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Abstract: Trees are able to colonize, establish and survive in a wide range of soils through associations
with ectomycorrhizal (EcM) fungi. Proper functioning of EcM fungi implies the differentiation of
structures within the fungal colony. A symbiotic structure is dedicated to nutrient exchange and
the extramatricular mycelium explores soil for nutrients. Eventually, basidiocarps develop to assure
last stages of sexual reproduction. The aim of this study is to understand how an EcM fungus uses
its gene set to support functional differentiation and development of specialized morphological
structures. We examined the transcriptomes of Laccaria bicolor under a series of experimental setups,
including the growth with Populus tremula x alba at different developmental stages, basidiocarps
and free-living mycelium, under various conditions of N, PP and C supply. In particular, N supply
induced global transcriptional changes, whereas responses to P supply seemed to be independent
from it. Symbiosis development with poplar is characterized by transcriptional waves. Basidiocarp
development shares transcriptional signatures with other basidiomycetes. Overlaps in transcriptional
responses of L. bicolor hyphae to a host plant and N/C supply next to co-regulation of genes in
basidiocarps and mature mycorrhiza were detected. Few genes are induced in a single condition
only, but functional and morphological differentiation rather involves fine tuning of larger gene
sets. Overall, this transcriptomic atlas builds a reference to study the function and stability of
EcM symbiosis in distinct conditions using L. bicolor as a model and indicates both similarities and
differences with other ectomycorrhizal fungi, allowing researchers to distinguish conserved processes
such as basidiocarp development from nutrient homeostasis.

Keywords: ectomycorrhiza; symbiosis; carpophore; nitrogen; phosphorus; transcriptome

1. Introduction

Forests are dominant terrestrial ecosystems covering 34.31% of land area globally
(Copernicus, Global Land Cover viewer) and provide services ranging from timber pro-
duction to climate regulation and recreation [1]. Tree-associated fungal communities are
important determinants of forest productivity in terms of resilience, atmospheric carbon
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fixation and retention [2]. Forests house multiple fungi of different ecological guilds, in-
cluding pathogens, organic matter decomposers and ectomycorrhizal (EcM) species [2].
In particular, EcM fungi have been shown to be pervasive in determining plant co-existence,
dispersal and seedling establishment [3,4]. EcM fungi evolved several times independently
from saprotrophs and wood decayers [5,6] and are mutualists. Their hyphae surround tree
root tips with a mantle, penetrate in between cortex cells and extend into the soil to collect
water and essential nutrients in exchange for photosynthesis-derived sugar [7]. Besides,
EcM fungi provide additional benefits to their host plant, such as protection from biotic
and abiotic stressors [8].

The accumulation of sequenced genomes of EcM species has led to discoveries of
particular genomic features and gene sets separating them from their ancestors with a sapro-
trophic or pathogenic lifestyle [6,9]. Typical genomes of EcM fungi contain (i) a reduced
set of plant cell wall-degrading enzyme-encoding genes compared to their saprotrophic
ancestors and (ii) lineage-specific small secreted protein (SSP)-encoding genes [6,10-12].
Across EcM fungal species, the expression of the lineage specific SSPs, so-called MiSSPs
(Mycorrhiza-induced Small Secreted Proteins) is induced in EcM root tips. A handful of
MiSSPs were functionally characterized and were shown to interact with the host plant’s
gene regulation and stress responses as effector molecules [13-15]. For others, such as
LbMiSSPS8, their contribution at the plant-fungal interface is less clear and their role in
EcM functioning might not be restricted to EcM establishment but might extend towards
other morphological structures or the regulation of environmental responses [16]. The evo-
lutionarily retained carbohydrate active enzyme (CAZyme)-encoding gene set, is most
likely no longer used by EcM fungi to degrade soil organic matter or plant material as
a carbon source but rather deployed to access nitrogen and/or modify plant and fungal
cell walls during morphogenesis of symbiotic EcM roots [17-19]. A new family of lytic
polysaccharide mono-oxygenases, which are copper-containing oxygenases acting on cell
wall polysaccharides such as cellulose and chitin, was discovered in fungi and named
X325. Surprisingly, members of this family, including L. bicolor X325 which is expressed in
ectomycorrhizal root-tips, no longer have the ability to degrade polysaccharides but most
likely adopted a new function in Cu transport [20].

Indeed, EcM function is not restricted to the morphogenesis of a symbiotic organ but
involves differentiation within the fungal colony to support nutrient transport in response
to environmental conditions, as well as fungal and host plant’s needs. Biochemical and
molecular responses allow EcM fungi to restore homeostatic equilibrium upon fluctuations
in nutrient availability within particular concentration ranges. Any environmental change
beyond that homeostatic concentration range results in visible effects such as reductions in
growth and symbiotic function. In addition, differentiation into fruiting bodies to assure
the final stages of sexual reproduction and dispersal of meiospores is an essential part of
EcM functioning. In this study, we aim at deciphering the transcription patterns across
developmental stages and nutritional conditions in order to obtain novel insights into the
gene regulation of EcM fungi. The mechanisms that EcM species use to regulate their gene
set to support morphological and functional differentiation within a colony and to respond
to a host plant or environmental change are largely unknown. This information is required
to gain a better understanding of their mutual beneficial lifestyle.

2. Material and Methods
2.1. Fungal Isolate and Maintenance of Cultures

Laccaria bicolor S238N (Maire) P.D. Orton was used in all experiments. A culture of the
isolate was maintained on modified Pachlewski agar medium P5 [21] at 25 °C in the dark
with biweekly subculturing.

2.2. Growth in Different Nutritional Conditions

L. bicolor mycelium agar plugs (0.5 cm?) were inoculated on a cellophane membrane
covering modified MMN medium (Modified Melin Norkrans containing 0.45 mM CaCl,,
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0.43 mM NaCl, 3.67 mM KH,POy, 1.89 mM (NHy),HPOy, 0.61 mM MgSOy-7H,0, 0.037 uM
FeCl3-6H,0, 0.003 pM thiamine HCI, 0.5 mM KCl, 0.25 mM H3BOj3, 50 uM MnSO,-7H;0,
20 uM ZnSO4-7H,0, 5 uM CuSOy4-5H,0, 0.146 uM (NHy4)sMo70,4-4H,0, 0.5% glucose,
0.5% malt extract, 1% casein hydrolysate, 2% agar and 0.1% MES, according to [22]) and
pre-cultured for two weeks in the dark at 25 °C. After pre-culture, fungal colonies were
transferred to new plates containing control modified MMN medium or modified MMN
medium adjusted for N (—N = all NHjy salts removed and KH,;PO, supplemented to correct
final PO4 concentration; +N = supplemented with 25 mM NHCl,), P (—P = all POy salts
removed and NH4Cl, supplemented to correct final NH4 concentration; +P = supplemented
with 25 mM KH,POy) or C (—C = glucose reduced to 0.02%; +C = glucose supplemented to
2%) content to induce nutrient deficiency or surplus. Plates were incubated in the dark for
an additional week at 25 °C. Subsequently, pictures were taken and the mycelium was snap
frozen in liquid nitrogen. The samples were stored at -80 °C until further RNA extraction
or lyophilization.

2.3. Plant Material and Fungal-Plant Co-Cultures

Laccaria bicolor S238N and Populus tremula x alba 717-1B4 in vitro co-cultures were
established according to the sandwich system described by [23], with small modifications.
In brief, L. bicolor was pre-cultured in the dark at 25 °C for one week on sugar-reduced
Pachlewski agar medium P20. p. tremula x alba micro-cuttings were stimulated to root
for 1 week on solid Murashige and Skoog (MS) medium supplemented with 2 mg/L of
IBA (Indol-3-butyric acid) and subsequently transferred to cellophane-covered MS plates.
After three weeks of incubation at 25 °C with a 16 h photoperiod, poplar explants were
transferred to cellophane-covered P20 medium supplemented with 0.1% MES. To allow
plant-fungal interaction to develop, the cellophane covered with L. bicolor pre-cultures
was placed in an inverted position on the roots. Control plates, containing no plants
(i-e., free-living mycelium (FLM)), were prepared and handled the same way as co-cultures.
All plates were incubated at 20 °C with a 16 h photoperiod. The samples (100 mg fresh
weight) for RNA extraction were taken in triplicate at 0, 3, 7, 14 and 21 days of (co-)culture
from FLM, EcM (i.e., all fungal and mixed plant—fungal material within 0.5 cm distance
of a root) and extramatrical mycelium (i.e., all fungal material at a distance of >0.5 cm of
a root), snap frozen in liquid nitrogen and stored at —80 °C. Root tips were sampled for
microscopy at the same time points and fixated overnight at 4 °C in 4% paraformaldehyde.

2.4. Basidiocarp Production and Sampling

L. bicolor basidiocarps were harvested from a nursery experiment of inoculated Dou-
glas fir seedlings as described by [24]. Cap and stipe were separated from early-, medium-
and late-stage mushrooms, immediately frozen in liquid nitrogen and stored at —80 °C.

2.5. P Determinations

Lyophilized mycelium (+40 mg DW) was acid-digested at 110 °C using 3x HNOj3;
and HCI subsequently. Inductively coupled plasma optical emission spectroscopy (ICP-
OES) was used to determine P concentrations of the samples in a 2% HCI solution. P
determinations were performed for at least three independent replicates per experimental
condition. Mean values were calculated and a one-way ANOVA, followed by Holm-Sidak
multiple comparisons versus the control, was run to assess differences in P accumulation
in response to P availability in the growth medium.

2.6. Microscopy

Overnight, paraformaldehyde-treated root tips were washed for 3 x 5 min in phos-
phate buffered saline (PBS) and embedded in 4% agarose prior to 25 pm transversal
sectioning with a vibratome (Leica (Wetzlar, Germany), VT1000S). Sections at a distance of
150-250 um from the root tip were collected, exposed to a droplet of 10 uM WGA-Alexa
488 for 1 h to selectively stain the fungal mycelium, washed 3x in PBS and stained with
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a droplet of 10 uM propidium iodide (PI, 5 min) followed by an additional PBS wash
step. Stained root sections were mounted on a microscope slide. A confocal microscope
(Zeiss (Jena, Germany), LSM780—Axio Observer) was used for the viewing of five inde-
pendent replicates per experimental condition. Afterwards, 514 nm and 488 nm lasers were
used for excitation; a 589—-695 BP filter and a 508-535 BP filter were used for detection of
PI and Alexa 488, respectively. The images were recorded and processed using ZEN 2 lite
software (Zeiss).

2.7. RNA Extractions and RNAseq

Total RNA was extracted from fungal and mixed plant—fungal biomass (100 mg)
using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). Biomass was ground in
liquid nitrogen prior to extraction and an on-column DNAse I treatment was included
in the protocol. For samples containing poplar roots (EcM), extraction buffer RLC was
supplemented with 2% PEG (polyethylene glycol) 8000. Total RNA of basidiocarp stipes
and caps was extracted using a CTAB (cetyltrimethylammonium bromide)-based protocol
described in [25], including a LiCl precipitation of total RNA. RNA concentration of all
samples was determined spectrophotometrically and integrity was assessed using the
Biorad Experion and RNA StdSens kit and chips. Three replicates were used for RNA-
seq sequencing. The preparation of libraries from total RNA (TruSeq Stranded mRNA
Kit IMlumina), 2 x 100 bp Illumina HiSeq2000 sequencing for the basidiocarp samples
and 2 x 150 bp [llumina HiSeq3000 sequencing for all other samples were performed on
the GET platform (Génopole Toulouse Midi-Pyrénées, Auzeville, France) following their
standard protocol.

