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Abstract

For many plants, their symbiosis with arbuscular mycorrhizal fungi plays a key role in the acquisition of
mineral nutrients such as inorganic phosphate (Pi), in exchange for assimilated carbon. To study gene regulation
and function in the symbiotic partners, we and others have used compartmented microcosms in which the extra-
radical mycelium (ERM), responsible for mineral nutrient supply for the plants, was separated by fine nylon nets
from the associated host roots and could be harvested and analysed in isolation. Here, we used such a model
system to perform a quantitative comparative protein profiling of the ERM of Rhizophagus irregularis BEG75,
forming a common mycorrhizal network (CMN) between poplar and sorghum roots under a long-term high- or
low-Pi fertilization regime. Proteins were extracted from the ERM and analysed by liquid chromatography-
tandem mass spectrometry.

This workflow identified a total of 1301 proteins, among which 162 displayed a differential amount
during Pi limitation, as monitored by spectral counting. Higher abundances were recorded for proteins involved
in the mobilization of external Pi, such as secreted acid phosphatase, 3',5'-bisphosphate nucleotidase, and
calcium-dependent phosphotriesterase. This was also the case for intracellular phospholipase and
lysophospholipases that are involved in the initial degradation of phospholipids from membrane lipids to
mobilize internal Pi. In Pi-deficient conditions. The CMN proteome was especially enriched in proteins assigned
to beta-oxidation, glyoxylate shunt and gluconeogenesis, indicating that storage lipids rather than carbohydrates
are fuelled in ERM as the carbon source to support hyphal growth and energy requirements. The contrasting
pattern of expression of AM-specific fatty acid biosynthetic genes between the two plants suggests that in low Pi
conditions, fatty acid provision to the fungal network is mediated by sorghum roots but not by poplar. Loss of
enzymes involved in arginine synthesis coupled to the mobilization of proteins involved in the breakdown of
nitrogen sources such as intercellular purines and amino acids, support the view that ammonium acquisition by
host plants through the mycorrhizal pathway may be reduced under low-Pi conditions. This proteomic study
highlights the functioning of a CMN in Pi limiting conditions, and provides new perspectives to study plant

nutrient acquisition as mediated by arbuscular mycorrhizal fungi.
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1. Introduction

Phosphorus (P), as a component of nucleic acids, chemical energy (ATP), cell membrane phospholipids,
signal transduction processes, and regulation of enzyme activities, is an essential element for all living
organisms. Because P also serves critical roles in photosynthesis, low P availability is a major factor constraining
plant growth and metabolism in many soils worldwide. Thus, application of large amounts of Pi fertilizers are
used ensure plant productivity in most current agricultural systems (Smith et al. 2011). Crop fertilization has
notably tripled the rate of consumption of P, increasing crop production, while in the same time accelerating soil
degradation and water eutrophication (Conley et al. 2009). In addition, P fertilizers are mainly derived from
mined rock phosphate deposits, and these are predicted to become a limiting factor for food production within
the next century (van Vuuren et al. 2010).

An alternative to the input of Pi fertilizers is to exploit the mechanisms developed by many P-limited
plants to improve P use efficiency in agro-ecosystems, in particular the mutualistic symbiosis with arbuscular
mycorrhizal fungi (AMF) of the phylum Glomeromycota (Tedersoo et al. 2018). Approximately 80% of
terrestrial plant species engage in this symbiosis, including the majority of agricultural crops (Smith and Read,
2008). AMF benefit crop productivity because of their ecosystem services (Gianinazzi et al. 2010). One
prominent function of AMF consists in their contribution to plant Pi acquisition, absorbed from the soil solution
through hyphal scavenging of soil volumes that are not accessible by plant roots (Smith et al. 2011). It has been
estimated that inoculation with AMF might result in a reduction of approximately 80% of the recommended
fertilizer P rates under certain conditions (Jakobsen 1995). In return, AMF are supplied with host organic carbon,
in the form of sugar and lipid (Gutjahr and Parniske 2013; Roth and Paszkowski 2017).

In arbuscular mycorrhizal (AM) plants, the extra-radical mycelium (ERM) that develops outside of the
host root, is the component of mycorrhiza that mines rhizospheric and bulk soil to acquire scarce nutrients and
translocate them to the fungus—root interface where transfer to the host plant is performed (Olsson et al. 2014).
Building on the ERM, the AM phosphate pathway involves the uptake of soil Pi at the soil-fungus interface
through high-affinity fungal phosphate transporters (PTs) (Garcia et al. 2016; Wang et al. 2017). Pi accumulates
in the vacuoles of extraradical hyphae as polyphosphate (polyPi) (Ezawa et al. 2004). PolyPi chains are thought
to be transferred by a tubular vacuolar network into the intraradical hyphae and arbuscules (Uetake et al. 2002).
Pi is hydrolyzed from polyPi by a fungal phosphatase and exopolyphosphatase, after which the Pi is released into
the plant interfacial apoplast of arbuscules (Javot et al. 2007). In this manner, AM fungi give plants access to Pi

