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Abstract  19 

Arbuscular mycorrhizal symbiosis is a mutualistic interaction between most land plants 20 

and fungi of the glomeromycotina subphylum. The initiation, development and regulation of this 21 

symbiosis involve numerous signalling events between and within the symbiotic partners. 22 

Among other signals, phytohormones are known to play important roles at various stages of the 23 

interaction. During presymbiotic steps, plant roots exude strigolactones which stimulate the 24 

fungus, and favour the initiation of symbiosis. At later stages, different plant hormone classes 25 

can act as positive or negative regulators of the interaction. Although the fungus is known to 26 

reciprocally emit regulatory signals, its potential contribution to the phytohormonal pool has 27 

received little attention, and has so far only been addressed by indirect assays. In this study, 28 

using mass spectrometry, we analyzed phytohormones released into the medium by germinated 29 

spores of the arbuscular mycorrhizal fungus Rhizophagus irregularis. We detected the presence 30 

of a cytokinin (isopentenyl-adenosine) and an auxin (indole-acetic acid). In addition, we 31 

identified a gibberellin (gibberellic acid 4) in spore extracts. We also used gas chromatography 32 

to show that R. irregularis produces ethylene from methionine and the α-keto γ-33 

methylthiobutyric acid pathway. These results highlight the possibility for AM fungi to use 34 

phytohormones to interact with their host plants, or to regulate their own development.  35 

Introduction  36 

Arbuscular Mycorrhizal (AM) symbiosis is a 460 million-year-old interaction [1] 37 

between glomeromycotina fungi and over 70% of land plants [2]. In angiosperms, AM fungi 38 

colonize the inner root cortex of their host to develop intracellular ramified structures called 39 

arbuscules. These arbuscules are the main site for nutrient exchange between the plant and the 40 
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fungus. AM fungi provide their host plant with water and minerals, and in return receive carbon 41 

sources (mainly sugars and lipids) [3,4]. As AM fungi are obligate biotrophs, this interaction is 42 

essential for their growth, development and reproduction. On the plant side, this interaction 43 

improves nutrition and resistance to biotic and abiotic stresses [5–7]. 44 

Prior to physical contact, the two partners of the AM symbiosis interact via signalling 45 

molecules [8,9]. Host roots release several types of compounds affecting the presymbiotic 46 

development of AM fungi, such as some flavonoids, phenolic compounds, hydroxy fatty acids 47 

[10,11]. Particular attention has been paid to the root-exuded strigolactone phytohormones: they 48 

stimulate the germination of AM fungal spores, the oxidative metabolism and branching of 49 

germinating hyphae, and finally root colonization [12–15]. In addition, N-acetylglucosamine-50 

based compounds could be exchanged in both directions: lipochitooligosaccharides (LCOs) and 51 

chitooligosaccharides (COs) are released by germinating spores of AM fungi and stimulate the 52 

initiation of the symbiosis [16–18], and a plant exporter of N-acetylglucosamine has been shown 53 

to be required for the first steps of the interaction [19]. Finally, additional, yet unidentified, 54 

signals of plant or fungal origin may act prior to root colonization [20–23]. 55 

Later stages of AM interactions are regulated by a number of factors, including nutrient 56 

exchange [23] and phytohormones [24,25]. Analysis of AM symbiosis regulation by 57 

phytohormones has revealed a complex pattern of modified hormonal contents or altered 58 

response to hormones in mycorrhizal plants, and reciprocal effects of exogenous hormone 59 

application on the symbiotic interaction. Although observations were made across a wide range 60 

of combinations of plant/fungal species and experimental conditions, it is possible to draw broad 61 

conclusions about the role of the different hormone families. Auxins (AUX), abscisic acid 62 

(ABA) and brassinosteroids (BRs) have been identified as positive regulators of the AM 63 
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symbiosis [26–28]. On the contrary, gibberellins (GAs) and salicylic acid (SA) have been 64 

described as negative regulators of the interaction [29–31]. The effects of cytokinins have not yet 65 

been clearly established [32]. Finally, the role of ethylene (ET) and jasmonic acid (JA) seems to 66 

vary with their concentration [33–36].  67 

Importantly, these studies have addressed the role of phytohormones in the AM 68 

symbiosis by two main approaches: the analysis of plant mutants affected in phytohormone 69 

synthesis or perception, or the treatment of mycorrhizal plants with exogenous hormones. The 70 

study of hormone perception mutants clearly addresses the effects of hormones on the plant. In 71 

contrast, both exogenous treatments and hormone deficiency in the plant result in modified 72 

hormonal contents in colonized roots, which could impact either or both symbionts. In spite of 73 

this, and because phytohormones are generally seen as plant signals, results of such studies are 74 

commonly interpreted exclusively in terms of impacts on the plant. Likewise, changes in 75 

hormonal contents measured in mycorrhizal plants are usually attributed to modifications of 76 

hormonal metabolism in plant cells. This interpretation ignores a potential contribution of the 77 

fungal partner to the hormonal pool. Yet, many microorganisms can produce phytohormones and 78 

this could also be the case of AM fungi. Among soil microorganisms interacting with plants, 79 

plant growth-promoting rhizobacteria and fungi have been shown to produce auxin, cytokinins, 80 