Raw reads were trimmed for low quality (quality score, 0.05), Illumina adapters and
sequences shorter than 15 nucleotides and aligned to the L. bicolor v2 reference transcripts
available in the JGI database https://mycocosm.jgi.doe.gov/Lacbi2/Lacbi2.home.html
(last accessed on 6 December 2021) using CLC Genomics Workbench v8. For read map-
ping, the CLC genomic workbench parameters were the following: minimum length
fraction, 0.9; minimum similarity fraction, 0.8; mismatch cost = 2; insertion cost = 3; dele-
tion cost = 3; and the maximum number of hits for a read was set to 10. The unique
and total mapped read numbers for each transcript were determined and then normal-
ized to RPKM (reads per kilobase of exon model per million mapped reads). We cal-
culated the differential expression of genes with DESeq2 [26]. We used SHIN+GO to
determine co-regulated genes for the three individual experiments, including (1) growth
in different nutritional conditions, (2) kinetics of plant—fungal co-culture and (3) basid-
iocarp development [9,27-29] (Supplementary Information). To identify similarities and
dissimilarities in expression patterns over all tested conditions, normalized read counts
were used as an entry for the web-based visualization and analysis tool Morpheus (
https:/ /software.broadinstitute.org/morpheus; last accessed on 21 October 2021). Hi-
erarchical clustering was run using default settings and the data were visualized in a
color-coded heatmap. TopGO [30] was used to conduct the enrichment analyses for Gene
Ontology. A webtool (http:/ /bioinformatics.psb.ugent.be/webtools/Venn/; last accessed
on 21 October 2021) was used for the generation of Venn diagrams.

3. Results
3.1. Effect of Nutrition on Growth and Mycelial P Accumulation

Variations in the composition of the culture medium, i.e., reduced or increased glucose
and NH4" or PO~ concentration, did not result in any significant effect on the growth of
L. bicolor. The size of the colonies and colonial dry weight were not significantly different,
despite having grown with different nutritional conditions (Figure 1A,B). Nonetheless,
mycelia grown on medium adjusted for NH4* (+N/—N) or with reduced glucose (—C)
tended to have lower biomass. Effects on metabolism were clearly visible as changes
in colonial pigmentation. Color shades from white to dark violet marked the colonies
depending on the composition of the growth medium (Figure 1A). L. bicolor colonies grown
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on control MMN medium were violet with a small peripheral ring of white mycelium at
the edge of the colony. Variations in glucose, NH;* and PO, ™ concentration resulted in
the local absence of the violet pigment in mycelium grown after the transfer of the colony
from control MMN to a different nutritional condition (violet center surrounded by a broad
white ring as for reduced glucose (—C) and surplus PO, ™ (+P); Figure 1A) or in the absence
of the pigment with a de-coloration of the MMN pre-cultured mycelium (whole white
colony, as for reduced NH;* (—N); Figure 1A). The accumulation of P within the mycelium
changed according to PO4~ concentration in the growth medium, with mycelia grown in
PO, surplus showing the highest P accumulation (Figure 1C).

(D).
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Figure 1. Responses of L. bicolor to different nutritional conditions. (A) On MMN medium pre-cultured mycelia grown in
9 cm diameter petri dishes for one week on control MMN medium or MMN medium adjusted for glucose (£C), ammonium
(£N) or phosphate (£P) to induce nutrient deficiency or surplus. Upper and lower panel represent the same plates on
a different background. (B) Mean dry weight & S.E. of three colonies. (C) Average phosphorus accumulation + S.E. for
five colonies. Values marked by * differ significantly from values measured in MMN control medium (one-way ANOVA;
Holm-Sidak multiple comparisons versus control; p < 0.01). (D) Hierarchical clusters of overall transcriptomic responses of
20 biological replicates grown in 7 different nutritional conditions.

3.2. Nutrition-Regulated Transcriptome

Transcripts of 14,733 out of 23,130 L. bicolor gene models were detected (read count > 5)
in at least one growth condition (Supplementary Table S2). The clustering analysis of
individual replicates resulted in a tree with four major branches (Figure 1D). Mycelia
grown on control MMN medium and medium reduced in PO4~ clustered together and
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close to the group of mycelia grown in a surplus of glucose or PO;4~. Mycelium grown in
the absence or surplus of NH;* and in medium reduced in glucose clustered independently,
indicating a dissimilar or unique transcriptomic response in these growth conditions.

We identified gene groups showing unique responses to the different conditions
by clustering similar transcriptomic patterns into 594 nodes using SHIN+GO (Figure S1;
Supplementary Information). Supplementary Table SIA summarizes the mean expression
pattern and other characteristics of condition-specific nodes. NH* availability induced
specific and highly differential up-regulated expression of genes clustering in five different
SOM nodes. Within the four nodes specific for an NHy* surplus (i.e., nodes 325, 568,
576 and 579) genes encoding proteins with a predicted function in NHs* transport, such
as the AmT MeaA-like NH,* transporter (prot ID 313221) in node 568 and an Rh-like
protein NHy* transporter in node 325, were found. Besides, genes encoding proteins
with a function in growth and reproduction were specifically regulated by high NH,*
availability. Genes annotated with functions related to fungal mating-type pheromone
(node 325), sugar transport and metabolism (nodes 568 and 576) and protein turnover
(node 579) showed an expression specifically induced by profuse NH;* next to many genes
of unknown function. Reduced NHy* concentration in the culture medium resulted in the
specific up-regulation of 18 genes collected in node 352 and encoding a hydrophobin, two
clitocypins (protease inhibitors), a fungal pheromone-related protein and several proteins
of unknown function. Genes compiled in six SOM nodes (i.e., 487, 514, 525, 542, 571 and
572) showed an expression profile specific to reduced glucose availability. Limited glucose
availability resulted in a negative differential transcription (>2 log2 fold difference) of
these genes. Encoded functions included energy metabolism and conversion (aldehyde
dehydrogenase in node 514), cellular signaling (protein kinases, G-protein subunit in
nodes 487 and 571), transcription factors (bZIP and TEAD family transcription factor
in nodes 525 and 572, respectively), detoxification (cytochrome P450 monooxygenase in
node 525 and glutathione-S-transferase in node 572) and unknown. Two SOM nodes
(569 and 570) clustered genes with a transcription pattern marked by a negative differential
expression in response to both low NH;" and glucose availability. In total, 15 out of the
19 genes that clustered in these two nodes and that showed this specific expression pattern
encoded proteins of unknown function, two encoded a zinc finger protein, one a protein
kinase and one a transaldolase.

SOM nodes clustering genes with a specific expression in response to an altered PO, ™
concentration of the culture medium or excess glucose were not detected. In general, few
genes (0-15) were significantly differentially expressed (>2 log2 fold change) under these
conditions (Supplementary Table S2). When considering a lack of PO, in the culture
medium, no genes were significantly differentially expressed compared to control MMN
medium. Fifteen genes showed a significant differential gene expression in response to high
PO, ™ -containing medium (Supplementary Table S1B). These genes were spread over nine
different SOM nodes. Significantly down-regulated genes due to high PO, ~ were also all
regulated by the absence of NH4 " and reduced glucose availability. Genes significantly up-
regulated by PO4~ were co-regulated by the presence of high glucose concentrations in the
growth medium. Functions encoded by these genes did not include P; (or polyP;) transport
nor vacuolar polyphosphate (polyP) accumulation. Three polyP phosphatase-encoding
genes predicted to be involved in polyP;—P; conversions and vacuolar accumulation were
regulated by high PO, ™~ availability to some extent (—0.61, 0.36 and 0.30 log2 fold change
for protein id 317181, 589527 and 708028, respectively; Supplementary Table S2). Eleven
genes not only were expressed at a higher level due to an increased glucose availability (+C)
but also regulated by NH4*, PO~ and/or reduced glucose availability. Supplementary
Table S1B shows the fifteen most significantly regulated genes for each nutritional condition
and includes 54 different genes, of which 65% (35/54) encode a protein of unknown
function. A high proportion (22% or 12/54) of the most highly regulated genes under
different nutritional conditions encoded for small secreted proteins (SSPs), all of which,
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except one hydrophobin (prot. ID 241509), were of unknown function and several of them
(33% or 4/12) have been previously categorized as being mycorrhizal induced (MiSSP).

3.3. Time Course of Ectomycorrhizal Development

Three days post-inoculation, the first signs of L. bicolor mycelial attachment to p. tremula
x alba roots became visible when using a petri dish in vitro system (Figure 2A-C). At that
point, very few (0-5) short lateral roots were present and showed the start of fungal mantle
development. Root hairs were still abundantly present as in non-inoculated lateral roots.
One week post-inoculation, a fungal mantle surrounded all short lateral roots and L. bicolor
had penetrated between the epidermal cells of p. tremula x alba roots. At two weeks post-
inoculation, short roots were abundant and violet-colored due to the pigmentation of the
fungal hyphae. L. bicolor—p. tremula x alba ectomycorrhiza were fully developed, with a
thick, dense mantle and Hartig net. Three weeks post-inoculation, fungal hyphae formed a
thinner but denser mantle. At this point, several individual epidermal root cells were fully
surrounded by the fungal hyphae of the Hartig net. The roots were no longer violet-colored
due to the disappearance of the pigment from the fungal hyphae.

3.4. Symbiosis-Requlated Transcriptome

The transcripts of 15,341 out of 23,130 different L. bicolor gene models were present
in a read count higher than five in at least one developmental condition (i.e., free-living
mycelium (FLM), extra-radicular mycelium (ExM) and ectomycorrhiza (EcM)). Gene mod-
els showing similar expression profiles were clustered into 621 SOM nodes (Supplementary
Figure S2). The dendrogram based on the distances of gene expression similarity among
all samples showed two major branches indicating a major difference in transcriptomic
profiles between early (0, 3 and 7 dpi) and late (14 and 21 dpi) sample points (Figure 2D). At
three and seven days post-inoculation, ExXM and EcM samples had similar transcriptomes
and clustered close to FLM transcriptomes. At seven days post-inoculation, ExM and
EcM transcriptomes were slightly different from the other samples, as indicated by their
separate clustering in the dendrogram. Two SOM nodes were identified as differentially
expressed for ExXM/EcM compared to FLM (>2 log2 fold change) at early time points (3 and
7 dpi). Putative functions associated with these genes are secondary metabolism (terpene
synthase) and signal transduction (protein-tyrosine phosphatase, cyclin-like F-box) but
also several oxidoreductases (dehydrogenases) and a nitropropane dioxygenase, reactive
oxygen species detoxification (superoxide dismutase) and transcription (bZIP transcription
factor). Most of these genes were also among the most regulated in L. bicolor in presence
of the plant (ExM and EcM) at 3 and 7 dpi (Supplementary Table S1D). One SOM node
(596) was identified as containing genes up-regulated uniquely in EcM at seven days post-
inoculation. This node grouped seven gene models with two annotated as transporters
of the Major Facilitator Superfamily, a protease, an esterase, a deoxy gluconate dehydro-
genase a transcription factor and a peroxin (Supplementary Table S1C). However, none
of these gene models were among the fifteen most regulated in EcM at this time point
(Supplementary Table S1D).
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Figure 2. Responses of L. bicolor to p. tremula x alba at different time points post-inoculation. (A) In vitro co-culture of Laccaria
and Poplar. Mycelium within a distance of 0.5 cm of a root was considered as ectomycorrhizal (EcM), mycelium at a longer
distance as extramatrical (ExM). (B) External view of representative EcM root tips at different time points. (C) Transversal
sections of lateral roots at 0, 3, 7, 14 and 21 dpi. Sections were stained with PI and WGA-oregon green to visualize plant
(red) and fungal (green) cells, respectively. (D) Hierarchical clusters of overall transcriptomic responses of 37 biological
replicates belonging to different stages of EcM development.