beyond the depletion zone that develops around the roots.
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Despite the key role of the ERM in mineral plant nutrition, current knowledge regarding the global
metabolic mechanisms by which the ERM responds to Pi availability remains scarce. Using Rhizophagus grown
with Lotus japonicus under phosphorus-deficient conditions, Kikuchi et al. (2014) reported the induced
expression of the genes encoding Pi symporters, P-type ATPases and polyP polymerase four hours after Pi
application to Pi-starved hyphae. Howerver, because of the time-dependent outcome of symbiotic relationships
in response to nutrient availability (Olsson et al. 2006), it is likely that the metabolism of external hyphae may
differ between short- and long-term Pi shortage. In addition, as AM symbionts exhibit a broad host spectrum,
ERM can connect the roots of the same or different plant species through the formation of a common mycelial
network (CMN), which can transfer nutrients to several plants simultaneously (Walder et al. 2012; Felbaum et al.
2014; Biicking et al. 2016; Calabrese et al. 2019). The ERM provides extensive pathways for nutrient fluxes
through the soil and among plants, and its functioning presumably relies on the existence of a complex
regulation of fungal metabolism with regard to nutrient sensing, production of specific enzymes, and resource
partitioning between host roots and their fungal symbionts (Leake et al. 2004; Walder et al. 2012). Although
CMN are known to influence plant establishment/survival, physiology and defence (Gorzelak et al. 2015),
information is scarce regarding the characterization of the CMN metabolic adaptations to contrasting Pi
fertilization regimes.

In a previous study, when performing metabolome analysis on the ERM of the AMF Rhizophagus
irregularis associated to Populus trichocarpa and Sorghum bicolor, we observed that the metabolite profile of
the ERM was not significantly affected by Pi availability (Calabrese et al. 2019). However, not only in mammals
and plants, but also in fungi, studies over the years have revealed that metabolic pathways are strongly regulated
by post-transcriptional control of the proteome, including protein degradation, allosteric changes, and
posttranslational modifications, which expand the organism's capacity to respond to nutrient availability
(Gutterridge et al. 2010; Plaxton and Tran, 2011; Lan et al. 2012). This is especially true for Pi that acts as an
allosteric activator or inhibitor of many enzymes (Gregory et al. 2009). In this regard, proteomics may likely be
able to decipher key mycelial metabolic pathways involved in fungal adaptation to differential Pi levels by
providing a valuable overview of expression changes of the most abundant proteins in the cell (Alexova and
Millar, 2013). Of note, although mass spectrometry (MS) does not provide information about enzyme activity,
protein amounts coupled to functional grouping correlate with microbial activity (Wilmes and Bond, 2006;
Siggins et al. 2012). With the aim to enhance our understanding of the CMN fungal metabolic pathways as

affected by Pi availability, we performed a quantitative comparative protein profiling of the ERM grown
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between poplar and sorghum roots under a long-term, high- or low-, Pi fertilization regime. To decipher the
fungal proteome, proteins were extracted from the ERM and analysed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Changes in protein amount between the ERM proteomes obtained under high and
low-Pi conditions were further monitored by spectral counting. The biological significance of the Pi-responsive

proteins is discussed with special regard to fungal energetic resources and Pi scavenging/recycling strategies.

2. Materials and Methods
2.1. Biological material, microcosms and phosphate fertilization

Experiments were performed as previously described (Calabrese et al. 2019), using Populus trichocarpa
cuttings (clone 10174, Orléans, France) and Sorghum bicolor (L.) Moench, cv Pant-5. After sterilization in 2.5%
KCIO for 10 min, seeds were germinated in the dark at 25 °C for three days. Microcosms were set-up in tripartite
compartments consisting of two root hyphal compartments (1020 ml each) attached to one central hyphal
compartment (1100 ml) (Supplementary Figure 1). Root hyphal and central compartments were filled with 925
and 1000 g of an autoclaved (120°C, 20 min) quartz sand (Alsace, Kaltenhouse, Trafor AG, Basel): zeolithe
(Symbion, Czech Republic) substrate (1:1, w:w), respectively. Poplar cuttings were planted into one of the
outside compartments and sorghum seedlings into the other. Both plants were inoculated with Rhizophagus
irregularis, isolate BEG75 (Inoculum Plus, Dijon, France). For inoculation, plants were supplemented with 1 ml
of a spore suspension (110 spores in 1 ml of 0.01 M citrate buffer, pH 6). Compartments were separated by two
21 pM meshes and one 3 mm mesh, to allow the AMF to grow from one compartment to the other but to avoid
plant roots protruding into the hyphal compartment. Plants were fertilized once a week with 10 ml Hoagland
solution without Pi, until all plants showed signs of phosphate depletion. From the 22" week, either high-Pi (560
uM) or low-Pi (28 pM) containing Hoagland solution was applied to the middle hyphal compartment for 9
weeks. For each P treatment, the experimental setup was replicated three times. Plants were grown under
controlled condition 16 h of light [220 pE m s7'] at 25 °C and 8 h of dark at 20 °C, constant relative aerial

humidity of 65 %.

2.2. Harvest, mycorrhizal colonization measurements, and P extraction
The ERM was extracted by suspending the substrate of the hyphal compartment with tap water and
fishing the hyphae from the surface using a 32 uM mesh. This step was repeated several times. Afterwards, the

cleaned ERM samples were snap frozen in liquid nitrogen and stored at -80 °C. Roots from the plant
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compartments were removed from substrate under tap water and cut into 1 cm pieces. Samples (about 100mg)
were either snap frozen and stored at -80 °C for further gene expression analysis or stored for root colonization
measurements. For that purpose, roots were immersed in 10% KOH and stored at 4 °C overnight. The next day,
the roots were rinsed and immersed in lactic-acid glycerol water (1:1:1, v:v:v) for destaining. Total colonization
count was performed using the magnified intersection method (McGonigle et al. 1990). Mycorrhizal parameters
were subjected to arcsine square root transformation before comparison of means using Student’s r-test with a
value of p < 0.05 considered to be statistically significant.