ABA and gibberellins [37–39], and this can contribute to their growth-promoting effects [40]. 81 

Nitrogen-fixing rhizobia associated with legumes also produce a range of phythormones [41]. In 82 

the fungal kingdom, phytohormone production has been documented in symbionts like 83 

ectomycorrhizal fungi [42,43], as well as in pathogens [44]. Ethylene is quite common among 84 

phytohormones produced by fungi [45–48] and in some cases the biosynthetic pathways have 85 

been characterized. The α-keto γ-methylthiobutyric acid (KMBA) pathway, well described in 86 
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Botrytis cinerea [47], requires the deamination of methionine into KMBA. Subsequently, KMBA 87 

can be oxidised into ethylene through different means. It can either be oxidized by hydroxyl 88 

radicals [49], peroxidases [50], or in a light-dependant manner, induced by the photo-oxidation 89 

of flavins [51], leading to the production of ethylene. In contrast, the second ethylene-producing 90 

pathways in microorganisms involves a very specific enzyme. The Ethylene Forming Enzyme 91 

(EFE), described in Penicillium digitatum, or Fusarium oxysporum [45,52], produces ethylene 92 

through two simultaneous reactions using L-arginine and 2-oxoglutarate as co-substrates. Both 93 

pathways differ from the main pathway for ethylene production in plants, which involves a light-94 

independent and methionine-dependent pathway requiring the aminocyclopropane-carboxylate 95 

(ACC) synthase (ACS) and ACC oxidase (ACO). 96 

The fact that many plant-associated microorganisms produce phytohormones raises the 97 

possibility of a similar behaviour in AM fungi which have co-evolved with plants for over 400 98 

million years. This question is challenging to address experimentally, essentially because of the 99 

obligate biotrophy of these fungi. This feature implies that isolated fungi can only be kept in 100 

culture for short periods of time, and limits the availability of biological material. Nevertheless, 101 

previous studies have provided indirect evidence for the presence of phytohormones in AM 102 

fungi. ELISA tests indicated that spores and hyphae of Rhizophagus (formerly Glomus) species 103 

could contain aglycone and glycosylated ABA [53], while indirect bioassays suggested the 104 

presence of gibberellin-like and cytokinin-like molecules [54]. A direct analysis by GC-MS of 105 

spore extracts revealed the presence of small amounts of IAA in Glomus intraradices, but in this 106 

study spores were directly taken from maize pot cultures, hence not in axenic conditions, and 107 

may have been contaminated with root fragments or other microorganisms [55]. Genes encoding 108 
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a CLAVATA3/Embryo surrounding region-related (CLE) peptide hormone proposed to 109 

positively regulate the symbiosis have also been identified in AM fungal genomes [56]. 110 

In this study, we analysed the presence of phytohormones in germinating spores, or in 111 

their exudates, of the model AM fungus Rhizophagus irregularis grown axenically. We used a 112 

combination of gas/liquid chromatography and mass spectrometry to allow unambiguous 113 

compound identification. In the case of ethylene, we investigated the putative biosynthetic 114 

pathways through the use of metabolic precursors. 115 

 116 

Materials & methods 117 

Chemicals, reagents and standards 118 

Phytohormone standards were purchased from Olchemim (iP, iPR, iP9G, Ki, mT, tZ, cZ, 119 

tZR, cZR, DHZ, BAP, GA1, IAA-Asp, JA-Ile, ABA-GE, BL), Fluka (IBA, NAA), Acros 120 

Organics (IAA, IPA, SA, ABA), Sigma-Aldrich (IAA-Ala, JA, MeJA, Strigol), Fisher chemical 121 

(GA3) and Duchefa (GA4). We prepared the standards following the manufacturer's 122 

recommendations, and stored solutions at -20 °C. L-Methionine and α-keto-γ-methylthiobutyrate 123 

(KMBA) were purchased from Sigma-Aldrich. LC/MS-grade acetonitrile and HPLC-grade 124 

methanol were purchased from Fisher Chemical, formic acid from Acros Organics, and 125 

ammonium hydroxide from Sigma-Aldrich. 126 

 127 

Fungal culture and exudate preparation 128 

Rhizophagus irregularis DAOM 197198 sterile spores were purchased from 129 

Agronutrition (Labège, France). The spores were produced in axenic conditions. Spore numbers 130 
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were determined by the supplier by counting spores in an aliquot of the sold suspension with a 131 

binocular microscope. Spores were rinsed from their storage buffer using a 40 µm nylon cell 132 

strainer (VWR) by five washes with sterile UHQ water. Spores were resuspended in sterile UHQ 133 

water and stored at 4 °C before use. 134 

For the production of germinated spore exudates (GSE), spores were germinated in sterile 135 

UHQ water in a CO2 incubator (30 °C, 2 % CO2) for 7 days with a concentration of 400 136 

spores.mL-1 in 25 mL Petri dishes. GSE were filtered through a glass-fiber frit (Chromabond, 137 