At 14 and 21 days post-inoculation, EcM transcriptomes were similar to each other
and clearly different from their ExM and FLM replicates (Figure 2D). Eight SOM nodes
(9, 10, 11, 19, 26, 27, 53 and 385) grouped genes specifically regulated (>2 log2) in EcM
samples 14 days post-inoculation (Supplementary Table S1C). The mean transcription
level at 14 dpi (and 21 dpi for nodes 19, 26, 27 and 53) was above the 95th percentile of
all genes included in the model except for one (node 385) of these SOM nodes. A large
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fraction (24% or 43/106) of the proteins encoded by the genes grouped in these nodes
was of unknown function and not associated with any functional domain. Besides, a few
genes previously annotated as MiSSPs (nodes 9, 11 and 385), a chitinase (node 9) and a
glucanase (node 10), as well as many genes annotated as oxidoreductase, including several
(flavo)cytochrome-related enzymes (cytochrome C oxidase, node 9; ferric reductase-like
transmembrane component, node 10; cytochrome P450, nodes 11, 19, 26, 27 and 385), a
DYP-type peroxidase and laccases (nodes 19 and 53), a proteinase inhibitor (clitocypin
and proteinase inhibitor 19, node 19, highly enriched in node 27) and transport of nitrogen
(H+/oligopeptide symporter, node 19; amino acid permease, nodes 27 and 53; ammonium
transporter, node 385; major facilitator superfamily general substrate transporter, nodes 11,
19 and 26) or sugar (DUF6 nucleotide sugar transport related in node 19), were specifically
regulated in EcM at 14 dpi. Genes with a putative function in signaling and protein—protein
interactions (protein kinases, such as MEKK related protein kinase, NACHT nucleoside
triphosphatase, WD40 repeat, Ankyrin and tetratricopeptide region) were identified in
nodes 9, 10, 11 and 385. Some of the genes identified as having a unique expression pattern
in EcM at late sample points (nodes 9, 10, 19, 27 and 385) were among the 15 most regulated
for these conditions. However, most of the highest regulated genes in EcM at 14 and 21 dpi,
such as MiSSP17 (prot ID 332226), gluconate transport inducing protein with gtil/pac2
domain (prot ID 603166), hydrophobin (prot ID 241509) and Rh-like ammonium transporter
(prot ID 331747), were also highly regulated at early time points (3 and 7 days) in EcM only.
MiSSP7 and 19 other previously identified MISSPs were mostly regulated to a lesser extent
in EcM and were spread over different SOM nodes (Supplementary Table S3). However,
for several of them, including the functionally characterized MiSSP7 and MiSSP8, an EcM-
or EcM/ExM-specific expression profile was detected (Supplementary Figure S3).

3.5. Transcriptomics of the Developing Basidiocarp

Three developmental stages of L. bicolor basidiocarp (Figure 3A-C), subsequently
referred to as early (Figure 3C), medium (Figure 3B) and late (Figure 3A), were harvested
under Douglas fir in a nursery bed and separated into cap and stipe before RNA extrac-
tion and sequencing. The transcripts of 16,609 out of 23,130 L. bicolor gene models were
detected (read count > 5) in at least one basidiocarp developmental stage. The clustering
analysis of individual replicates resulted in a tree with three major branches (Figure 3D).
The transcriptomes of early- and middle-aged stipes clustered together as well as early- and
middle-aged cap transcriptomes. Late-stipe transcriptomes formed a third branch, while
late-cap transcriptomes were located between early-medium stipes and caps. ShinGO was
run and the clustered genes showed similar transcriptomic patterns into 644 SOM (Self
Organizing Map) nodes (Figure S4). For 22 nodes, genes were up-regulated in late caps
compared to late stipes (Supplementary Table S4), while only two nodes (476 and 504)
with genes up-regulated in the middle stipe compared to cap were identified. Some of the
nodes with late-cap versus -stipe up-regulated genes also contained genes with differential
expression between cap (late versus middle or early cap) or stipe stages (early or middle
versus late), indicating an overall higher expression in the cap, but also a regulation during
development in both cap and stipe. We further hierarchically clustered the 6070 genes
found to be differentially expressed between at least two basidiocarp developmental stages
(Figure S5A, Supplementary Table S6) and identified eight gene clusters with distinct
expression patterns in the developmental stages. Overall, early- and middle-cap stages
clustered together as well as early- and middle-stipe stages, while late-cap and -stipe stages
showed very distinct expression patterns (Figure S5A). Within the blue cluster with a gene
expression peak in early and medium cap, we found the highest number of genes with
functions related to cell cycle (for example, cyclins, septin, M-phase_inducer_phosphatase),
as well as many SSPs (hydrophobin, cupredoxin and cysteine-rich proteins, but most of
them were of unknown function). The highest percentage of SSPs, but also of CAZymes
(for example GH18 chitinases, expansins, GH16 lectins), proteases and lipases, are found
in the magenta cluster with gene expression peaking in late cap (Figure S5B), indicating
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an overall high secretome activity, probably linked to the mature, fully developed mush-
room. A high number of CAZymes (3%) were also found in the turquoise cluster with
expression peaks in early stipe and cap (GH16, CE4, AA1, -3, -5 and -6) and in the red
cluster with expression peaks in late stipes (GH18, GH5 and AAS5) (Figure S5A,B). In the
yellow cluster with gene expression peaks in both early and medium cap and stipes, genes
coding for metabolic processes (lipid, nitrogen, malate and polysaccharide) were enriched
(Figure S5C). In another cluster linked to early stipe and cap (turquoise), we found further
enrichment of genes coding for metabolism (glutamate, alcohol, aromatic compounds) but
also transport, in particular, carbohydrate transport. In early and medium cap (blue clus-
ter), genes with functions in protein biosynthesis (translation, ribosome biogenesis, protein
folding and elongation) but also transcription (nucleosome and mRNA metabolism) were
further enriched, indicating a high cellular activity, probably due to reproduction processes,
including meiosis and mitosis. Clusters containing genes with expression peaks in late
cap (magenta), late stipe (red) or both late cap and stipe (green, orange) were enriched
for defense-related GO categories, but also chitin catabolism, cell wall macromolecule
catabolism, glycolytic processes, spermine/spermidine biosynthesis and response to pH
and are probably linked to the final maturation of the basidiocarp but also defense against
insects and other small animals feeding on the mushroom (Figure S5C).
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Figure 3. L. bicolor at different stages of basidiocarp development. (A—C) Images of basidiocarp specimen of early (C),

medium (B) and late (C) stage development. (D) Hierarchical clusters of overall transcriptomic responses of 12 biological

replicates belonging to different stages of basidiocarp development.

3.6. Similarities and Dissimilarities between Transcriptomes of Different Morphological and
Functional L. bicolor Structures

The transcription profiles of 23,293 gene models expressed with a minimum expression
level of 5 RPKM in one of the included experimental conditions were visualized and
compared for FLM grown in different nutritional conditions, ExM and EcM at 7 and 14 dpi,
and basidiocarp (or fruiting body, FB) caps and stipes of medium age. Overall, hierarchical
clustering revealed that the gene models were divided into three major groups based
on the condition of maximal expression (Figure 4). All genes collected in the first group
showed a maximum expression level in FB (cap or stipe) and were subdivided into three
clusters based on the expression level in other conditions. In particular, gene models of
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cluster 3 were highly regulated in FB compared to all other conditions. Nevertheless, some
of the gene models included in this cluster were regulated >2-fold by other conditions.
For instance, ten SSPs, previously annotated as MiSSP [10], were found in cluster 3. In
addition, in this study, seven out of these SSPs were regulated to some extent in EcM
and/or ExM at least one time point of EcM development. Two (prot ID 333197 and 395272)
were expressed below the limit of 5 RPKM in all mycelia grown on P20 (Figure S3).
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Figure 4. Hierarchical clustering of 23,293 genes expressed in different functional and morphological structures of L. bicolor.
Each row represents a gene model. The heatmap shows the gene expression level normalized to the row maximum. In total,
3 identified gene groups were differentially expressed throughout the different experimental conditions and 11 clusters
were identified based on specific expression profiles. Cluster 5 groups genes with a maximum expression level in mature
mycorrhiza and can be divided into subclusters A-E based on their co-regulation under different conditions. Genes with
functions in N transport, transcript regulation, CAZymes and SSPs are highlighted.
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The gene models compiled in the second group have their expression maximum in
one of the mycelia grown on P20 medium and were divided into four clusters (5-8) based
on the particular condition showing the highest expression level (Figure 4, Supplementary
Table S5). Gene models grouped in cluster 5 showed their expression maximum in EcM at
14 dpi and can be divided into six subclusters (5.1-5.6). In general, gene models included
in cluster 5 were relatively lowly expressed in most other conditions; therefore, they
were of particular interest when studying EcM morphology and functioning. Cluster 5
contained 15 SSPs; among them, there were MiSSP7 and two other MiSSPs previously
identified by [10]. Only four of the SSPs in cluster 5 were not regulated by any other
condition. Most of the others, including MiSSP7 (subcluster A), were regulated to some
extent by NH4* (+N). Five gene models encoding CAZymes (three GH16, one AA1_1
and one AA2) were part of the EcM 14 dpi specific subcluster 5.3, but several others
were co-regulated by the presence of NH;* (GT90, GH13.1, GH3, GH28 and AA1.1).
Two amino acid transporters were found in subcluster 5.3. Other transporters involved in
N transport (e.g.,, AMT ammonium permease) included in cluster 5 were also regulated
by NH,* availability (presence or absence). Furthermore, gene models co-regulated by
NH,4* availability or other nutritional conditions (e.g., —C in subcluster 5.5) included
several proteins involved in transcriptional regulation. EcM 14 dpi specific subcluster 5.3
contained 73 gene models encoding (additionally to SSPs, CAZymes and N transport) a
sugar and Cu transporter, a Rab GTPase activator, several oxidoreductases (FAD or heme
binding) and genes of unknown function (Supplementary Table S4). Gene models in cluster
6 and 7 shared a high relative expression in multiple of the P20-grown mycelia (Figure 4).
Cluster 8 grouped gene models with the highest expression level at early time points of
EcM development (EcM and ExM 7 dpi). Genes in this cluster were of particular interest
for the understanding of structural and metabolic changes in mycelial colonies and are
required for EcM development. Many of the genes in this cluster responded similarly in
FLM upon changes in nutrient availability and a relatively small group of 67 gene models
showed a contrasting expression pattern when compared to all other conditions assessed.
Within this group, several genes encoding proteins with a predicted redox activity and
functions in reactive oxygen metabolism or signaling (e.g., protein phosphatase and kinase)
were found. However, interestingly, no CAZymes and few SSPs were found in this group
of 67 genes; therefore, this highly contrasted with the group of genes identified to be
specifically up-regulated in mature EcM at 14 dpi.

Cluster 3 grouped gene models with maximum expression level when grown on MMN
medium (control or nutritionally modified) and was more similar to the P20 group than to
the FB group (Figure 4). Within the MMN group, three clusters (9-10-11) were defined.
The transcription profile of the gene models included in cluster 9 was characterized by
a high expression due to elevated levels of NH;" in the medium (+N). Cluster 10 and
11 grouped gene models showing a high relative expression in many of the MMN-grown
mycelia, which could be almost equally highly expressed in many (cluster 10) or few
(cluster 11) P20-related conditions. These clusters contained six SSPs previously annotated
as MiSSP (Martin et al., 2008), four of which were induced by mycorrhization (EcM 7 and /or
14 dpi) in this study (Figure S3).

An overall comparison of the genes up-regulated in EcM at 14dpi and all basidiocarp
stages together (FB) with FLM at 14 dpi (fold change >log2 1, FDR p-value < 0.05) identified
308 transcripts that were only up-regulated in EcM, 5073 only up-regulated in FB and
668 transcripts up-regulated in both EcM and FB (Figure S6A, Supplementary Table S7).
Overall, we found, among the FB-only up-regulated transcripts, more genes of unknown
function and KOG classified as Information/Storage /Processing (Figure S6B). Among the
EcM-only up-regulated transcripts, genes coding for transporters as well as for transcrip-
tion factors were more frequent than in FB-only and among the EcM and FB up-regulated
transcripts. The comparison confirmed that many MiSSPs likely play a role in both EcM
formation but also in basidiocarp development (Figure S6B). The EcM-only induced tran-
scripts were enriched for the GO term transport and, in particular, carbohydrate transport,
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but also for the GO term defense response (Figure S6C). The EcM and FB up-regulated tran-
scripts were also enriched for transport, including amino acid, potassium ion and sulfate
transport, but also for cell wall macromolecule catabolic processes, probably reflecting the
cell wall remodeling necessary, in both cases, to form new tissues. Among these transcripts,
we found transcripts coding for clitocypin cysteine proteinase inhibitor (prot ID 293826,
318727) or MiSSP8, both previously identified as highly EcM- and FB-up-regulated [10].
As already shown for the different basidiocarp stages and tissues, FB-only up-regulated
transcripts showed an enrichment for the GO term metabolic process, in particular, carbo-
hydrate, one-carbon and nucleoside metabolism. A role of aquaporins has previously been
suggested for both L.bicolor EcM [31] and FB [32] development. Interestingly, we found that
two aquaporins (456764 and 443240) were FB-only up-regulated, while another aquaporin
(671860) was EcM-only induced compared to the expression in FLM.