To determine the total P concentration in poplar and sorghum, root and shoot dried samples were
ground using a ball mill. Up to 500mg were used for the modified P extraction method by Murphy and Riley

(1962).

2.3. Protein extraction, prefractionation, and digestion

For the two Pi fertilization regimes, protein extraction from frozen ERM (1 to 2g equivalent fresh
weight) was performed on three biological replicates using the phenol extraction protocol described by Dumas-
Gaudot et al. (2004). Briefly, ERM was ground into liquid nitrogen and homogenised in 10 ml of 0.5 M Tris-
HCI, pH 7.5, lysis buffer that contained 0.7 M sucrose, 50 mM EDTA, 0.1 M KCI, 10 mM thiourea, 2 mM
PMSF and 2% (v/v) B-mercaptoethanol. One volume of Tris-buffered phenol was added and, after mixing for 30
min, the phenolic phase was separated by centrifugation and rinsed with another 10 ml of lysis buffer. Proteins
were precipitated overnight at -20 °C after adding 5 volumes of methanol containing 0.1 M ammonium acetate.
The pellet, recovered by centrifugation, was rinsed with cold methanol and acetone and dried under nitrogen gas.
Proteins were solubilized in 200 pl of Laemmli buffer (Laemmli et al. 1970) before ultracentrifugation during
30 min (Beckman Airfuge, 30 psi). Protein amount in the supernatant was measured according to the Bradford

method (Bradford, 1976).

2.4. Sample pre-fractionation and protein digestion

For each biological replicate (n = 3) of the two treatments, fungal proteins (20 ug) were pre-fractionated
by a 0.7 cm migration on 12% SDS-PAGE. After Coomassie Brillant Blue staining, each lane was cut into seven
slices of equal size (1 mm), washed in distilled water and destained using 100 mM NH4COs3 in 50% acetonitrile.
A reduction step was performed by addition of 40 ul of 10mM dithiotreitol in 50 mM NH4sHCO3 for 30 min at 56

°C. The proteins were alkylated by adding 30 pl of 55 mM iodoacetamide in 50 mM NH4HCO3; and allowed to
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react in the dark at room temperature for 45 min. Gel sections were washed in 50 mM NH4HCO3, then ACN, and
finally dried for 30 min. In-gel digestion was subsequently performed for 7 h at 37 °C with 125 ng of modified
trypsin (Promega) dissolved in 20% (v/v) methanol and 20 mM NH4COs. Peptides were extracted successively
with 0.5% (v/v) TFA and 50% (v/v) ACN and then with pure ACN. Peptide extracts were dried and suspended in

25 ul of 0.05% (v/v) TFA, 0.05% (v/v) HCOOH, and 2% (v/v) ACN.

2.5. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis

Peptide separation was performed using an Ultimate 3000 RSLCnano (Thermo fisher Scientific,
Waltham, Massachusetts, USA). Peptides were first desalted using a PepMap100 C18 trap column (5 um, 100A,
Dionex) with 2% ACN (v/v) and 0.1% HCOOH (v/v) in water for 3min at 15 ul/min. Peptides were further
separated on a pepmapl00 C18 column (5 pm, 15cm x 75 pum, Dionex). The mobile phase consisted of a
gradient of solvents A: 0.1% HCOOH (v/v), 2% ACN (v/v) in water and B: 80% ACN (v/v), 0.1% HCOOH
(v/v) in water. Separation was set at a flow rate of 0.3 pl/min using a linear gradient of solvent B from 1 to 32%
in 32 min, followed by an increase to 35 % in 2 min and finally to 98% for 3 min. Eluted peptides were analysed
with a LTQ-Orbitrap Discovery (Thermo Electron) using a nanoelectrospray interface. Ionization (1.3 kV
ionization potential) was performed with a liquid junction and a non-coated capillary probe (10 um i.d.; New
Objective). Peptide ions were analysed using Xcalibur 2.0.7 with the following data-dependent acquisition steps
(1) full MS scan (mass to charge ratio (m/z) 300-1400, centroid mode in orbitrap), (2) MS/MS (qz = 0.22,
activation time = 50 ms, and collision energy = 35%, centroid mode in ion trap). Step 2 was repeated for the
three major ions detected in step 1 with a minimal intensity of 500 relative abundance. Dynamic exclusion was

set to 30 s.

2.6. Protein identification and quantification

Spectra search was performed against the protein sequences from the R. irregularis
Gloinl_GeneCatalog_proteins  (version 20120510, 30282 entries) downloaded from the server
http://genome.jgi.doe.gov/Gloin1/Gloinl using the X!Tandem software (version 2015.04.01.1) (Langella et al.
2017). Enzymatic cleavage was declared as a trypsin digestion with one possible missed cleavage in first pass.
Cysteine carbamidomethylation were set to static, while methionine oxidation, protein n-terminal acetylation
with or without excision of methionine, dehydration of N-terminal glutamic acid, deamination of N-terminal
glutamine and N-terminal carbamidomethyl-cysteine as possible modifications. Precursor mass precision was set