Macherey-Nagel, France), then frozen in liquid nitrogen and freeze-dried. Filtered spores were 138 

collected and stored at -80 °C. 139 

 140 

Phytohormone and KMBA extraction  141 

From germinated spore exudates: freeze-dried GSE from 10,000 spores or 250,000 142 

spores of R. irregularis were reconstituted in 100 µL of 1 M formic acid and stored at -20°C 143 

before MS analysis. 144 

From ground spores: the protocol of phytohormone extraction and separation by Solid 145 

Phase Extraction (SPE) was adapted from Kojima et al. [57] as follows. Two hundred and fifty 146 

thousand spores were hand-ground in liquid nitrogen with a mortar and pestle, resuspended in 1 147 

mL of cold modified Bieleski’s solvent (methanol/water/formic acid 75:20:5, v:v:v; [58]) and 148 

left overnight at -20 °C to achieve complete extraction. The crude extracts were centrifuged for 149 

15 min at 10,000 x g, at 4 °C. The pellet was reextracted in 200 µL modified Bieleski’s solvent 150 

for 30 min at -20 °C, centrifuged 15 min at 10,000 x g, and the supernatant pooled with the first 151 

one. Extracts were pre-purified on SPE Oasis HBL cartridges (1 mL per 30 mg, Waters). 152 

Cartridges were conditioned in 1 mL methanol and equilibrated in 1 mL of 1 M formic acid. 153 
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Two-mL samples were loaded and eluted with 1 mL modified Bieleski’s solvent. Eluates 154 

containing phytohormones were dried under nitrogen stream and reconstituted in 1 mL of 1 M 155 

formic acid. The separation of phytohormones was achieved with SPE Oasis MCX cartridges (1 156 

mL per 30 mg, Waters). Cartridges were conditioned in 1 mL methanol and equilibrated in 1 mL 157 

of 1 M formic acid. Samples were successively eluted by 1 mL methanol (fraction 1, containing 158 

neutral and acidic hormones), 1 mL of 0.35 M ammonium hydroxide (fraction 2) and 1 mL 159 

methanol/0.35 M ammonium hydroxide 60:40 (fraction 3, containing cytokinins) [57]. The three 160 

fractions were dried under nitrogen stream and kept at 4 °C before analysis. Fractions were 161 

reconstituted in 100 μL 1 M formic acid and then analysed by LC-MS. 162 

 163 

LC-MS analysis of phytohormones 164 

Samples (GSEs or fractions obtained from ground spores as previously described) were 165 

analysed by UHPLC-MS with two types of mass spectrometers, a Q-Trap 5500 (AB Sciex) in 166 

MRM mode for higher detection sensitivity, and a Q-Exactive Plus™ (Thermo Scientific) for 167 

higher mass accuracy by high resolution analysis. 168 

Twenty-one biological replicates of GSE and 12 replicates of ground spores were used to 169 

perform phytohormone detection. IPR was consistently identified in GSE, while IAA was 170 

detected in 76% of them, and thirteen samples were used to perform quantification. GA4
 was 171 

detected in 66% of the ground spore samples. 172 

 173 

Multiple reaction monitoring (MRM) analysis  174 

A UHPLC system (Dionex Ultimate 3000, Thermo Scientific) was equipped with a 175 

Kinetex C18 column (100 × 2.1 mm, 2.6 μm, 100 Å, Phenomenex) heated at 45 °C. Five-μL 176 
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samples were injected. Separation was performed at a constant flow rate of 0.3 mL.min-1, in a 177 

gradient of solvent A (water + 0.1% formic acid) and B (acetonitrile + 0.1% formic acid): 1 min 178 

5% B; 11 min 5% to 100% B; 2 min 100% B, and re-equilibration to the initial conditions in 4 179 

min. The Q-Trap 5500 mass spectrometer was equipped with an electrospray source. Curtain gas 180 

was set to 30 psi, nebulizer to 40 psi and turbo gas to 60 psi. Capillary voltage was set to 5.5 kV 181 

(positive mode) or -4.5 kV (negative mode) on Electrospray Ionization (ESI) source (400 °C). 182 

Samples were monitored in positive and negative modes in scheduled Multiple Reaction 183 

Monitoring (MRM) mode (60s). Using 25 standards of free or conjugated hormones, in infusion 184 

mode (7 µL.min-1), the best parameters for declustering potential, collision energy and collision 185 

cell exit potential were selected for precursor and product ions measurement. Ionization mode, 186 

selected MRM transitions, limit of detection (LOD) and retention time for each hormone are 187 

listed in S1 Table. Limits of detection and quantification were determined using standards 188 

diluted from 0.1 mM to 1pM in methanol. By this approach, we could perform an approximate 189 

quantification of phytohormones in fungal samples. Data processing was performed using 190 

Analyst 1.6.2 software. 191 

 192 

High resolution mass spectrometry (HRMS) analysis  193 

A UHPLC system (Ultimate 3000 RSLC system, Thermo Scientific) was equipped with a 194 

Hypersil Gold aQ C18 column (100 mm x 2.1 mm, 1.9 μm, 175 Å, Thermo Scientific 195 

#25302102130), heated at 35°C. Five-μL samples were injected. Separation was performed at a 196 

constant flow rate of 0.3 mL.min-1, in a gradient of solvent A (water + 0.05 % formic acid) and B 197 