4. Discussion
4.1. L. bicolor POy~ Homeostatic Range Is Larger Than NHy* Homeostatic Range

Mycorrhizal fungi are known for their ability to efficiently forage soils for any available
Pi, to incorporate it into NTPs (nucleoside triphosphates), subsequently polymerize it into
polyP and accumulate massive amounts of this polyP into tubular vacuoles for translocation
towards the host [33-35]. Uptake, storage and remobilization of Pi in ectomycorrhizal fungi
is well studied at the physiological level and likely requires the coordinated functioning
of several transporters and enzymes to fine-tune Pi metabolism in response to external
Pi concentrations [36—41]. In the EcM fungi Hebeloma cylindrosporum, Boletus edulis and
Tricholoma sp., Pi deficiency results in an up-regulation of the gene expression of plasma
membrane-localized H*: Pi symporters of the Phtl gene family, which is involved in
Pi uptake. The L. bicolor genome encodes five transporters of the Phtl family with a
putative function in Pi transport [10]. None of these transporters were transcriptionally
regulated in response to growth for one week in a wide range (025 mM) of external Pi
concentrations, neither were Vacuolar Transporter Complex (Vtc) subunits, suspected to be
involved in polyP synthesis, nor were putative polyphosphatases and tonoplast localized
efflux proteins, which are assumed to be necessary for Pi remobilization. Nevertheless,
myecelial P concentrations reflected well external Pi concentrations in L. bicolor without
any visible effect on biomass production and only a subtle effect on the expression of 15
(out of 23130) gene models mainly encoding proteins of unknown function in case of Pi
excess. This suggests an efficient homeostatic system, eventually including shuttling of Pi
towards the vacuole to overcome unspecific binding in case of excess and a remobilization
in case of deficiency to allow ATP metabolism and synthesis of biomolecules (e.g., DNA
synthesis) to be performed in order to support growth. Pi homeostasis in L. bicolor and
the different transporters and enzymes involved, might be regulated mostly at the post-
transcriptional or post-translational level, as is suggested for the Vacuolar Transporter
Complex subunit 2 (Vtc2) of Saccharomyces cerevisige which localizes differentially (tonoplast—
plasma membrane/nucleus), depending on Pi availability [42]. Differences in the regulation
level (transcriptional vs. post-translational) might result in differences in response time to
external conditions and contribute to interspecific differences in Pi uptake kinetics, reported
previously for EcM species [43]. Alternatively, though less likely, transcriptional response
of Pi homeostatic genes might be induced transiently immediately upon changing external
concentrations, or a critical low level of internal Pi, not yet reached in this study, might be
needed. L. bicolor cultures were maintained on P5 medium and pre-cultured on MMN, both
relatively rich in Pi and consenting mass storage, whereas Ref. [44] used a culture medium
with a factor 2.5 lower Pi content to culture H. cylindrosporum awaiting experimentation.
A thorough functional characterization including protein modifications and kinetics of
transporters and enzymes putatively involved in Pi homeostasis is required to shed light
on the functioning of this efficient homeostatic system in L. bicolor, its role in adaptation
towards forest soils and its contribution to the ecology of L. bicolor.
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The NH,* homeostatic range of L. bicolor is smaller than the one observed for PO, ~ and
reflects its adaptation to forest soils. Both growth in absence and surplus of NH4* induced
major differences in gene expression and tended to affect mycelial growth (Figure 1). In
forest soils, nitrogen stored in proteins and complex sugar derivatives accumulate to a
high concentration, but water soluble NH,* is scarce. Yet, NHy" is the most energetically
favorable and the preferred nitrogen source of ectomycorrhizal fungi, compared to more
abundantly present organic nitrogen [34]. The assimilation route of NH4 " into glutamate
and/or glutamine used by Laccaria requires the presence of sufficient carbon to support
amino acid synthesis [45]. Therefore, NH4" assimilation and carbon metabolism are
expected to be interwoven and partially co-regulated. We could not identify marker genes
specific for an NH4* deprivation response (Supplementary Table S1A). Though two clusters
of genes were specifically down-regulated upon NH4* deprivation and growth in sugar-
reduced medium. These clusters, including two transcription factors, a protein kinase, a
transaldolase and many genes of unknown function, might group genes with a function in
the regulation of growth and primary metabolism as an adaptive response to NH4* and
carbon availability. Shared transcriptional responses for NH4* and glucose deprivation
were found previously for the mycorrhizal ascomycete Tuber borchii [46]. Besides, reduced
glucose availability resulted in a down-regulation of several other genes, including many
with a predicted function in signaling, gene regulation or the release of nitrogen from
organic sources (e.g., chitinase, quinoprotein amine dehydrogenase, adenosine deaminase
and aspartic type endopeptidase) in L. bicolor (Supplementary Table S1A). The response
of these genes was not shared with any of the other tested growth conditions. Together,
this indicates the importance of glucose as the primary carbon source for ectomycorrhizal
metabolism and strengthens the hypothesis of ectomycorrhizal fungi degrading complex
organic material in an attempt to scavenge nitrogen rather than carbon [47].

Excess extracellular NH4* is toxic through the high energetic cost of futile trans-
membrane cycling and disruption of the transmembrane pH gradient, which leads to
apoptosis in many organisms [48]. However, the fungal model species Saccharomyces cere-
visige can withstand temporal high external NH;" concentrations through the effective
regulation of NH,;* importers and adaptive growth response. The NH,* transceptor Mep?2,
an NH;* permease from the Amt/Mep/Rh family with sensing function, is required for
the transition to filamentous growth in response to low NH;* conditions. Mep2 activity
is regulated by phosphorylation. Under nitrogen-sufficient conditions, this transporter
is not phosphorylated and present in an inactive conformation. Under high external
NHy* concentrations, it is degraded and transcription is repressed [49]. The constitutive
overexpression of yeast ammonium permeases Mep1-3 results in an NH;* toxicity re-
sponse. Even so, high external NH,4* induces a toxic response by passive leakage trough
K* channels at low K* availability. In both situations yeast cells excrete amino acids [50].
A release of amino acids in the medium was detected previously for L. bicolor after a period
of exponential growth in the presence of inorganic nitrogen [51]. Surprisingly, the gene
expression of two Rh-like ammonium transporters was increased in the presence of high
external NH4* concentrations in L. bicolor. One of these transporters was the homologue
of the H. cylindrosporum low-affinity NH4* transporter HCAMT3, which was shown to be
down-regulated by NH,* [52]. The ammonium transporter (Amt) gene family is expanded
in L. bicolor when compared to H. cylindrosporum and fungi with saprobic or parasitic
lifestyles [53]. Gene duplication, followed by neofunctionalization, might have resulted
in an altered function for the identified highly expressed Rh-like ammonium transporter
genes in L. bicolor. Rh-like ammonium transporters facilitating the diffusion of gaseous
NH; were previously identified in prokaryotes and invertebrates and are involved in the
excretion of NH3 when the supply of exogenous nitrogen is high [54,55]. The presence of a
GPR1/FUN34/yaah family-encoding gene, with typical signature of an NHj; transporter
such as the yeast Ato3 (ammonia transporter outward) member, characterized by Ref. [56]
in a gene cluster specifically up-regulated by high external NH4* concentrations, further
supports the hypothesis of NHj excretion by L. bicolor. Alternatively, excess nitrogen could
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be stored in complex sugar derivatives such as the cell wall polymer chitin and recuperated
when external nitrogen availability is low (Figure 5). Many ectomycorrhizal fungi show
N-acetylglucasaminidase activity, a functional trait of chitin degradation in response to
nitrogen deprivation [57]. In L. bicolor, several acetylglucosaminyltransferase (N-GIcNAc
transferase)-encoding genes were specifically up-regulated as a response to excess NH4 ™.
N-GlcNAc transferases are involved in protein glycosylation and chitin biosynthesis path-
ways [58]. Besides several sugar transporters, CAZymes, including cell wall remodeling
enzymes, were specifically up-regulated in L. bicolor mycelium exposed to high external
NH4* levels. A model for cellular nitrogen homeostasis and assimilation in L. bicolor is
represented in Figure 5.
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(and derived aa)

Figure 5. Schematic overview of transcriptional changes and potentially associated cellular responses to excess external
NHy* in L.bicolor. (a) NHy4" likely enters cells using unspecific transporters. In the cytoplasm, a fraction of the NH4* turns
into NHj3 due to a pH shift. (b) Gaseous NHj partially diffuses out of the cell and (c) active transport may contribute
to NHj efflux. In the soil, most NHj is protonated again. (d) Another part of cellular NHj is assimilated in gln and
derived aa (e), which may be transported out of the cell. (f) Starting from gln, NGIcNAc and subsequently chitin are
synthesized. (g) CAZymes assist in cell wall remodeling. SSPs may also contribute to cell wall remodeling or cell-cell
communication. (h) Excessive assimilation of NHj requires carbon and results in a carbon deficiency response. Part
of these responses (b,c,e,g) are shared with mycelium in mature mycorrhiza at 14 dpi. gln = glutamine; aa = amino
acids; NGIcNAc = N-acetylglucosamine; CAZyme = Carbohydrate Active Enzyme; SSP = small secreted protein.

As in pathogenic fungi, ammonium homeostasis and regulation of mating-type loci
seems to be linked in L. bicolor. Mating-type pheromone and pheromone receptor genes
showed an increased expression when mycelium was grown in the presence of excess
NHy". In Ustilago maydis and Cryptococcus neoformans, mating pathway and pathogenesis
are regulated in response to external ammonium supply through the action of Amt family
transporters with an ammonium-sensing function (transceptors—[49,59]). The functional



Microorganisms 2021, 9, 2612

16 of 23

characterization of L. bicolor putative Amt family transporters is needed to confirm the role
of sensor and explore their role in nutrient signaling.

4.2. EcM Development Is a Two-Step Process

Morphogenesis and maintenance of pine ectomycorrhiza is a dynamic process marked
by waves of transcriptional reprogramming in H. cylindrosporum [60] and Lactarius deli-
ciosus [61]. This seems to be the same for L. bicolor when colonizing poplar roots, with
particular gene clusters (Supplementary Table S1C) being induced upon early contact with
the host tree and normalizing again when morphogenesis progresses. Other clusters were
popping up at the start of mantle formation (3 dpi); they showed an expression peak in
well-functioning mature mycorrhiza (14 dpi) and eventually showed a relative decline in
expression with aging (21 dpi). EcM development entailed a two-step process, with a clear
separation of early and late events (Figure 6). However, surprisingly, gene clusters specifi-
cally induced during early morphogenesis events, i.e., initial contact and mantle formation
(3-7 dpi), were also all induced in extramatrical mycelium. This might be attributed to a
systemic response of the fungus to the presence of the plant. It is likely that mycelium in
the vicinity of the plant detects some plant signal and transduces it to the rest of the colony
to prime it for symbiosis. Alternatively, plant volatile signals might concentrate in the
closed petri dish system and directly influence extramatrical mycelium at a relatively large
distance from the roots. Similarly, CO, produced by fungi, which accumulates in such
closed petri dishes, leads to increased plant biomass production [62]. However, this is less
likely, since transcriptomes of extramatrical mycelium cannot be distinguished from those
of free-living mycelium at other time points. Genes with a putative function in signaling
(e.g., cyclin-like F box), gene regulation (bZIP transcription factor) and reactive oxygen
metabolism (e.g., superoxide dismutase, peroxisomal biogenesis protein and several dehy-
drogenases) were ubiquitous in early induced clusters, as well as genes encoding unknown
functions (Supplementary Table S1C). An induced stress response, including anti-oxidative
enzymes (e.g., superoxide dismutases), was previously observed in developing ectomycor-
rhiza for several fungal species and hypothesized to act as defense mechanisms against
the root oxidative burst [60,63,64]. However, current data suggest an additional role for
reactive oxygen species as long-distance signaling molecules and they might be needed to
induce structural changes in the fungal colony to prepare for effective nutrient translocation
and compatible interaction with the plant host. It has been previously suggested that the
activation of oxidative stress pathways is a possible mechanism used by EcM fungi to
mediate host specificity [65]. The presence of a peroxisomal biogenesis protein, short-chain
dehydrogenase, esterase and taurine catabolism dioxygenase could be an indication of
increased fatty-acid metabolism and beta oxidation to meet energy requirements or reactive
oxygen species production. An increase in beta oxidation, compared to mature mycorrhiza,
characterizes p. involutus rhizomorphs when associated with birch [66]. Besides, two genes
predicted to encode terpene synthase were specifically and transiently induced upon early
contact with poplar (3-7 dpi) in L. bicolor emerging mycorrhiza and extramatrical mycelium.
This could illustrate an effective chemical communication between both mutualistic part-
ners. Sesquiterpenes produced by ectomycorrhizal fungi were identified previously as
volatiles triggering lateral root production in host and non-host plants [67].