7
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to 10 ppm with a fragment mass tolerance of 0.5 Da. Identified proteins were filtered and grouped using
X!Tandem according to (i) the tolerated presence of at least two peptides with an E-value smaller than 0.01 and
(i) a protein E-value (calculated as the product of unique peptide E-values) smaller than 1073

Quantification of proteomic data was achieved by spectral counting using normalized spectral
abundance factor (NSAF) analysis (Zybailov et al. 2006). A NSAF value was calculated for each protein in the
six replicates (three biological replicates x two conditions). As NSAF represent percentages, all data were
arcsine square root-transformed to obtain a distribution of values that could be checked for normality using the
Kolmogorov-Smirnov test. For each protein identified, significant differences (p < 0.05) between transformed
NSAF values originating from low- and high-Pi data sets were analysed using the Welch-test (degrees of

freedom = n-1), which is compatible with unequal variances between groups (Staher et al. 2014).

2.7. In silico analysis

The number of trans-membrane (TM) domains and KOG (euKaryotic Orthologous Groups) functional
classification =~ were  inferred from  the JGI  genomic  resource  for R irregularis
(https://mycocosm.jgi.doe.gov/Rhiir2_1/Rhiir2_1.home.html). Prediction of protein subcellular localization was
performed using WoLF PSORT (https://www.genscript.com/wolf-psort.html), CELLO
(http://cello.life.nctu.edu.tw) and DeepLoc 1.0 (http://www.cbs.dtu.dk/services/DeepLoc/). Secreted proteins
were predicted according to the Fungal Secretome and Subcellular Proteome KnowledgeBase 2.1 (FunSecKB2;
http://proteomics.ysu.edu/secretomes/fungi2/index.php) after Blastp search. Orthologous sequence search was

performed with EnsemblPlants (https://plants.ensembl.org/index.html).

2.8. RNA extraction

Total RNA was extracted from lyophilized extra-radical mycelia (Sdnchez-Rodriguez et al. 2008;
Calabrese et al. 2017; Calabrese et al. 2019), and frozen plant samples using the RNeasy Plant Mini Kit (Qiagen,
Courtaboeuf, France). RNA extracts were DNase treated with the DNA-free™ Kit, DNase Treatment and
Removal Reagents (AMBION® by life technologies). Total RNA was quantified with the Qbit RNA BR Assay

kit and purity was estimated using the Nanodrop (ND-1000, Witec, Switzerland).

2.9. Reverse transcription and qRT-PCR
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Complementary DNAs (cDNAs) from three biological replicates were obtained using the
iScript™cDNA Synthesis Kit (BIO RAD Laboratories, Paolo Alto, CA, United States), using 200 ng of total
RNA per reaction. For quantification a two-step quantitative RT-PCR approach was used. Gene specific primers
were designed with Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast) and tested as well in
amplify 3.1 (http://engels.genetics.wisc.edu/amplify). Target gene expressions were normalized to the expression
of the reference gene translation elongation factor in R. irregularis. Quantitative RT-PCRs were run in a 7500
real-time PCR system (Roche) using the following settings: 95 °C for 3 min and then 40 cycles of 95 °C for 30 s,
60 °C for 1 min and 72 °C for 30 s. The number of replicates comprised three biological and three technical
replicates per treatment. Differences in gene expression between applied conditions were tested by either

Student’s #-test or one-way ANOV A using SPSS Statistics, version 22 (IBM, Chicago, USA).

3. Results and discussion
3.1. Mycorrhizal colonization and plant P content

In agreement with previous data (Calabrese et al. 2019), the hyphal colonization and the percentage of
vesicles at harvest were not significantly different between low and high P treatments in sorghum and poplar
(Supplementary Figure 2). However, the relative abundance of arbuscules was significantly enhanced in
sorghum roots in the low-P conditions relative to the high-P treatment, thereby supporting the view that
mycorrhization sustains P acquisition in sorghum during phosphate limitation (Calabrese et al. 2019).
Consistently, the total P content in AM sorghum, which reached 350 ug on average, was similar between the two
fertilization regimes, while it was significantly (p< 0.05) lower (250 pg) in P-limited AM poplar. To monitor Pi
acquisition through the fungal side, we measured in the ERM the expression of the high affinity transporter
RiPTI that was previously found to be regulated in ERM by external P concentration (Maldonado-Mendoza et
al. 2001; Calabrese et al. 2019). As shown in Supplementary Figure 3, RiPT] was up-regulated by external

low-P concentrations in the ERM indicating that RiPTI participates in soil Pi uptake in our system.

3.2. Comparative proteomics

Fungal proteins were phenol-extracted from three biological replicates for each condition, and analysed
using LC-MS/MS after pre-fractionation by SDS-PAGE. Using a an E-value smaller than 0.01 per peptide and at
least two peptides for correct protein assignment, a total of 1301 non-redundant proteins were identified in the

six fractions analysed (two treatments x three biological replicates). These 1301 fungal proteins were sorted in
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Supplementary Table 1 with respect to their predicted number of frans-membrane (TM) domains and KOG
functional classification. As anticipated from the lower abundance of proteins integral to membranes relative to
soluble proteins (Vit and Petrak, 2017), proteins with a predicted TM domain (11.4%) were underrepresented in
the pool of identified proteins (Table S1).