(acetonitrile + 0.05 % formic acid): 1 min 5% B; 7 min 5% to 96% B; 1 min 96% B and re-198 

equilibration to the initial conditions in 3 min. The Q-Exactive Plus™ mass spectrometer was 199 
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equipped with a H-ESI II probe, heated at 256 °C. Sheath gas was set to 48, sweep gas to 2, 200 

auxiliary gas to 11, and heated at 413 °C. Capillary voltage was set to 3.5 kV in positive mode 201 

and -2.5 kV in negative mode. Ionization was performed in positive and negative modes, in full 202 

scan analysis (centroid), with a resolution of 35,000. Automatic Gain Control was set to 3.106, 203 

with a 50 to 600 m/z scan range. A Target-MS/MS scan of confirmation of the phytohormone, 204 

based on the specified inclusion list (5 ppm), was triggered when the mass spectrometer detected 205 

a known phytohormone in an MS spectrum. In this case, Automatic Gain Control was set to 206 

2.105, and resolution to 17,500. Data processing was performed by Xcalibur 3.0 and Tracefinder 207 

3.2 softwares. 208 

 209 

Ethylene detection 210 

20,000 spores in 2 mL of sterile UHQ water, either untreated, or supplemented with 10 211 

mM of methionine or 1 µM of KMBA, were incubated in a sterilized glass tube (Ø=1.35 cm, H= 212 

6.10 cm, V=7.5 mL, dead volume = 5.5 mL) wrapped in tinfoil to avoid light exposure, and 213 

sealed with a porous silicone stopper (Hirschmann Instruments). They were germinated for three 214 

days in a CO2 incubator (30°C, 2% CO2). The stopper was then replaced by an air-tight rubber 215 

stopper, and spores were confined for 1 day and exposed or not to light 216 

(100 μmol photons m−2 s−1, 21°C). 217 

 The headspace ethylene content was assayed by gas chromatography as described 218 

previously [59]. One mL of headspace gas was manually injected into a GC-FID (Agilent 219 

7820a), equipped with a 80/100 alumina column (1/8” x 2 mm x 1.5 m, Agilent) and set with the 220 

following parameters: oven temperature 70 °C, injector temperature 110 °C, N2 vector gas flow 221 

rate 28 mL.min-1, flame ionization detector temperature 250 °C. Ethylene peak area was 222 
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measured and normalized with the O2 injection peak area. Its retention time and calibration were 223 

determined with an external standard of 4 ppm of ethylene. 224 

For ethylene production assays: darkness without spores n=13, light without spores n=16, 225 

darkness with spores n=17, light with spores n=18, light and methionine without spores n=7, 226 

darkness and methionine with spores n=9, light and methionine with spores n=24, light and 227 

KMBA without spores n=6, light and KMBA with spores n=6. 228 

 229 

KMBA detection by LC-MS 230 

A UHPLC system (Dionex Ultimate 3000, Thermo Scientific) was equipped with a 231 

reverse-phase column Acquity UPLC BEH-C18 (2.1 × 150 mm, 1.7 μm, Waters) heated at 45 232 

°C. Ten-μL samples were injected. Separation was performed at a constant flow rate of 0.3 233 

mL.min-1, in a gradient of solvent A (water + 0.1% formic acid) and B (acetonitrile): 1 min 5% 234 

B; 8 min 5% to 100% B; 2 min 100% B, and re-equilibration to the initial conditions in 2 min. 235 

A Q-Trap 4500 mass spectrometer (AB Sciex) was used with an electro-spray ionization 236 

source in the negative ion mode. Curtain gas was set to 30 psi, nebulizer to 40 psi and turbo gas 237 

to 60 psi. Capillary voltage was set to -3.5 kV (negative mode) on Electrospray Ionization (ESI) 238 

source (400 °C). Optimizations of the source parameters were done using the KMBA standard at 239 

10−5 M water by infusion at 7 μL.min-1, using a syringe pump. Three GSE sample were analysed 240 

for each condition. Data processing was performed using Analyst 1.6.2 software.  241 

 242 

Sequence analysis 243 

Glomeromycotina (taxid:214504) nucleotide and protein sequences were analysed using 244 

TBLASTN and BLASTP searches with default parameters on the NCBI website. The 2-245 
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oxoglutarate-dependent ethylene/succinate-forming enzyme from Penicillium digitatum 246 

XP_014538251.1 was chosen as query to identify putative EFEs in R. irregularis.  247 

 248 

Statistical analysis 249 

The version 4.0.0 of R, with the version 1.3-1 of package Agricolae and the version 3.1.0 250 

of package GGPlot2 were used for statistical analysis. In order to compare ethylene production 251 

between all groups, a non-parametric analysis was carried out using Kruskal-Wallis test and 252 

pairwise comparisons were performed using FDR adjustment for multiple comparisons. 253 

 254 

Results 255 

Detection of phytohormones in germinated spore exudates and 256 

germinated spore extracts 257 

The aim of this study was to investigate the production of phytohormones by the model 258 