Five gene clusters were identified as specific for mature L. bicolor—p. tremula x alba
mycorrhiza and contained genes with an expression peak at 14 dpi, though most of
them were regulated to a certain extent throughout the whole process of morphogenesis
(3-21 dpi; Supplementary Table S1C). These clusters likely contain genes encoding key
functions in development and maintenance of mycorrhiza, including CAZymes potentially
involved in fungal and plant cell wall remodeling (e.g., multicopper oxidase, chitinase)
and many redox-related enzymes potentially involved in the detoxification (e.g., CYP450,
Glutathione-S-transferase) of organic radicals. A reduced CAZyme gene content, but
expressed during mutualistic interaction, is a general trait of ectomycorrhizal fungal
genomes [6]. It has been hypothesized that the remaining CAZyme-encoding genes are
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deployed in cell wall remodeling during Hartig net formation rather than decomposition
as an adaptation to the mutualistic lifestyle [18,60,68]. In these ectomycorrhizal-specific
gene clusters, the presence of nutrient transporters seems obvious, taking into account the
function in nutrient exchange between both mutualistic partners. We identified a member
of the Major Facilitator Superfamily transporters, an amino acid permease and a Rh-like
ammonium transporter, as highly and specifically regulated in mature mycorrhiza and
confirmed the results of previous studies reporting an increased expression of nutrient
transport proteins in ectomycorrhizal root tips [60,61,63,64,69,70]. Genes encoding proteins
with a predicted function in protein—protein interaction (e.g., WD40 repeat, NACHT
domain), posttranslational modification (e.g., protein kinase) and SSPs with a potential
function in fungal-plant signaling are ubiquitous in mature ectomycorrhizal specific gene
clusters. However, several MiSSPs, identified previously by [10] and including MiSSP?7,
which was characterized as a fungal effector acting on host plant jasmonic acid-regulated
pathways, [13] were not detected as mycorrhiza-specific in the current analysis. This might
be due to our sampling strategy, considering all mycelium within a 0.5 cm distance from
the root as mycorrhizal and strongly diluting the signal of genes expressed at a very specific
location, such as the Hartig net. Indeed, though to a lesser extent and not passing the
threshold for specificity, previously identified MiSSPs [10] in greenhouse experiments were
induced in mycorrhiza in this study (Figure S3). The use of a controlled in vitro system
to study mycorrhizal development reduces the false positive detection rate. However,
an in situ analysis of gene expression (or laser microdissection) in in vitro mycorrhiza is
needed to distinguish between previously identified genes showing a high expression
in greenhouse mycorrhiza due to local expression or due to co-founding environmental
factors and to reduce the false negative detection rate in the in vitro system.
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Dynamics of EcM development. Transition from soil-borne mycelium towards functional symbiosis requires

a two-step transcriptional reprogramming. Initial contact with a plant host, when entering the rhizosphere, marks the

first step and results in priming of the mycelium with roles suggested for ROS signaling and terpenes. The second step

corresponds to functional differentiation between ExM and EcM with differential expression of CAZymes, SSPs, nitrogen

(amino acid and ammonium) and sugar transporters. At this point, both fungal mantle and Hartig net are well-developed

and visible. ROS = reactive oxygen species; SSP = small secreted protein; aa = amino acid.

Three clusters of genes were identified as specific for mature mycorrhiza. They
showed an expression peak at 14 dpi and a relative decrease afterwards (21 dpi) due
to an increasing expression in free-living mycelium and extramatrical mycelium with
age. One of these clusters mainly contained genes encoding protease inhibitors (e.g.,
clitocypin), the other two contain transporter proteins and redox-related enzymes (e.g.,
CYP450, dyp-type peroxidase) among other functions (Supplementary Table S1C). All
included functions were detected previously as induced in ectomycorrhizal root tips of
several fungal species [6,60,63,66,71]. However, specific genes might be related, rather, to
senescence or colonial aging and function in nutrient and resource recycling rather than
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in mutualism. However, a detailed functional analysis of individual genes is needed to
confirm this hypothesis.

In conclusion, we present a model for EcM development (Figure 6). This is clearly
a dynamic process involving a first step of systemic transcriptional re-programming in
the fungal mycelium when entering the rhizosphere of a plant host. At this point, tran-
scriptional responses of extramatrical mycelium and mycelium surrounding root tips are
not differentiated and indicate priming of the mycelium for symbiosis with roles in sig-
naling suggested for ROS and terpenes. A second step of transcriptional reprogramming
marks the differentiation between extramatricular mycelium and functional EcM. At this
point, transporters (mainly N and C) are highly differentially regulated as are MiSSPs and
CAZymes acting on plant and fungal cell walls.

4.3. L. bicolor Mushroom Development Shares Transcriptomic Signatures with
Other Agaricomyctes

The development of Agaricomycetes mushrooms represents a transition from sim-
ple to complex multicellularity and has been studied on the molecular level mainly in
a few systems where fruiting is inducible under laboratory conditions (e.g., Coprinopsis
cinerea [72], Schizophyllum commune [73] and, more recently, in Agaricus bisporus [74], Armil-
laria [75], Agrocybe aegerita [76,77], Lentinus tigrinus [78] and Flammulina filiformis [79]).
These advances allowed researchers to adopt a comparative transcriptomic approach using
six species [80] and to identify 300 conserved gene families involved in basidiocarp devel-
opment. Genes related to fungal cell wall remodeling, targeted protein degradation, signal
transduction, adhesion and SSPs were also identified for L. bicolor mushroom formation.
Even though the earliest L. bicolor basidiocarp stage we sampled already had cap and stipe
clearly developed (Figure 3C), we found known primordia-related transcription factors
(TFs), such as bwc2 or c2h2, up-regulated in the early stage (cap and stipe). In addition,
Homl, which is involved in mushroom-tissue formation, was up-regulated in all basid-
iocarp stages compared to FLM. Further, transcripts known to be involved in C. cinerea
mushroom signaling, maturation and elongation, such as dst2, eln3, or eln3-like, were
conserved in L. bicolor basidiocarp development. If we take into account that our L. bicolor
mushrooms were harvested from non-sterile environments, then the 1097 fruiting body
development-regulated transcripts shared with C. cinerea (from, in total, 7475 developmen-
tally regulated genes from [80]; see Supplementary Table S8) confirmed a highly conserved
fruiting-related gene set.

4.4. Nutrients Are Key in Functional Differentiation of EcM Fungi

The main aim of this study is to understand how EcM fungi use their gene set and
to decipher the principles and mechanisms by which gene activity orchestrates the devel-
opment of symbiotic and reproductive structures. Gene clustering allowed us to identify
co-expressed gene modules corresponding to a specific morphological structure or state.
As for other multicellular organisms, few genes have a function restricted to one particular
condition and are silenced in any other condition [81,82]. Transcripts for most of the genes
in L. bicolor could be detected in multiple conditions and morphological and functional
differentiation seemed to be the result of coordinated regulation of gene modules (Figure 4).

Genes with a function within the GO category cellular transport were highly regulated
in all conditions. Perhaps, this is not surprising, since different morphological structures
within the fungal colony have different functions in nutrient transport and homeostasis [83].
A role for nutrients as signals in developmental processes and, e.g., establishment and main-
tenance of symbiosis was expected. The co-regulation of a gene module, containing genes
with a function beyond nutrient transport and metabolism, in both mature mycorrhiza
and mycelium exposed to excess NHs* (+N) identified nitrogen as a candidate for nutrient
signaling in maintenance of the symbiosis. The induction of MiSSPs, including MiSSP?7,
with a demonstrated function in fungal-plant host interaction [13] by NH4*, suggested
nitrogen availability to prime the mycelium for effective interaction with the plant host.
Phosphate availability, on the other hand, induced only minor transcriptional changes in L.
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bicolor and co-regulation with symbiotic or reproductive structures was not detected. This
is in line with previous findings for p. involutus, where Pi starvation and EcM development
had independent effects on the transcriptome [84].

Transcriptomic data, as presented here, are aimed to put forward working models
for further functional validation. It is clear, from this study, that processes underlying
functional and morphological differentiation within the EcM fungal colony involve both
conservative and adaptive processes. Basidiocarp development in L. bicolor shares tran-
scriptomic signatures with other basidiomycetes and suggests mushroom development
to be a conservative process. Some of the genes highly induced in basidiocarps are part
of a module of genes up-regulated to a minor extent in mature mycorrhiza too and might
function in pseudoparenchym formation or maintenance. In this way, genes involved in
EcM development might be partly conserved among different species. However, other
transcriptomic signatures underlying the establishment and maintenance of symbiotic
structures and interactions with a plant host, such as regulation of GTP and ROS signal-
ing, might also be conserved. We detected similarities and differences in responses to
symbiosis development with previously published analyses focusing on Suillus sp. [71],
Pisolithus sp. [85], Lactarius sp. [61], H. cylindrosporum [60] and p. involutus [84]. A higher
spatio-temporal resolution of transcriptomic data within these species is required to deci-
pher to which extent evolution of ectomycorrhizal symbiosis is convergent at the molecular
level. However, responses to nutrient availability seem to be different among EcM fungal
species with different species having different homeostatic ranges, as illustrated by the
fact that L. bicolor does not transcriptionally respond to changes in Pi availability, whereas
P. involutus clearly does [84]. Such adaptive responses in nutrient homeostasis might un-
derly the resilience of the symbiosis and determine the success of a particular species in a
particular environment. In conclusion, we used the current transcriptome atlas to generate
hypotheses regarding the differentiation within a fungal colony and development of sym-
biotic and reproductive structures that should be tested experimentally. This transcriptome
atlas for the ectomycorrhizal fungus L. bicolor will be a valuable resource to assess the
resilience of the symbiosis and adaptive potential of EcM fungi upon environmental or
genetic perturbations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/microorganisms9122612/s1, Supplementary Information, Figure S1: Transcriptomic re-
sponse of L. bicolor on different nutritional conditions, Figure S2: Transcriptomic response of L.
bicolor at different time points of single culture (FLM) and co-culture with poplar in ectomycorrhizal
(EcM) and extrametrical mycelium (ExM), Figure S3: Expression profiles of previously identified
MIiSSPs, Figure S4: Transcriptomic response of L. bicolor at different stages of sporocarp development,
Figure S5: Differentially expressed genes in early, middle and late stage caps and stipes of L. bicolor
basidiocarps, Figure S6: Comparison of ectomycorrhiza (EcM) and fruiting body (FB) up-regulated
transcripts compared to free-living mycelium (FLM), Table S1: Condition specific SOM nodes and
top regulated genes, Table S2: SOM nodes of nutrition regulated transcriptome, Table S3: SOM nodes
of symbiosis regulated transcriptome, Table S4: SOM nodes of basidiocarp development, Table S5:
Hierarchical clusters of differential expressed genes from Figure 4, Table S6: List of fruiting regulated
transcripts from Figure S5, Table S7: List of regulated genes from Figure S6, Table S8: Basidiocarp
developmental regulated genes from Kriznan et al. 2019.