To identify the fungal proteins responsive to Pi availability, we compared the means of NSAF values (n
= 3) between low- and high-Pi treatments for each of the 1301 proteins identified in Table S1. A total of 162
proteins (12.4%) showed a significant (p < 0.05) differential amount between the two conditions. As listed in
Supplementary Table 2, this repertoire encompassed 108 and 54 fungal proteins, the abundance of which
increased and decreased under Pi limitation, respectively. According to the MetaCyc database and the MIPS
Functional Catalogue (Ruepp et al. 2004; Caspi et al. 2014), these 162 differentially-accumulated proteins
belong to 19 biochemical pathways highlighted as framed bold letters in Figure 1, and ten biological processes
listed in Table S2, respectively. Figure 2 that displays the quantitative distribution of Pi-responsive protein
within MIPS functional categories further indicates that low-Pi fertilization led to an increase in processes
related to energetics, protein degradation, metabolism and cell growth, concomitantly to a depletion of proteins
involved in protein folding.

One of the prominent fungal metabolic responses observed in the ERM under Pi limitation was the
broad activation of energetic pathways, including B-oxidation of fatty acids (FAs) (13 proteins), the
mitochondrial electron transport chain (ETC)/ membrane-associated energy conservation mechanisms (13
proteins), the glyoxylate/tricarboxylic acid (TCA) cycle and glycolysis/gluconeogenesis (five proteins each)
(Table S2, Figure 1). Another obvious feature of low-Pi-responsive fungal proteins was the decreased
abundance of 13 proteins mediating protein folding such as chaperones and disulfide isomerases, the depletion of
the 26S ubiquitin-proteasome system (six proteins) together with the activation of peptide catabolism (six
peptidases) (Table S2, Figure2). As regards amino acid biosynthesis upon low-Pi fertilization, Figure 1 shows a
noticeable increased amount of enzymes belonging to the methyl cycle and transsulphuration pathway that
contribute to cysteine synthesis from methionine, while there was a concomitant depletion of enzymes involved
in arginine biosynthesis (ornithine carbamoyltransferase, arginosuccinate lyase). Pi limitation also led to
enhanced amounts of enzymes involved in purine catabolism (five proteins) and phospholipid hydrolysis,
including phospholipases and phosphatidyl decarboxylase (Figure 1). Finally, a similar trend was observed for
metabolic pathways related to the synthesis of cell wall precursors, including chitin and galactomannan, a

polymer of mannose and galactose (Figure 1).

10
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To further underpin this metabolic reprogramming, we searched the literature for the main AM fungal
pathways that have been reported to be transcriptionally regulated with special regard to the data published
relative to R. irregularis genes responsive to a differential Pi supply (Kikuchi et al. 2014; Vijayakumar et al.
2016; Sugimura and Saito, 2017; Xu et al. 2017). Using the primers listed in Supplementary Table 3, the
relative transcript levels in hyphae under low- and high-Pi conditions were monitored by quantitative RT-PCR.
Results displayed in Table S3 support higher transcript abundance in low-Pi conditions for fungal genes related
to p-oxidation (mitochondrial carnitine-acylcarnitine carrier protein), gluconeogenesis (fructose-1,6-
bisphosphatase, phosphoenolpyruvate carboxykinase), glyoxylate shunt (malate synthase, isocitrate lyase), TCA
cycle (aconitase), phosphate sensing (phosphoserine phosphatase, SPX domain), and decreased transcription of
fungal genes involved in arginine biosynthesis (ornithine carbamoyltransferase OTC/ARG3), and protein folding

(chaperone HSP104).

3.3. Hyphal development and mobilization of Pi pools are stimulated by Pi limitation

Under Pi limitation, AM fungal colonization is expected to assist the plant mineral element uptake
through the development of extra-radical hyphae that access poorly mobile soil nutrients beyond the depletion
zone formed around absorbing roots (Olsson et al. 2002; Olsson et al. 2006). In this study, we identified several
low-Pi-responsive proteins that are required for the delivery at of secretory vesicles involved in plasma
membrane increase at the growing apex (Wessels, 1993; Levin, 2005; Steinberg, 2007). Data in Table S2 show
that Pi limitation enhanced the abundance of Cdc42 and Sec4, which are involved in the formation of lateral
hyphal branches, and membrane traffic coupled to polarized vesicle exocytosis, respectively (Virag et al. 2007;
Donovan and Bretscher, 2015). This was also the case for enzymes involved in fungal cell wall construction,
including the biosynthesis of chitin and galactomannan (Figure 1). In addition to a greater effective surface area
for absorbing nutrients, another microbial strategy to improve the acquisition of external P consists of the
secretion of proteins that increase the release of Pi from the soil to solution (Richardson and Simpson, 2011; Rai
et al. 2013). When searching for secreted proteins as predicted by their extracellular localization according to
WoLF PSORT, CELLO, or DeepLoc together with exploring the fungal secretome knowledgebase FunSecKB2,
we identified in Table S2 enhanced amounts under Pi limitation for a tartrate-resistant acid phosphatase type 5, a
3'.5'-bisphosphate nucleotidase, and a calcium-dependent phosphotriesterase. These enzymes hydrolyse
phosphate esters to mobilize Pi from the soil, the latter being made available for fungal uptake by high-affinity Pi

transporters (Hinsinger, 2001; Plaxton and Tran, 2011). Consistently, the expression in the fungal ERM of the

11



321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350

high affinity Pi:H" transporter RiPT/ was enhanced under low-Pi supply relative to high-Pi conditions (Figure
S3), concomitantly to the induction of the vacuolar transporter chaperone VTC4 (Table S2). VTC couples
synthesis of polyP to its translocation across the tonoplast, thereby avoiding its toxic accumulation in the cytosol
(Gerasimaite et al. 2014). Of note, both VT'C4 and phosphoserine phosphatase, which were induced in the fungal
proteome in low-Pi conditions (Table S2), belong to the ten proteins identified in R. irregularis that contain a
SPX domain (Ezawa and Saito, 2018), which acts as a sensor for inositol pyrophosphate signalling molecules
(Wild et al. 2016).