AM fungus R. irregularis. To avoid any contamination with plant-borne phytohormones, it was 259 

crucial to start from pure fungal material. We used spores of R. irregularis produced in axenic 260 

conditions, and the spores, free of root debris, were carefully rinsed to eliminate the storage 261 

solution.  262 

We started with an analysis of exudates produced by R. irregularis spores germinated in 263 

water for seven days. These Germinated Spore Exudates (GSE) were concentrated and analysed 264 

by Liquid Chromatography (LC) coupled to Mass Spectrometry (MS). The detection of a total of 265 

38 compounds, covering eight hormone families (S1 Table), was attempted. Synthetic standards 266 
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were available for 25 of these compounds, allowing direct comparison of retention times and MS 267 

data. Two types of MS analyses were successively carried out. The highly sensitive Multiple 268 

Reaction Monitoring (MRM) mode was used to look for characteristic precursor-to-product-ion 269 

m/z transitions upon fragmentation. The retention times associated with these m/z transition 270 

signals were compared with the retention times of corresponding standards. To further ascertain 271 

hormone identification, High-Resolution Mass Spectrometry (HRMS) was then used to extract 272 

signals for precursor and product ions of the expected accurate m/z (+/- 5 ppm), and again was 273 

performed in comparison with standards.  274 

Using these two approaches, we identified two hormones in GSE samples produced by 275 

10,000 spores: the cytokinin isopentenyl-adenosine (iPR) and the auxin indole-acetic acid (IAA) 276 

(Fig 1A and D). In the MRM mode, iPR was detected with the m/z transitions 336 > 204 and 336 277 

> 136; IAA was identified with the m/z transitions 176 > 130 and 176 > 77 (Fig 1B and E). For 278 

both compounds, the observed retention times matched those of the corresponding standards (Fig 279 

1B and E). We were able to detect accurately iPR and IAA in 16 out of 21 biological replicates. 280 

The other phytohormones presented in S1 Table were not detected in the GSE samples. 281 

According to external standard curves, we estimated that one spore could on average exude 1.2 282 

attomole of iPR (+/- 1.3 attomole) and 29 attomole of IAA (+/- 25 attomole), during seven days 283 

of germination. Compound identification was confirmed through HRMS using GSE from 284 

250,000 spores. The precursor ion of m/z 336.1662 for iPR, detected at a retention time of 5.78 285 

min (Fig 1C), yielded after selection and fragmentation a product ion of m/z 204.1246 (S1 Fig). 286 

The precursor ion of m/z 176.0706 for IAA, detected at a retention time of 6.18 min (Fig 1F), 287 

yielded after selection and fragmentation a product ion of m/z 130.0650 (S2 Fig). The mass data, 288 

as well as retention times, matched those of the corresponding standards (Fig 1C and F). 289 
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 290 

Fig. 1 Detection by LC-MS of iPR and IAA exuded by R. irregularis spores 291 

(A) Structure and fragmentation pattern of iPR. (B) UPLC-MRM-MS chromatograms of iPR in 292 

positive mode. Blue lines represent the signals obtained for iPR external standard (100 nM). Red 293 

lines represent the signals obtained with GSE produced by 10,000 R. irregularis spores. Plain 294 

lines are for m/z transition 336 > 204. Dashed lines are for m/z transition 336 > 136. (C) LC-295 

HRMS extracted ion chromatogram (XIC) for m/z = 336.1666 (+/-5ppm). The blue line 296 

represents the signal obtained for iPR external standard (300 nM). The red line represents the 297 

signal obtained with GSE produced by 250,000 R. irregularis spores. (D) Structure and 298 

fragmentation pattern of IAA. (E) UPLC-MRM-MS chromatograms of IAA in positive mode. 299 

Blue lines represent the signals obtained for IAA external standard (100 nM). Red lines represent 300 

the signals obtained with GSE produced by 10,000 R. irregularis spores. Plain lines are for m/z 301 

transition 176 > 131. Dashed lines are for m/z transition 176 > 77. (F) LC-HRMS XIC for m/ z= 302 

176.0705 (+/-5ppm). The blue line represents the signal obtained for IAA external standard (300 303 

nM). The red line represents the signal obtained with GSE produced by 250,000 R. irregularis 304 

spores. Signal intensities are displayed in counts per second (cps).  305 

 306 

To investigate whether additional hormones could be present in R. irregularis spores, but 307 

not released (or in very low amounts) into GSE, we next analysed extracts of 250,000 ground 308 

spores. Extracts were pre-purified through two solid-phase extraction (SPE) steps and the 309 

fractions where hormones were expected were analysed by LC-MS/MS. This approach allowed 310 

the detection in MRM mode of MS-MS transition signals characteristic of a third phytohormone, 311 

gibberellic acid 4 (GA4). Transitions m/z 331 > 257 and 331 > 213 (Fig 2A) were detected in our 312 
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samples, at almost the same retention time as the standard (retention time shift = -0.09 min, Fig 313 