Author Contributions: J.R., A.K,, C.V.-E, EL.T. and EM. conceived the experimental design and
methodology. Funding was acquired by J.R., AK., C.V.-F. and EM.;J.R,, SM., SH.-W,, M.d. EP, FG,,
J.-L.C., C.P. and A K. conducted the experiments and data analyses; ]J.R., S.M. and A.K. wrote the
draft manuscript with input from C.V.-F. and EM. All authors have read and agreed to the published
version of the manuscript.

Funding: This research study was supported by the Laboratory of Excellence ARBRE (ANR-11-
LABX-0002-01), the Region Lorraine, the European Regional Development Fund and the Plant-
Microbe Interfaces Scientific Focus Area in the Genomic Science Program, the Office of Biological and
Environmental Research in the US DOE Office of Science. J.R. is an Agreenskills Marie Sklodowska
Curie postdoctoral fellow co-funded by the European Union (CoFUND-FP7-267196).


https://www.mdpi.com/article/10.3390/microorganisms9122612/s1
https://www.mdpi.com/article/10.3390/microorganisms9122612/s1

Microorganisms 2021, 9, 2612 20 of 23

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The GEO accession numbers of RNA-seq reads at NCBI GEO database (
https:/ /www.ncbinlm.nih.gov/geo/, accessed on 10 December 2021) are as follows: GSE190443-GSE190445.

Acknowledgments: The authors greatly acknowledge Yohann Daguerre and Clément Pellegrin for
assistance in setting up Laccaria—Populus co-cultures and Maarten Ottaway for English language
editing of the manuscript.

Conflicts of Interest: The authors declare no competing interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Felipe-Lucia, M.R,; Soliveres, S.; Penone, C.; Manning, P.; van der Plas, E; Boch, S.; Prati, D.; Ammer, C.; Schall, P.; Gossner,
M.M.; et al. Multiple forest attributes underpin the supply of multiple ecosystem services. Nat. Commun. 2018, 9, 4839. [CrossRef]
Baldrian, P. Microbial activity and the dynamics of ecosystem processes in forest soils. Curr. Opin. Microbiol. 2017, 37, 128-134.
[CrossRef] [PubMed]

Policelli, N.; Bruns, T.D.; Vilgalys, R.; Nufiez, M.A. Suilloid fungi as global drivers of pine invasions. New Phytol. 2019, 222,
714-725. [CrossRef]

Tedersoo, L.; May, T.W.; Smith, M.E. Ectomycorrhizal lifestyle in fungi: Global diversity, distribution, and evolution of phyloge-
netic lineages. Mycorrhiza 2010, 20, 217-263. [CrossRef]

Tedersoo, L.; Bahram, M.; Zobel, M. How mycorrhizal associations drive plant population and community biology. Science 2020,
367, 6480. [CrossRef]

Kohler, A.; Kuo, A; Nagy, L.G.; Morin, E.; Barry, KW.; Buscot, E; Canbéck, B.; Choi, C.; Cichocki, N.; Clum, A; et al. Convergent
losses of decay mechanisms and rapid turnover of symbiosis genes in mycorrhizal mutualists. Nat. Genet. 2015, 47, 410-415.
[CrossRef]

Martin, E; Kohler, A.; Murat, C.; Veneault-Fourrey, C.; Hibbett, D.S. Unearthing the roots of ectomycorrhizal symbioses. Nat. Rev.
Microbiol. 2016, 14, 760-773. [CrossRef] [PubMed]

Genre, A; Lanfranco, L.; Perotto, S.; Bonfante, p. Unique and common traits in mycorrhizal symbioses. Nat. Rev. Microbiol. 2020,
18, 649-660. [CrossRef]

Miyauchi, S.; Kiss, E.; Kuo, A.; Drula, E.; Kohler, A.; Sinchez-Garcia, M.; Morin, E.; Andreopoulos, B.; Barry, K.W.; Bonito, G.; et al.
Large-scale genome sequencing of mycorrhizal fungi provides insights into the early evolution of symbiotic traits. Nat. Commun.
2020, 11, 5125. [CrossRef]

Martin, F; Aerts, A.; Ahrén, D.; Brun, A.; Danchin, E.; Duchaussoy, F.; Gibon, ].; Kohler, A.; Lindquist, E.; Pereda, V.; et al.
The genome of Laccaria bicolor provides insights into mycorrhizal symbiosis. Nature 2008, 452, 88-92. [CrossRef]

Peter, M.; Kohler, A.; Ohm, R.A.; Kuo, A.; Kruetzmann, J.; Morin, E.; Arend, M.; Barry, K.; Binder, M.; Choi, C.; et al. Ectomyc-
orrhizal ecology is imprinted in the genome of the dominant symbiotic fungus Cenococcum geophilum. Nat. Commun. 2016,
7,12662. [CrossRef]

Murat, C.; Payen, T.; Noel, B.; Kuo, A.; Morin, E.; Chen, J.; Kohler, A.; Krizsan, K.; Balestrini, R.; Da Silva, C.; et al. Pezizomycetes
genomes reveal the molecular basis of ectomycorrhizal truffle lifestyle. Nat. Ecol. Evol. 2018, 2, 1956-1965. [CrossRef] [PubMed]
Plett, ].M.; Daguerre, Y.; Wittulsky, S.; Vayssieres, A.; Deveau, A.; Melton, S.J.; Kohler, A.; Morrell-Falvey, ].L.; Brun, A.; Veneault-
Fourrey, C.; et al. Effector MiSSP7 of the mutualistic fungus Laccaria bicolor stabilizes the Populus JAZ6 protein and represses
jasmonic acid (JA) responsive genes. Proc. Natl. Acad. Sci. USA 2014, 111, 8299-8304. [CrossRef]

Plett, ].M.; Plett, K.L.; Wong-Bajracharya, J.; de Freitas Pereira, M.; Costa, M.D.; Kohler, A.; Martin, F; Anderson, I.C. Mycorrhizal
effector PaMiSSP10b alters polyamine biosynthesis in Eucalyptus root cells and promotes root colonization. New Phytol. 2020,
228,718-727. [CrossRef]

Kang, H.; Chen, X.; Kemppainen, M.; Pardo, A.G.; Veneault-Fourrey, C.; Kohler, A.; Martin, EM. The small secreted effector
protein MiSSP7.6 of Laccaria bicolor is required for the establishment of ectomycorrhizal symbiosis. Environ. Microbiol. 2020, 22,
1435-1446. [CrossRef]

Pellegrin, C.; Daguerre, Y.; Ruytinx, J.; Guinet, F.; Kemppainen, M.; Frey, N.ED.; Puech-Pages, V.; Hecker, A.; Pardo, A.G.; Martin,
EM.; et al. Laccaria bicolor MiSSP8 is a small-secreted protein decisive for the establishment of the ectomycorrhizal symbiosis.
Environ. Microbiol. 2019, 21, 3765-3779. [CrossRef]

Veneault-Fourrey, C.; Commun, C.; Kohler, A.; Morin, E.; Balestrini, R.; Plett, J.; Danchin, E.; Coutinho, P.; Wiebenga, A.; de Vries,
R.P; et al. Genomic and transcriptomic analysis of Laccaria bicolor CAZome reveals insights into polysaccharides remodelling
during symbiosis establishment. Fungal Genet. Biol. 2014, 72, 168-181. [CrossRef]

Zhang, F; Anasontzis, G.E.; Labourel, A.; Champion, C.; Haon, M.; Kemppainen, M.; Commun, C.; Deveau, A.; Pardo, A.;
Veneault-Fourrey, C.; et al. The ectomycorrhizal basidiomycete Laccaria bicolor releases a secreted (3-1, 4 endoglucanase that
plays a key role in symbiosis development. New Phytol. 2018, 220, 1309-1321. [CrossRef] [PubMed]

De Beeck, M.O.; Troein, C.; Siregar, S.; Gentile, L.; Abbondanza, G.; Peterson, C.; Persson, P.; Tunlid, A. Regulation of fungal
decomposition at single-cell level. ISME |. 2020, 14, 896-905. [CrossRef] [PubMed]


https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
http://doi.org/10.1038/s41467-018-07082-4
http://doi.org/10.1016/j.mib.2017.06.008
http://www.ncbi.nlm.nih.gov/pubmed/28689057
http://doi.org/10.1111/nph.15660
http://doi.org/10.1007/s00572-009-0274-x
http://doi.org/10.1126/science.aba1223
http://doi.org/10.1038/ng.3223
http://doi.org/10.1038/nrmicro.2016.149
http://www.ncbi.nlm.nih.gov/pubmed/27795567
http://doi.org/10.1038/s41579-020-0402-3
http://doi.org/10.1038/s41467-020-18795-w
http://doi.org/10.1038/nature06556
http://doi.org/10.1038/ncomms12662
http://doi.org/10.1038/s41559-018-0710-4
http://www.ncbi.nlm.nih.gov/pubmed/30420746
http://doi.org/10.1073/pnas.1322671111
http://doi.org/10.1111/nph.16759
http://doi.org/10.1111/1462-2920.14959
http://doi.org/10.1111/1462-2920.14727
http://doi.org/10.1016/j.fgb.2014.08.007
http://doi.org/10.1111/nph.15113
http://www.ncbi.nlm.nih.gov/pubmed/29624684
http://doi.org/10.1038/s41396-019-0583-9
http://www.ncbi.nlm.nih.gov/pubmed/31896790

Microorganisms 2021, 9, 2612 21 of 23

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Labourel, A.; Frandsen, K.E.; Zhang, F.; Brouilly, N.; Grisel, S.; Haon, M.; Ciano, L.; Ropartz, D.; Fanuel, M.; Martin, F; et al.
A fungal family of lytic polysaccharide monooxygenase-like copper proteins. Nat. Chem. Biol. 2020, 16, 345-350. [CrossRef]
[PubMed]

Deveau, A,; Palin, B.; Delaruelle, C.; Peter, M.; Kohler, A.; Pierrat, J.C.; Sarniguet, A.; Garbaye, ]J.; Martin, F; Frey-Klett, p. The
mycorrhiza helper Pseudomonas fluorescens BBc6R8 has a specific priming effect on the growth, morphology and gene expression
of the ectomycorrhizal fungus Laccaria bicolor S238N. New Phytol. 2007, 175, 743-755. [CrossRef] [PubMed]

Kottke, I.; Guttenberger, M.; Hampp, R.; Oberwinkler, F. An in vitro method for establishing mycorrhizae on coniferous tree
seedling. Trees—Struct. Funct. 1987, 1, 191-194. [CrossRef]

Felten, J.; Kohler, A.; Morin, E.; Bhalerao, R.P,; Palme, K.; Martin, E; Ditengou, FA.; Legué, V. The ectomycorrhizal fungus
Laccaria bicolor stimulates lateral root formation in poplar and Arabidopsis through auxin transport and signaling. Plant Physiol.
2009, 151, 1991-2005. [CrossRef] [PubMed]

Le Tacon, F; Jung, G.; Mugnier, J.; Michelot, P.; Mauperin, C. Efficiency in a forest nursery of an ectomycorrhizal fungus inoculum
produced in a fermentor and entrapped in polymeric gels. Can. J. Bot. 1985, 63, 1664-1668. [CrossRef]

Chang, S.; Puryear, J.; Cairney, J. A simple and efficient method for isolating RNA from pine trees. Plant Mol. Biol. Rep. 1993, 11,
113-116. [CrossRef]

Love, M.L; Huber, W.; Anders, S. Moderated estimation of fold change and dis- persion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef]

Miyauchi, S.; Navarro, D.; Grigoriev, I; Lipzen, A ; Riley, R.; Chevret, D.; Grisel, S.; Berrin, J.-G.; Henrissat, B.; Rosso, M.-N. Visual
comparative omics of fungi for plant biomass deconstruction. Front. Microbiol. 2016, 7, 1335. [CrossRef]

Miyauchi, S.; Navarro, D.; Grisel, S.; Chevret, D.; Berrin, ].G.; Rosso, M.N. The integrative omics of white-rot fungus Pycnoporus
coccineus reveals co-regulated CAZymes for orchestrated lignocellulose breakdown. PLoS ONE 2017, 12, e0175528. [CrossRef]
Miyauchi, S.; Rancon, A.; Drula, E.; Hage, H.; Chaduli, D.; Favel, A.; Grisel, S.; Henrissat, B.; Herpoél-Gimbert, I.; Ruiz-Duefias,
FJ.; et al. Integrative visual omics of the white-rot fungus Polyporus brumalis exposes the biotechnological potential of its
oxidative enzymes for delignifying raw plant biomass. Biotechnol. Biofuels 2018, 11, 201. [CrossRef] [PubMed]

Alexa, A.; Rahnenfuhrer, J. topGO: Enrichment Analysis for Gene Ontology. R Package Version 2.44.0. Available online:
https:/ /bioconductor.org/packages/release /bioc/html/topGO.html (accessed on 21 October 2021).