The low-Pi-responsive proteins identified in Table S2 pointed to lipid remodelling events in the fungal
ERM. Among them was the increased abundance of lysophospholipases that contribute to the initial degradation
of phospholipids from membrane lipids. A similar trend was observed for a member of phospholipase D family,
which has been implicated in glycerophospholipid catabolism during Pi starvation (Li et al. 2006; Jeong et al.
2017). As previously observed in Zea mays roots facing P starvation (Calderon-Vazquez et al. 2008), the protein
phosphatidylinositol transfer protein SEC14 shows a decreased abundance in low-Pi conditions (Table S2). In
yeast, inactivation of SEC14 increases the turnover of the phospholipid phosphatidylcholine (Patton-Vogt et al.
1997). Overall, these results suggest a breakdown of fungal membrane phospholipids upon Pi limitation, which
allows internal Pi mobilization, and makes the lipid moiety diacylglycerol available for non-phosphorus-lipid
biosynthesis (Figure 1). In this context, it has been shown that R. irregularis ERM contains glycosylated sterols
and glycosylated sphingolipids. As these glycolipids are phosphate-free, they can replace phospholipids in the
membranes during P deprivation (Wewer et al. 2014). In this line of reasoning, gene expression profiling of R.
irregularis in roots of Lotus japonicus has also highlighted the repression of fungal glycerophospholipid
metabolism when plants were shifted to high-Pi conditions (Vijayakumar et al. 2016).

Collectively, these results indicate that in low-Pi conditions not only external Pi is taken up by an

extending ERM, but Pi may be also mobilized from internal pools through phospholipid catabolism

3.4. Lipids are used as the main C source for fungal development under Pi limitation

AMEF are obligate biotrophs that depend on the supply of carbon (C) from the host in the form of sugar
and lipid (Luginbuehl et al. 2017; McLean et al. 2017; Choi et al. 2018). Extra-radical hyphae are unable to
synthesize storage lipids, which are transported from the intra-radical mycelium to the ERM (Pfeffer et al. 1999).
Currently, it is believed that the transfer of triacylglycerols (TAG) and glycogen to the ERM would provide the

energy required both for active P uptake processes from the soil and the synthesis of new C skeletons needed to
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extend the ERM in search of new P resource (Bago et al. 2003; Rich et al. 2017; Roth and Paszkowski 2017). As
anticipated by Bago and collaborators (2000) according to '*C labelling experiments and low glycolytic enzyme
activities in the ERM of AMF, there was a large body of evidence at the proteome level that storage lipids rather
than sugars are fuelled in the ERM as the C source to support hyphal extension under low-Pi conditions.

This conclusion was first drawn from the activation under Pi limitation of the B-oxidation of FAs, as
inferred from the increased amount of proteins related to FA activation (long chain acyl-CoA synthetase and
ligase, acyl-CoA synthetase), carnitine shuttle (mitochondrial carnitine-acylcarnitine carrier protein), and
Lynen's helix (acyl-CoA dehydrogenase, enoyl-CoA hydratase, hydroxyacyl-CoA dehydrogenase, ketoacyl-CoA
thiolase) (Table S2). Second, after f-oxidation, the final product acetyl-CoA can enter the glyoxylate cycle that,
convert lipids into carbohydrates through the enzymes isocitrate lyase and malate synthase in fungal
glyoxysomes (Lammers et al. 2001). Consistently, the latter enzyme displayed an enhanced abundance in the
fungal ERM upon Pi limitation (Table S2). In support of the recruitment of the glyoxylate cycle, there was a
depleted amount of isocitrate dehydrogenase (Table S2), the inactivation of which is believed to force the C flux
toward the glyoxylate shunt (Holms, 1996). Third, after the glyoxylate cycle, its net product, succinate, can be
imported into mitochondria by dicarboxylate carriers before being oxidized to fumarate by mitochondrial
succinate dehydrogenase that couples the TCA cycle with the ETC (Kunze et al. 2006). The abundance of these
proteins was notably higher in low-Pi conditions (Table S2). Fourth, the glyoxylate cycle enables cells to utilise
FAs to fuel gluconeogenesis, as mirrored in the current study by the increased amount upon Pi limitation of
enzymes specific for gluconeogenesis, including phosphoenolpyruvate carboxykinase and fructose-1,6-
bisphosphatase (Table S2). In agreement with the higher abundance of gluconeogenic enzymes, there was in
low-Pi conditions a depleted amount of fructose-2,6-bisphosphatase that generates fructose-2,6-bisphosphate, an
allosteric inhibitor of fructose-1,6-bisphosphatase (Benkovic and de Maine, 1982; Figure 1). Finally, parallel to
gluconeogenesis, there was an increased amount in low-Pi conditions of the trehalose-6-phosphate synthase
complex that is connected to glycogen biosynthesis through GIc6P, a potent activator of glycogen synthase
(Frangois and Parrou, 2001). Within this line, two glycogenesis enzymes, namely phosphoglucomutase and
UDP-glucose pyrophosphorylase, displayed a higher abundance under Pi limitation (Figure 1). In support of an
enhanced glycogen biosynthesis in response to low-Pi conditions, data listed in Table S3 include a decreased
transcription of the fungal gene encoding glycogen phosphorylase, which catalyses the hydrolysis of glycogen.