2B). To investigate whether this slight shift was due to matrix interactions [60], we spiked our 314 

sample with the GA4 standard. This addition yielded a single chromatographic peak without any 315 

splitting, at the same retention time as the spore sample alone and with a doubled intensity. We 316 

can therefore attribute the slight retention time difference in Fig 2B to matrix interactions during 317 

chromatographic separation.  318 

 319 

Fig. 2 GA4 detection in multiple reactions monitoring (MRM) mode 320 

(A) Structure and fragmentation pattern of GA4. (B) UPLC-MRM-MS chromatogram of GA4 in 321 

negative mode. Top (blue lines): External standard (30 nM) of GA4. Middle (red lines): pre-322 

purified SPE fraction from 250,000 ground spores of R. irregularis. Bottom (purple lines): pre-323 

purified SPE fraction from 250,000 ground spores of R. irregularis spiked with GA4 standard to 324 

a final concentration of 30 nM. Plain lines are for m/z transition 331 > 213. Dashed lines are for 325 

m/z transition 331 > 257. Signal intensities are displayed in counts per second (cps). 326 

 327 

Production of ethylene by R. irregularis germinated spores 328 

The release of ethylene by germinating spores was analysed by gas chromatography. To 329 

this end, spores were first allowed to germinate for three days in water, in test tubes closed with a 330 

gas-permeable stopper. The stopper was then replaced by a gas-tight rubber stopper, and spores 331 

were incubated for an additional 24 hours. Gas in the headspace was then sampled for ethylene 332 

analysis. As detailed below, light dependency can be used as a criterion to distinguish between 333 

ethylene biosynthesis pathways. Therefore, ethylene production was assessed comparatively in 334 

spores protected or not from light. 335 
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We noticed in control tubes containing no spores that a background quantity of ethylene 336 

was produced in the dark as well as in the light (Fig 3, conditions 1 and 2) [61]. The presence of 337 

spores slightly enhanced ethylene production in the dark (Fig 3, conditions 1 and 5). When 338 

exposed to light, germinating spores produced about 3 times more ethylene than in the dark, 339 

suggesting that this production was dependent on the KMBA pathway (Fig 3, conditions 5 and 7) 340 

[47,49,51].  341 

 342 

Fig. 3 Ethylene production by R. irregularis in response to different treatments 343 

20,000 spores were germinated for three days in the dark, in the presence or absence of 10 mM 344 

methionine (Met) or 1 µM α-keto γ-methylthiobutyric acid (KMBA). Tubes were then sealed 345 

with a gas-tight stopper and exposed to light or darkness for 24h. One mL of the headspace gas 346 

was then analysed by gas chromatography. Different letters indicate different statistical groups 347 

(pairwise Kruskal-Wallis test with FDR correction, P < 0.05) 348 

 349 

To investigate whether the KMBA pathway for ethylene synthesis was used by R. 350 

irregularis, we tested the effects of adding methionine into the incubation medium. In the dark, 351 

methionine addition increased ethylene production by 55 % (Fig 3, conditions 5 and 6). While in 352 

the light, methionine addition did not increase ethylene production in the absence of spores (Fig 353 

3, conditions 2 and 3), this addition in the presence of spores increased ethylene production by 354 

56 % (Fig 3, conditions 7 and 8). We then tested the effects of added KMBA. In the light and in 355 

the absence of spores, KMBA did not yield ethylene (Fig 3, conditions 2 and 4). In contrast, in 356 

the presence of spores, KMBA addition stimulated an ethylene production (Fig 3, conditions 7 357 

and 9) similar to the methionine treatment.  358 
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Finally, we analysed by LC/MS the presence of KMBA in the exudates of spores 359 

germinated in the presence or not of methionine. This experiment was carried out in the dark to 360 

avoid light oxidation of KMBA. We could not detect the presence of KMBA in samples without 361 

methionine whereas we detected a strong KMBA signal in the methionine-treated samples, at a 362 

retention time of 3.7 min in MRM mode (m/z transitions 147 > 46 and 147 > 99) (S3 Fig).  363 

Genomic sequences of Glomeromycotina were analysed for the presence of genes 364 

associated with the different ethylene biosynthesis pathways. The KMBA pathway requires the 365 

deamination of methionine into KMBA, which can be mediated by any transaminase, and the 366 

oxidation of KMBA into ethylene can be carried out non-specifically by peroxidases, or 367 

chemically [49,62,63]. Therefore, sequence analyses are not suitable to investigate the existence 368 

of this pathway. To look for genes associated with the major ACC pathway used by plants, 369 

AtACS1, AtACS8 and AtACS7 were chosen as representative of the three ACS clades described 370 

in Arabidopsis [64]. In the three cases, a tyrosine aminotransferase (GLOIN_2v1675208) and a 371 

pyridoxal phosphate-dependent transferase (GLOIN_2v1486204) were found as the best hits in 372 

R. irregularis genome, with only a maximum of 24% identity at the amino acid level with the 373 

query sequence. We also used AtACO2, AtACO1 and AtACO5 as representative of the three 374 