Dietz, S.; von Biilow, |.; Beitz, E.; Nehls, U. The aquaporin gene family of the ectomycorrhizal fungus Laccaria bicolor: Lessons
for symbiotic functions. New Phytol. 2011, 190, 927-940. [CrossRef]

Xu, H.; Navarro-Ro’denas, A.; Cooke, ].E.; Zwiazek, ]J.J. Transcript profiling of aquaporins during basidiocarp development in
Laccaria bicolor ectomycorrhizal with Picea glauca. Mycorrhiza 2016, 26, 19-31. [CrossRef]

Ezawa, T.; Saito, K. How do arbuscular mycorrhizal fungi handle phosphate? New insight into fine-tuning of phosphate
metabolism. New Phytol. 2018, 220, 1116-1121. [CrossRef]

Nehls, U.; Plassard, C. Nitrogen and phosphate metabolism in ectomycorrhizas. New Phytol. 2018, 220, 1047-1058. [CrossRef]
[PubMed]

Plassard, C.; Becquer, A.; Garcia, K. Phosphorus transport in mycorrhiza: How far are we? Trends Plant Sci. 2019, 24, 794-801.
[CrossRef]

Ashford, A.E.; Ryde, S.; Barrow, K.D. Demonstration of a short chain polyphosphate in Pisolithus tinctorius and the implications
for phosphorus transport. New Phytol. 1994, 126, 239-247. [CrossRef]

Biicking, H.; Heyser, W. Elemental composition and function of polyphosphates in ectomycorrhizal fungi—an X-ray microanalytical
study. Mycol. Res. 1999, 103, 31-39. [CrossRef]

Casieri, L.; Lahmidi, N.A.; Doidy, J.; Veneault-Fourrey, C.; Migeon, A.; Bonneau, L.; Courty, P-E.; Garcia, K.; Charbonnier, M.;
Delteil, A.; et al. Biotrophic transportome in mutualistic plant—fungal interactions. Mycorrhiza 2013, 23, 597—625. [CrossRef]
[PubMed]

Martin, F.; Marchal, J.P.; Timinska, A.; Canet, D. The metabolism and physical state of polyphosphates in ectomycorrhizal fungi.
A31p nuclear magnetic resonance study. New Phytol. 1985, 101, 275-290. [CrossRef]

Tatry, M.V,; El Kassis, E.; Lambilliotte, R.; Corratgé, C.; Van Aarle, I; Amenc, L K,; Alary, R.; Zimmermann, S.; Sentenac, H.;
Plassard, C. Two differentially regulated phosphate transporters from the symbiotic fungus Hebeloma cylindrosporum and
phosphorus acquisition by ectomycorrhizal Pinus pinaster. Plant J. 2009, 57, 1092-1102. [CrossRef] [PubMed]

Torres-Aquino, M.; Becquer, A.; Le Guernevé, C.; Louche, J.; Amenc, L.K,; Staunton, S.; Quiquampoix, H.; Plassard, C. The host
plant Pinus pinaster exerts specific effects on phosphate efflux and polyphosphate metabolism of the ectomycorrhizal fungus
Hebeloma cylindrosporum: A radiotracer, cytological staining and 31P NMR spectroscopy study. Plant Cell Environ. 2017, 40,
190-202. [CrossRef]

Secco, D.; Wang, C.; Arpat, B.; Wang, Z.; Poirier, Y.; Tyerman, S.; Wu, P.; Shou, H.; Whelan, J. The emerging importance of the SPX
domain-containing proteins in phosphate homeostasis. New Phytol. 2012, 193, 842-851. [CrossRef] [PubMed]

Colpaert, ].V,; Van Tichelen, K.K.; Van Assche, J.A.; Van Laere, A. Short-term phosphorus uptake rates in mycorrhizal and
non-mycorrhizal roots of intact Pinus sylvestris seedlings. New Phytol. 1999, 143, 589-597. [CrossRef]

Garcia, K.; Haider, M.Z.; Delteil, A.; Corratgé-Faillie, C.; Conéjero, G.; Tatry, M.V.; Becquer, A.; Amenc, L.; Sentenac, H.; Plassard,
C.; et al. Promoter-dependent expression of the fungal transporter HcPT1. 1 under Pi shortage and its spatial localization in
ectomycorrhiza. Fungal Genet. Biol. 2013, 58, 53-61. [CrossRef]


http://doi.org/10.1038/s41589-019-0438-8
http://www.ncbi.nlm.nih.gov/pubmed/31932718
http://doi.org/10.1111/j.1469-8137.2007.02148.x
http://www.ncbi.nlm.nih.gov/pubmed/17688589
http://doi.org/10.1007/BF00193562
http://doi.org/10.1104/pp.109.147231
http://www.ncbi.nlm.nih.gov/pubmed/20448463
http://doi.org/10.1139/b85-229
http://doi.org/10.1007/BF02670468
http://doi.org/10.1186/s13059-014-0550-8
http://doi.org/10.3389/fmicb.2016.01335
http://doi.org/10.1371/journal.pone.0175528
http://doi.org/10.1186/s13068-018-1198-5
http://www.ncbi.nlm.nih.gov/pubmed/30061923
https://bioconductor.org/packages/release/bioc/html/topGO.html
http://doi.org/10.1111/j.1469-8137.2011.03651.x
http://doi.org/10.1007/s00572-015-0643-6
http://doi.org/10.1111/nph.15187
http://doi.org/10.1111/nph.15257
http://www.ncbi.nlm.nih.gov/pubmed/29888395
http://doi.org/10.1016/j.tplants.2019.06.004
http://doi.org/10.1111/j.1469-8137.1994.tb03942.x
http://doi.org/10.1017/S0953756298006935
http://doi.org/10.1007/s00572-013-0496-9
http://www.ncbi.nlm.nih.gov/pubmed/23572325
http://doi.org/10.1111/j.1469-8137.1985.tb02835.x
http://doi.org/10.1111/j.1365-313X.2008.03749.x
http://www.ncbi.nlm.nih.gov/pubmed/19054369
http://doi.org/10.1111/pce.12847
http://doi.org/10.1111/j.1469-8137.2011.04002.x
http://www.ncbi.nlm.nih.gov/pubmed/22403821
http://doi.org/10.1046/j.1469-8137.1999.00471.x
http://doi.org/10.1016/j.fgb.2013.06.007

Microorganisms 2021, 9, 2612 22 of 23

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Brun, A.; Chalot, M.; Botton, B.; Martin, F. Purification and characterization of glutamine synthetase and NADP-glutamate
dehydrogenase from the ectomycorrhizal fungus Laccaria laccata. Plant Physiol. 1992, 99, 938-944. [CrossRef]

Montanini, B.; Viscomi, A.R.; Bolchi, A.; Martin, Y.; Siverio, ].M.; Balestrini, R.; Bonfante, P.; Ottonello, S. Functional properties
and differential mode of regulation of the nitrate transporter from a plant symbiotic ascomycete. Biochem. J. 2006, 394, 125-134.
[CrossRef] [PubMed]

Lindahl, B.D.; Tunlid, A. Ectomycorrhizal fungi-potential organic matter decomposers, yet not saprotrophs. New Phytol. 2015,
205, 1443-1447. [CrossRef]

Martinell, K.; Westlund, A.; Haggstrom, L. Ammonium ion transport—A cause of cell death. Cytotechnology 1996, 22, 251-254.
[CrossRef]

Rutherford, ].C.; Lin, X.; Nielsen, K.; Heitman, J. Amt2 permease is required to induce ammonium-responsive invasive growth
and mating in Cryptococcus neoformans. Eukaryot. Cell 2008, 7, 237-246. [CrossRef]

Hess, D.C.; Lu, W,; Rabinowitz, ].D.; Botstein, D. Ammonium toxicity and potassium limitation in yeast. PLoS Biol. 2006, 4, e351.
[CrossRef] [PubMed]

Ahmad, I; Carleton, T.J.; Malloch, D.W.; Hellebust, J.A. Nitrogen metabolism in the ectomycorrhizal fungus Laccaria bicolor (R.
Mre.) Orton. New Phytol. 1990, 116, 431-441. [CrossRef]

Javelle, A.; Rodriguez-Pastrana, B.-R.; Jacob, C.; Botton, B.; Brun, A.; André, B.; Marini, A.-M.; Chalot, M. Molecular characteriza-
tion of two ammonium transporters from the ectomycorrhizal fungus Hebeloma cylindrosporum. FEBS Lett. 2001, 505, 393-398.
[CrossRef]

Lucic, E.; Fourrey, C.; Kohler, A.; Martin, F.; Chalot, M.; Brun-Jacob, A. A gene repertoire for nitrogen transporters in Laccaria
bicolor. New Phytol. 2008, 180, 343-364. [CrossRef]

Adlimoghaddam, A.; Boeckstaens, M.; Marini, A.M.; Treberg, ]J.R.; Brassinga, A.K.C.; Weihrauch, D. Ammonia excretion in
Caenorhabditis elegans: Mechanism and evidence of ammonia transport of the Rhesus protein CeRhr-1. J. Exp. Biol. 2015, 218,
675-683. [CrossRef] [PubMed]

Boo, M.V,; Hiong, K.C.; Goh, E.J.; Choo, C.Y.; Wong, W.P.; Chew, S.E,; Ip, YK. The ctenidium of the giant clam, Tridacna squamosa,
expresses an ammonium transporter 1 that displays light-suppressed gene and protein expression and may be involved in
ammonia excretion. J. Comp. Physiol. B 2018, 188, 765-777. [CrossRef]

Guaragnella, N.; Butow, R.A. ATO3 encoding a putative outward ammonium transporter is an RTG-independent retrograde
responsive gene regulated by GCN4 and the Ssy1-Ptr3-Ssy5 amino acid sensor system. J. Biol. Chem. 2003, 278, 45882—-45887.
[CrossRef]

Maillard, F.; Didion, M.; Fauchery, L.; Bach, C.; Buée, M. N-Acetylglucosaminidase activity, a functional trait of chitin degradation,
is regulated differentially within two orders of ectomycorrhizal fungi: Boletales and Agaricales. Mycorrhiza 2018, 28, 391-397.
[CrossRef]

Gow, N.A; Latge, ]J.P.; Munro, C.A. The fungal cell wall: Structure, biosynthesis, and function. Microbiol. Spectr. 2017, 5, 3.
[CrossRef] [PubMed]

Paul, J.A.; Wallen, R M.; Zhao, C.; Shi, T.; Perlin, M.H. Coordinate regulation of Ustilago maydis ammonium transporters and
genes involved in mating and pathogenicity. Fungal Biol. 2018, 122, 639-650. [CrossRef] [PubMed]

Doré, J.; Kohler, A.; Dubost, A.; Hundley, H.; Singan, V.; Peng, Y.; Kuo, A.; Grigoriev, 1.V,; Martin, F; Marmeisse, R.; et al.
The ectomycorrhizal basidiomycete Hebeloma cylindrosporum undergoes early waves of transcriptional reprogramming prior to
symbiotic structures differentiation. Environ. Microbiol. 2017, 19, 1338-1354. [CrossRef]