One rationale behind the oxidation of FAs as the C source to support hyphal growth in Pi-limited

condition is that TAG provide energy twice as much as carbohydrates (Berg et al. 2002). In addition, unlike
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glycogen catabolism via glycogenolysis and glycolysis, TAG metabolism through beta-oxidation and
gluconeogenesis is coupled to the release of Pi (Figure 1). This metabolic route implies that energy provision to
the fungal ERM during Pi limitation would depend on TAG import from the intra-radical mycelium and plant
monoacylglycerol provision to the fungus (Luginbuehl et al. 2017). To test this scenario in our experimental
conditions, we compared between Pi-replete and Pi-starved conditions expression changes in the plant genes
KASI (B-keto-acyl ACP synthase 1), FarM (ACP-thioesterase), RAM2 (glycerol-3-phosphate acyl transferase
REDUCED ARBUSCULAR MYCORRHIZA2), and STR2 (half-size ABC transporter STUNTED
ARBUSCULE 2), which form an AM-specific operational unit for lipid biosynthesis and transport in
arbuscocytes (Keymer et al. 2017). According to the list of AM-specific lipid biosynthetic/transport genes
identified in Medicago truncatula (Bravo et al. 2016), we used EnsemblPlants to download the corresponding
poplar and sorghum orthologs, a step that retrieved 14 and 15 sequences, respectively (Table S4). After profiling
their expression in the roots of poplar and sorghum in the two Pi conditions, we observed a contrasting pattern of
transcript abundance between the two plants in response to Pi deficiency (Table S4). While the mRNA level of
genes coding KASI, FATM, and STR2 obviously increased in sorghum roots upon low Pi supply, the transcript
abundance of genes coding KASI, FATM and RAM?2 conversely decreased in poplar roots in the same
condition. This pattern of gene expression strongly suggests that in low Pi conditions, FA provision to the ERM
is mediated by sorghum roots but not by poplar. Noteworthy, these results are reminiscent of the asymmetry in
the terms of trade observed by Walder et al. (2012) between flax and sorghum connected by a CMN, where

contrary to flax, sorghum invested massive amounts of C.

3.5. N catabolism is stimulated by Pi limitation

The current model of N assimilation in AM symbiosis includes the synthesis of arginine in ERM, its
transfer to the IRM, where it is broken down to release N for transfer to the host plant (Cruz et al. 2007; Tian et
al. 2010; Felbaum et al. 2012). In accordance with the mechanisms of mutual exclusion of anabolism and
catabolism of arginine, data in Table S2 indicate a decreased amount of arginosuccinate lyase and ornithine
carbamoyltransferase that are involved in arginine biosynthesis. This occured concomitantly to an increased
abundance for the enzymes urease and ornithine aminotransferase (OAT), which use the products of arginine
catabolism (Govindarajulu et al. 2005; Funck et al. 2008). Given that ammonium in the ERM inhibits the activity
of arginase and urease (Cruz et al. 2007; Biicking and Kafle, 2015), these results not only indicate that arginine

is catabolized in the ERM, but also that ammonium acquisition by host plants through the mycorrhizal pathway
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may be reduced in low-Pi conditions. To investigate this possibility, we monitored in low- and high-Pi
conditions using qRT-PCR the transcriptional regulation of the ammonium transporters PtAMT3.1 and
SbAMT3.1 known to display an AM-specific induction in poplar and sorghum roots, respectively (Koegel et al.
2013; Calabrese et al. 2019). Results in Supplementary Figure 4 show that the induction of PtAMT3.1 and
SbAMT3.1 was only observed in poplar and sorghum AM roots, respectively. In addition, the lower expression
of these transporters in AM roots under low-Pi conditions pointed to a decreased ammonium transfer through the
AM pathway in both host plants when facing a long-term Pi shortage. These findings agree with the study of
Johnson (2010), who reported that AM symbiosis provides the nutrient (P or N) that is most limiting for the host.
They are also reminiscent of what observed during R. irregularis spore germination in response to root exudates,
during which the recruitment of OAT has been proposed to reflect the mobilization of internal nitrogen stores to
meet a higher demand for ammonium due to increased fungal growth (Gachomo et al. 2009).