ACC oxidases (ACO) clades [65]. With these three queries, only hypothetical proteins with less 375 

than 26% of identity were found in R. irregularis datasets. To look for genes of the EFE 376 

pathway, BLAST analysis using the Penicillium digitatum EFE protein as query allowed the 377 

identification of two isoforms of a protein annotated as Fe (2+) and 2-oxoglutarate (2OG)-378 

dependent dioxygenases in R. irregularis (GBC41587.1 and GBC41586.1). However, the 379 

similarity with the P. digitatum protein was very low (23-24% of identity).  380 

  381 
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Discussion 382 

Germinated spore exudates of AM fungi are known to trigger a number of symbiotically 383 

relevant responses in host root cells [66–68], indicating that isolated AM fungal spores release 384 

molecular signals within a few days of incubation. GSE form a matrix of relatively low 385 

complexity, which favours sensitive compound detection through mass spectrometry. We thus 386 

started our study by analysing GSE for the presence of a wide variety of phytohormones. The 387 

presence of iPR and IAA was unambiguously demonstrated by a combination of MRM and 388 

HRMS analyses, in GSE samples obtained from relatively small amounts of fungal material 389 

(10,000 spores). Although the presence of cytokinin-like compounds and of IAA was already 390 

suspected in AM fungi [54,55], the present study is to our knowledge the first conclusive report 391 

for the release of these two phytohormones by an AM fungus. It is of course possible that other 392 

phytohormones are present in low amounts in GSE, and have escaped detection despite the high 393 

sensitivity of the MRM approach (see S1 Table for detection limits). 394 

Analysis of spore extracts was undertaken as a complementary approach to look for 395 

hormones that would not be released into GSE. This allowed the detection of MRM signals 396 

corresponding to GA4, at a retention time very close to that of the standard. Despite pre-397 

purification, the fractions of spore extracts remain a complex matrix, which can induce slight 398 

shifts in chromatographic retention times. Using a GA4 standard to spike our sample allowed us 399 

to observe that the retention times recorded in the spore sample for both MRM transitions were 400 

identical to those of the standard in this matrix (Fig 2). Unfortunately, complex matrices decrease 401 

the sensitivity of HRMS analysis. We were thus unable to confirm the identity of this compound 402 

through accurate m/z determination. Our preliminary observations are however consistent with 403 

the previous bioassay-based detection of gibberellin-like compounds in AM fungi [54]. Given 404 
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that gibberellins can be synthesised (and were actually discovered) in other fungi, it would make 405 

evolutionary sense to find them also in AM fungi 406 

In contrast with Esch et al. [53], we did not detect the presence of ABA or glycosylated 407 

ABA. This difference might be due to the use of different fungal materials. The study of Esch et 408 

al. was carried out on an unspecified species of the genus Rhizophagus (formerly Glomus), and 409 

perhaps more importantly, the analysed material consisted of extraradical mycelium and spores 410 

obtained non axenically after several weeks of culture in pots. Furthermore, in this study, ABA 411 

detection was based on indirect ELISA tests, which likely differ from mass spectrometry in 412 

terms of sensitivity and specificity. 413 

The detection of an auxin, a cytokinin and a gibberellin in R. irregularis does not mean 414 

that this fungus is actually able to synthesize these molecules. They could have been produced by 415 

the host plant (here the hairy roots of Daucus carota), imported by the fungus during the 416 

symbiotic exchanges between the two partners and stored in spores. Isotopic labelling 417 

experiments could be used to investigate the biosynthetic origin of these hormones, but the 418 

difficult incorporation of labelled precursors into fungal cells would likely limit the effectiveness 419 

of this approach.  420 

Unlike the above hormones, there is no doubt about the fungal biosynthetic origin of 421 

ethylene. De novo ethylene production was measured over a period of 24 h and could be 422 

stimulated by the addition of methionine, a metabolic precursor. The addition of methionine 423 

strongly enhanced the synthesis of KMBA by the fungus (Fig S3) and acted synergistically with 424 

exposure to light to promote ethylene production (Fig 2). Light- and methionine-dependency are 425 

characteristic features of the KMBA pathway described in other fungi [47]. Hence, although we 426 

cannot rule out the existence of additional ethylene biosynthetic pathways, our biochemical data 427 
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support the KMBA pathway as being involved in the synthesis of ethylene in R. irregularis. 428 

Interestingly, KMBA-derived ethylene was also demonstrated in the ectomycorrhizal fungi 429 

Tuber brochii and T. melanosporum [48]. To further investigate the existence of alternative 430 

pathways for ethylene synthesis in R. irregularis, we analysed Glomeromycotina genomic 431 

sequences. BLAST analyses failed to identify genes with a high homology with those involved 432 

in the classical ACC pathway found in plants. Similarly, the best hits obtained when searching 433 

for a fungal EFE exhibited limited identity with the query sequence. The fact that enzymes in the 434 

EFE family can be involved in the biosynthesis of a multitude of products [69] sheds further 435 

doubt on the role of their Rhizophagus homologs in ethylene synthesis. Further studies would be 436 

necessary to formally exclude the existence of these two biosynthetic pathways in R. irregularis, 437 

but in view of these initial investigations, their existence seems unlikely. 438 

The observation that iPR, IAA and ethylene are released by germinating spores into their 439 

environment is consistent with a signalling role in the AM symbiosis. A similar hypothesis was 440 

proposed by Le Marquer et al. [56] with CLE peptides, another type of plant hormone potentially 441 

produced and excreted by AM fungi. First, if these hormones are still released at late stages, they 442 

could contribute directly to changes in hormonal contents in mycorrhizal plants. For example, 443 