Tang, N.; Lebreton, A.; Xu, W.; Dai, Y.; Yu, F; Martin, EM. Transcriptome profiling reveals differential gene expression of secteted
proteases and highly specific gene repertoires involved in Lactarius-Pinus symbiosis. Front. Plant Sci. 2021, 12, 714393. [CrossRef]
Casarrubia, S.; Sapienza, S.; Fritz, H.; Daghino, S.; Rosenkranz, M.; Schnitzler, J.-P.; Martin, F.; Perotto, S.; Martino, E. Ecologically
different fungi affect Arabidopsis development: Contribution of soluble and volatile compounds. PLoS ONE 2016, 11, e0168236.
[CrossRef]

Duplessis, S.; Courty, P.E.; Tagu, D.; Martin, F. Transcript patterns associated with ectomycorrhiza development in Eucalyptus
globulus and Pisolithus microcarpus. New Phytol. 2005, 165, 599—-611. [CrossRef]

Morel, M.; Jacob, C.; Kohler, A.; Johansson, T.; Martin, E; Chalot, M.; Brun, A. Identification of genes differentially expressed
in extraradical mycelium and ectomycorrhizal roots during Paxillus involutus-Betula pendula ectomycorrhizal symbiosis. Appl.
Environ. Microbiol. 2005, 71, 382-391. [CrossRef]

Lofgren, L.A.; Nguyen, N.H; Vilgalys, R.; Ruytinx, J.; Liao, H.L.; Branco, S.; Kuo, A.; Lipzen, A.; Adreopoulos, W.; Pangilinan,
J.; et al. Comparative genomics reveals dynamic genome evolution in host specialist ectomycorrhizal fungi. New Phytol. 2021, 230,
774-792. [CrossRef]

Wright, D.P; Johansson, T.; Le Quéré, A.; Soderstrom, B.; Tunlid, A. Spatial patterns of gene expression in the extramatrical
mycelium and mycorrhizal root tips formed by the ectomycorrhizal fungus Paxillus involutus in association with birch (Betula
pendula) seedlings in soil microcosms. New Phytol. 2005, 167, 579-596. [CrossRef]

Ditengou, F.A.; Miiller, A.; Rosenkranz, M.; Felten, J.; Lasok, H.; Van Doorn, M.M.; Legué, V.; Palme, K.; Schnitzler, ].P,; Polle, A.
Volatile signalling by sesquiterpenes from ectomycorrhizal fungi reprogrammes root architecture. Nat. Commun. 2015, 6, 6279.
[CrossRef]


http://doi.org/10.1104/pp.99.3.938
http://doi.org/10.1042/BJ20051199
http://www.ncbi.nlm.nih.gov/pubmed/16201972
http://doi.org/10.1111/nph.13201
http://doi.org/10.1007/BF00353945
http://doi.org/10.1128/EC.00079-07
http://doi.org/10.1371/journal.pbio.0040351
http://www.ncbi.nlm.nih.gov/pubmed/17048990
http://doi.org/10.1111/j.1469-8137.1990.tb00529.x
http://doi.org/10.1016/S0014-5793(01)02802-2
http://doi.org/10.1111/j.1469-8137.2008.02580.x
http://doi.org/10.1242/jeb.111856
http://www.ncbi.nlm.nih.gov/pubmed/25740900
http://doi.org/10.1007/s00360-018-1161-6
http://doi.org/10.1074/jbc.M309301200
http://doi.org/10.1007/s00572-018-0833-0
http://doi.org/10.1128/microbiolspec.FUNK-0035-2016
http://www.ncbi.nlm.nih.gov/pubmed/28513415
http://doi.org/10.1016/j.funbio.2018.03.011
http://www.ncbi.nlm.nih.gov/pubmed/29880199
http://doi.org/10.1111/1462-2920.13670
http://doi.org/10.3389/fpls.2021.714393
http://doi.org/10.1371/journal.pone.0168236
http://doi.org/10.1111/j.1469-8137.2004.01248.x
http://doi.org/10.1128/AEM.71.1.382-391.2005
http://doi.org/10.1111/nph.17160
http://doi.org/10.1111/j.1469-8137.2005.01441.x
http://doi.org/10.1038/ncomms7279

Microorganisms 2021, 9, 2612 23 of 23

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Veneault-Fourrey, C.; Martin, F. Mutualistic interactions on a knife-edge between saprotrophy and pathogenesis. Curr. Opin.
Plant Biol. 2011, 14, 444-450. [CrossRef]

Becquer, A.; Garcia, K.; Amenc, L.; Rivard, C.; Doré, ].; Trives-Segura, C.; Szponarski, W.; Russet, S.; Baeza, Y.; Lassalle-Kaiser,
B.; et al. The Hebeloma cylindrosporum HcPT?2 Pi transporter plays a key role in ectomycorrhizal symbiosis. New Phytol. 2018,
220, 1185-1199. [CrossRef]

Guerrero-Galan, C.; Garcia, K.; Houdinet, G.; Zimmermann, S.D. Hc TOK1 participates in the maintenance of K+ homeostasis in
the ectomycorrhizal fungus Hebeloma cylindrosporum, which is essential for the symbiotic K+ nutrition of Pinus pinaster. Plant
Signal. Behav. 2018, 13, €1480845. [CrossRef]

Liao, H.L.; Chen, Y.; Vilgalys, R. Metatranscriptomic study of common and host-specific patterns of gene expression between
pines and their symbiotic ectomycorrhizal fungi in the genus Suillus. PLoS Genet. 2016, 12, €1006348. [CrossRef]

Kiies, U. Life history and developmental processes in the basidiomycete Coprinus cinereus. Microbiol. Mol. Biol. Rev. 2000, 64,
316-353. [CrossRef]

Ohm, R.A.; De Jong, ].E; Lugones, L.G.; Aerts, A.; Kothe, E.; Stajich, ].E.; de Vries, R.P; Record, E.; Levasseur, A.; Baker, S.E.; et al.
Genome sequence of the model mushroom Schizophyllum commune. Nat. Biotechnol. 2010, 9, 957-963. [CrossRef]

Pelkmans, ].E; Vos, A.M.; Scholtmeijer, K.; Hendrix, E.; Baars, ].].P.; Gehrmann, T.; Reinders, M.].T.; Lugones, L.G.; Wosten, H.A.B.
The transcriptional regulator c2h2 accelerates mushroom formation in Agaricus bisporus. Appl. Microbiol. Biotechnol. 2016, 100,
7151-7159. [CrossRef]

Sipos, G.; Prasanna, A.N.; Walter, M.C.; O’Connor, E.; Balint, B.; Krizsan, K.; Kiss, B.; Hess, J.; Varga, T.; Slot, J.; et al. Genome
expansion and lineage-specific genetic innovations in the forest pathogenic fungi Armillaria. Nat. Ecol. Evol. 2017, 1, 1931.
[CrossRef]

Gupta, D.K,; Riihl, M.; Mishra, B.; Kleofas, V.; Hofrichter, M.; Herzog, R.; Pecyna, M.].; Sharma, R.; Kellner, H.; Hennicke,
E; et al. The genome sequence of the commercially cultivated mushroom Agrocybe aegerita reveals a conserved repertoire of
fruiting-related genes and a versatile suite of biopolymer-degrading enzymes. BMC Genom. 2018, 19, 48. [CrossRef]

Orban, A.; Weber, A.; Herzog, R.; Hennicke, F,; Riithl, M. Transcriptome of different fruiting stages in the cultivated mushroom
Cyclocybe aegerita suggests a complex regulation of fruiting and reveals enzymes putatively involved in fungal oxylipin
biosynthesis. BMC Genom. 2021, 22, 324. [CrossRef] [PubMed]

Wu, B,; Xu, Z.; Knudson, A.; Carlson, A.; Chen, N.; Kovaka, S.; LaButti, K.; Lipzen, A.; Pennachio, C.; Riley, R.; et al. Genomics
and development of Lentinus tigrinus: A white-rot wood-decaying mushroom with dimorphic fruiting bodies. Genome Biol. Evol.
2018, 10, 3250-3261. [CrossRef] [PubMed]

Liu, X.B.; Xia, E.H.; Li, M,; Cui, Y.Y;; Wang, PM.; Zhang, J.-X.; Xie, B.G.; Xu, ].P; Yan, ].].; Li, J.; et al. Transcriptome data reveal
conserved patterns of fruiting body development and response to heat stress in the mushroom-forming fungus Flammulina
filiformis. PLoS ONE 2020, 15, €0239890.

Krizsan, K.; Almasi, E.; Merényi, Z.; Sahu, N.; Virdgh, M.; Kész6, T.; Mondo, S.; Kiss, B.; Balint, B.; Kiies, U.; et al. Transcriptomic
atlas of mushroom development reveals conserved genes behind complex multicellularity in fungi. Proc. Natl. Acad. Sci. USA
2019, 116, 7409-7418. [CrossRef]

Zhang, T.Q.; Xu, Z.G.; Shang, G.D.; Wang, ].W. A single-cell RNA sequencing profiles the developmental landscape of Arabidopsis
root. Mol. Plant 2019, 12, 648-660. [CrossRef]

Cha, J.; Lee, 1. Single-cell network biology for resolving cellular heterogeneity in human disease. Exp. Mol. Med. 2020, 52,
1798-1808. [CrossRef]

Paparokidou, C.; Leake, ].R.; Beerling, D.J.; Rolfe, S.A. Phosphate availability and ectomycorrhizal symbiosis with Pinus sylvestris
have independent effects on the Paxillus involutus transcriptome. Mycorrhiza 2021, 31, 69-83. [CrossRef] [PubMed]

Garcia, K.; Doidy, J.; Zimmermann, S.; Wipf, D.; Courty, PE. Take a trip through the plant and fungal transportome of mycorrhiza.
Trends Plant Sci. 2016, 21, 937-950. [CrossRef] [PubMed]

Hortal, S.; Plett, K.L.; Plett, ].M.; Cresswell, T.; Johansen, M.; Pendall, E.; Anderson, I.C. Role of plant-fungal nutrient trading and
host control in determining the competitive success of ectomycorrhizal fungi. ISME J. 2017, 11, 2666-2676. [CrossRef]


http://doi.org/10.1016/j.pbi.2011.03.022
http://doi.org/10.1111/nph.15281
http://doi.org/10.1080/15592324.2018.1480845
http://doi.org/10.1371/journal.pgen.1006348
http://doi.org/10.1128/MMBR.64.2.316-353.2000
http://doi.org/10.1038/nbt.1643
http://doi.org/10.1007/s00253-016-7574-9
http://doi.org/10.1038/s41559-017-0347-8
http://doi.org/10.1186/s12864-017-4430-y
http://doi.org/10.1186/s12864-021-07648-5
http://www.ncbi.nlm.nih.gov/pubmed/33947322
http://doi.org/10.1093/gbe/evy246
http://www.ncbi.nlm.nih.gov/pubmed/30398645
http://doi.org/10.1073/pnas.1817822116
http://doi.org/10.1016/j.molp.2019.04.004
http://doi.org/10.1038/s12276-020-00528-0
http://doi.org/10.1007/s00572-020-01001-6
http://www.ncbi.nlm.nih.gov/pubmed/33200348
http://doi.org/10.1016/j.tplants.2016.07.010
http://www.ncbi.nlm.nih.gov/pubmed/27514454
http://doi.org/10.1038/ismej.2017.116

	Introduction 
	Material and Methods 
	Fungal Isolate and Maintenance of Cultures 
	Growth in Different Nutritional Conditions 
	Plant Material and Fungal–Plant Co-Cultures 
	Basidiocarp Production and Sampling 
	P Determinations 
	Microscopy 
	RNA Extractions and RNAseq 

	Results 
	Effect of Nutrition on Growth and Mycelial P Accumulation 
	Nutrition-Regulated Transcriptome 
	Time Course of Ectomycorrhizal Development 
	Symbiosis-Regulated Transcriptome 
	Transcriptomics of the Developing Basidiocarp 
	Similarities and Dissimilarities between Transcriptomes of Different Morphological and Functional L. bicolor Structures 

	Discussion 
	L. bicolor PO4- Homeostatic Range Is Larger Than NH4+ Homeostatic Range 
	EcM Development Is a Two-Step Process 
	L. bicolor Mushroom Development Shares Transcriptomic Signatures with Other Agaricomyctes 
	Nutrients Are Key in Functional Differentiation of EcM Fungi 

	References

