 2023

© The Author(s) 2023. Published by Oxford University Press on behalf of FEMS.This is an Open Access article distributed under the terms of the Creative Commons

Attribution  License (https://creativecommons.org/licenses/by/4.0/
work is properl y cited.

), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

€20z AINC €0 UO 13N UOUBIAY VNI Aq Z0EB60L/LEOPEY/S/66/3101E/09SWaY/ W09 dNo"dIWapese//:sdny WOy papeojumoq



	Introduction
	Experimental procedures