There were additional clues within the low-Pi responsive proteins for the mobilization of intracellular N
catabolic enzymes that are required for the utilization of secondary N sources when preferred nitrogen sources
such as ammonium, are limiting in filamentous fungi (Marzluf 1993). As regards the utilization of purines, five
enzymes involved in purine catabolism, namely AICAR transformylase, 5' nucleotidase, purine nucleoside
phosphorylase, urate oxidase and urease, displayed an increased abundance in low-Pi conditions (Table S2,
Figure 1). Of note, similarly to OAT, purine catabolic enzymes require nitrogen derepression. The fungal
proteins enriched in low-Pi conditions also included intra-cellular components of the proteasome system, the
centre for protein degradation, while there was a depletion of several chaperones involved in protein folding
(Table 1). This indicates that in low-Pi conditions, proteins enter the degradation machinery rather than the
chaperone/repair pathway. We also observed an increase in 20S proteasome levels, in concert with an reduction
in 268 proteasome subunits (Table S2). As the 26S proteasome degrades proteins in an ATP-dependent reaction,
while the 20S proteasome does not so, it has been proposed that increased ration of 20S to 26S proteasomes
would allow preservation of protein degradation capacity, while saving energy during nutrient deprivation
(Bajorek et al. 2003). The mobilization of internal nitrogen catabolic enzymes that are required for the utilization
of secondary nitrogen sources overall supports a higher demand for ammonium due to increased fungal growth.
Because finely branched hyphae degenerate within a few days (Bago et al. 1998; de Vries et al. 2009), it can be
proposed that during long-term Pi deficiency, cell lysis may be a major reservoir for nitrogen in the fungal CMN.
AMF can also release peptidases and proteases into the soil that enable the cleaving of organically bound

nitrogen (Bonfante and Genre, 2010; Behie and Bidochka, 2014; Biicking and Kafle, 2015). Data in Table S2
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highlight two fungal proteins accumulating in low-Pi conditions, a subtilisin-related protease and a peptidase
M28, which may fulfil this function according to their predicted extracellular localization.

Taken together, arginine and purine catabolism together with extra- and intra-cellular proteolysis
indicate that during long-term Pi deficiency, the fungal ERM uses available nitrogen sources from breakdown of

external and internal resources for its own metabolism.

Conclusions

As summarized in Figure 3, shotgun proteomic and qRT-PCR approaches add novel aspects to the P;
deficiency responses of an AMF engaged in a common mycorrhizal network. Among them is the mobilization of
nitrogen catabolic enzymes that are required for the utilization of secondary nitrogen sources. As regards
phosphate, they include the identification of secreted 3',5'-bisphosphate nucleotidase and phosphotriesterase that
can hydrolyse phosphate esters to mobilize P from the soil. Likewise, the low-Pi-responsive fungal proteome
also indicates that Pi may be mobilized from internal Pi pools through fatty acid breakdown coupled to
gluconeogenesis, and phospholipid catabolism. The contrasting pattern of expression of AM-specific fatty acid
biosynthetic genes between the two plants suggests that in low Pi conditions, fatty acid provision to the fungal
network is mediated by sorghum roots but not by poplar. A relevant future challenge will be to assess the

contribution of these pathways to plant Pi acquisition.
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Figure legends
Figure 1. Schematic overview of the fungal metabolic pathways responsive to low-Pi fertilization, as predicted

by spectral counting. Metabolic pathways, as inferred from MetaCyc, are indicated in framed bold letters. Red
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and green colours refer to increased and decreased protein amounts, respectively. Yellow arrow indicates
allosteric inhibition, while blue arrow indicates allosteric activation. ACOX, acyl-coenzyme A oxidase; AICAR,
aminoimidazole carboxamide ribotide; CoA, coenzyme A; DAH7P, 3-deoxy-D-arabino-heptulosonate 7-
phosphate; DHAP, dihydroxyacetone phosphate; ERM, extra-radical mycelium; ETC, electron transport chain;
FA, fatty acid; FOX2, bifunctional hydroxyacyl-CoA dehydrogenase/enoyl-CoA hydratase; GPX, glutathione
peroxidase; GSH, reduced glutathione; GST, glutathione S-transferase; H,O», hydrogen peroxide; H»S, hydrogen
sulfide; IMP, inosine monophosphate; IRM, intra-radical mycelium; NADPH, nicotinamide adenine dinucleotide
phosphate; P, phosphate; PA, phosphatidic acid; PCM1, phosphoacetylglucosamine mutase; Pi, inorganic
phosphate; PPi, inorganic pyrophosphate; PPP, pentose phosphate pathway; PSD, phosphatidylserine
decarboxylase; SAM, S-adonesylmethionine; SH, sulthydryl; SSG, glutathione disulfide; TAG, triacylglycerol;
TCA, tricarboxylic acid; UDP, uridine diphosphate; UPS, ubiquitin-proteasome system; UQ, ubiquinone; UQHo,,

ubiquinol

Figure 2. Functional distribution of the fungal proteins that display significantly different NSAF values when
comparing low- and high-Pi fertilization regimes, as listed in Table2. Bars refer to the number of proteins per
functional category, which show either an increased (dark colour) or a decreased (grey colour) NSAF value in
low-Pi conditions. Only biological processes accounting for more than 5% of the 162 Pi-responsive proteins

identified in Table S2 are presented.

Figure 3. Overview of the metabolic pathways responsive to low-Pi fertilization, as inferred from shotgun
proteomic and qRT-PCR approaches. Red and green colours refer to increased and decreased protein and
transcript (*) abundance, respectively. AAs, amino acids; Acetyl-ACP, acetyl-acyl carrier protein; ERM, extra-
radical mycelium; ETC, electron transport chain; FA, fatty acid; FatM, ACP-thioesterase; IRM, intra-radical
mycelium; KASI, B-keto-acyl ACP synthase I; MAG, monoacylglycerol; OAA, oxaloacetate; RAM2, glycerol-
3-phosphate acyl transferase REDUCED ARBUSCULAR MYCORRHIZA 2; STR2, half-size ABC transporter
STUNTED ARBUSCULE 2; TAG, triacylglycerol; TCA, tricarboxylic acid ;VTC, vacuolar transporter

chaperone.
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