AM colonization has been shown to increase auxin concentration in roots of M. truncatula, Zea 444 

mays and Glycine max [55,70,71]. In tomato roots, the expression of the auxin-dependent 445 

reporter DR5-GUS was higher in arbuscule-containing cells than in the surrounding cells [26]. 446 

This higher auxin concentration could be partly due to the AM fungus exudation and exportation 447 

to root tissues. Second, the release of these hormones by AM fungi could have profound effects 448 

on the symbiosis itself, such as the positive effects observed upon auxin treatment [72]. These 449 

hormones could also act through a modulation of plant development. For example, the 450 
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simultaneous exudation of IAA and Myc-LCOs by the fungus could have synergistic effect on 451 

lateral root formation, as shown by Buendia et al. [73] with exogenous treatments on 452 

Brachypodium distachyon. The possible effects of ethylene released by the fungus are more 453 

difficult to predict. In arbuscular mycorrhiza, ethylene is mostly described as a negative regulator 454 

[30,66,74,75]. This conclusion was mainly drawn from studies using plant mutants disturbed in 455 

the production or perception of ethylene. As already proposed, the negative downstream effect of 456 

these mutations on AM symbiosis may also result from crosstalks with additional 457 

phytohormones and not directly from modifications in ethylene signalling per se [35]. Whether 458 

through direct or indirect mechanisms, the production of ethylene by AM fungi could serve to 459 

prevent excessive colonization of the root system. It is also important to note that ethylene 460 

inhibition of AM symbiosis was shown to be concentration-dependent [35] and that in some 461 

cases, a low ethylene concentration was able to stimulate root colonization [36].  462 

In addition to hormonal signalling to the plant, it is also possible that AM fungi use 463 

phytohormones to regulate their own development. In support of this hypothesis, candidate genes 464 

putatively encoding ethylene and cytokinin receptors were recently identified in the genome of 465 

R. irregularis [76] and await functional characterization. This study was focused on histidine 466 

kinases, and thus does not exclude the existence of other types of receptors for other 467 

phytohormones in AM fungi. Indeed, a variety of hormones can affect AM fungal development 468 

in vitro [12–14,36,77,78]. It can also be noted that phytohormone exudation by plant roots is not 469 

restricted to strigolactones, and has also been reported for auxin, abscisic acid, jasmonate, 470 

salicylate and a cytokinin [79–82]. Bringing together these observations, it is tempting to 471 

speculate on the exchange of several hormonal signals in both directions during AM symbiosis, 472 

in addition to the well-known effects of phytohormones as internal regulators of plant 473 
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physiology. Interestingly, the use of a common language has been reported in diverse contexts of 474 

host-microbe interactions. For example, plant bacterial pathogens produce cytokinin and have 475 

evolved a corresponding receptor [83], and gut bacteria produce and possess sensors for 476 

neuroendocrine hormones that were once thought to be specific of their host [84,85]. Plants have 477 

lived with AM symbionts since they colonized land, and the molecular language underlying this 478 

long-standing and intimate relationship is only beginning to be unravelled. Deciphering the 479 

hormonal biosynthesis and perception pathways in AM fungi will certainly help to understand 480 

how this common language developed through evolution. 481 
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Supporting information 753 

S1 Table. List of molecules analyzed by LC-MS in highly sensitive MRM mode 754 

The hormone family, molecule name, abbreviation, formula, retention time, preferential 755 

detection mode, precursor and product ions for MRM analysis and limit of detection are 756 

indicated. Grey lines correspond to theoretical fragmentation values when standards were not 757 

available [86,87]. 758 

S1 Fig.  High resolution mass spectra (HRMS) of iPR in positive mode 759 

(A) and (B) HRMS spectra of iPR standard (300 nM), at 5.78 min. (C) and (D) HRMS spectra of 760 

250,000 R. irregularis GSE at 5.78 min. (A) and (C), MS spectra. (B) and (D) MS/MS (m/z 761 

336.1666 +/- 0.5 Da) spectra.  762 

S2 Fig. High resolution mass spectra (HRMS) of IAA in positive mode 763 

 (A) and (B) HRMS spectra of IAA standard (300 nM) at 6.19 min. (C) and (D) HRMS spectra 764 

of 250,000 R. irregularis GSE, at 6.19 min. (A) and (C) MS spectra. (B) and (D) MS/MS (m/z 765 

176.0705 +/- 0.5Da) spectra.  766 

S3 Fig. KMBA detection in multiple reaction monitoring (MRM) mode 767 

(A) Structure and fragmentation pattern of KBMA. (B) UPLC-MRM-MS chromatogram of 768 

KMBA in negative mode. Top (blue lines): External standard (500 nM) of KMBA. Middle (red 769 

lines): GSE produced by 20,000 spores treated with 10 mM methionine. Bottom (green lines): 770 

GSE produced by 20,000 untreated spores. Plain lines are for m/z transition 147 > 47. Dashed 771 

lines are for m/z transition 147 > 99. Signal intensity is displayed in counts per second (cps). 772 
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