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Abstract 11 

Purpose  12 

The root holoparasitic plant Phelipanche ramosa has become a major constraint for rapeseed cultivation 13 

in western France for the last decades and its control remains challenging. To date, few studies have 14 

considered soil microbiota as a third partner of the parasitic plant-plant interaction. Therefore, we here 15 

addressed the question of how soil microbiota interferes with host-derived signal metabolites required 16 

for host plant recognition by the parasitic plant. 17 

Methods 18 

Using a branched broomrape infested soil (genetic group 1) from a rapeseed field, we first provided soil 19 

physicochemical and microbiological descriptions by metabarcoding, followed by P. ramosa seed 20 

germination and prehaustorium formation bioassays, and by in vitro co-cultivation with Brassica napus. 21 

Results 22 

Co-cultivation in presence of soil microorganisms promoted parasitic plant seed germination and 23 

attachments to host’s roots. Seed germination assays showed that only the combination of 24 

gluconasturtiin (main rapeseed glucosinolate) with soil extracts stimulated broomrape germination. 25 

This suggests a microbial conversion of gluconasturtiin into germination stimulants via soil microbial 26 

myrosinase enzymes. Furthermore, soil bacteria Arthrobacter, Ralstonia, Actinobacterium, 27 

Proteobacterium spp. and fungus Penicillium spp. were isolated and screened for myrosinase activity. 28 

Pre-germinated seeds treated with soil extracts or differentially filtrated soil extracts also promoted 29 

the formation of P. ramosa prehaustorium and led to more parasitic attachments on rapeseed roots in 30 

co-cultivation assays. This thus suggests that this enhancement of parasitic attachments could also be 31 

partly attributed to soil microbial production of haustorium inducing factors. 32 

https://doi.org/10.1007/s11104-022-05822-6
mailto:lucie.poulin@univ-nantes.fr
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Conclusion  33 

Soil microbiota influences B. napus - P. ramosa interaction by altering direct and indirect recognition 34 

signals. 35 

 36 

Abbreviations 37 

AMF: Arbuscular mycorrhizal fungi  38 

ASV: Amplicon sequence variant 39 

GNT: Gluconasturtiin 40 

GS: Germination stimulants 41 

GH: Glycoside hydrolase  42 

SNG: Sinigrin 43 

TDZ: Thidiazuron (synthetic cytokinin) 44 

tZ: trans-Zeatin  45 

 46 

INTRODUCTION 47 

Rhizosecretion of plant-derived compounds (i.e. root exudates) improves plant nutrient-seeking and 48 

defense abilities, partly by allowing beneficial co-associations with neighboring organisms (Bais et al. 49 

2006). Nevertheless, this carbon exchange can also be used as a signal to initiate host invasion (Trivedi 50 

et al. 2020; Vives-Peris et al. 2020). Such a mechanism is illustrated in Orobanche and Phelipanche spp. 51 

(broomrapes) which are obligate root holoparasites from the Orobanchaceae family that retrieve all of 52 

their water and nutrients from a host plant (Heide-Jørgensen 2013). Among broomrapes, Phelipanche 53 

ramosa L. Pomel is a major constraint, worldwide and more specifically in Mediterranean regions, to a 54 

wide range of economically important crops such as Solanaceae (Nicotiana tabacum L., Solanum 55 

tuberosum L., S. melongena L.), Cucurbitaceae (Cucumis melo L., C. sativus L.) and Brassicaceae (Brassica 56 

napus L., Sinapis spp. L.), as well as several weed species (Gibot-Leclerc et al. 2012; Parker 2013).  57 

As an adaptive strategy for host detection, broomrape seeds only germinate under suitable 58 

abiotic conditions and in response to the fine perception of germination stimulants (GSs) found in the 59 

root exudates of many host species (Bouwmeester et al. 2021). Historically, the first class of GSs 60 

characterized were the strigolactones, plant hormones derived from the carotenoids (Cook et al. 1972; 61 

Yoneyama et al. 2010) further identified as regulating several plant developmental and signaling 62 

processes in the rhizosphere such as initiation of symbiosis with arbuscular mycorrhizal fungi 63 

(Akiyama et al. 2005; Ćavar et al. 2015). GSs also act as chemotropic signals for Orobanchaceae root 64 

parasitic plants to direct their radicle towards host roots (Krupp et al. 2021; Ogawa et al. 2022). Yet 65 
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another adaptive trait is the formation of a specialized intrusive organ at the apex of the parasite radicle, 66 

called haustorium. This unique development process occurs upon perception by the parasite of 67 

haustorium inducing factors (HIFs) released by the host plants (Yoshida et al. 2016). HIF perception 68 

first triggers prehaustorium formation which includes morphological changes such as radicle growth 69 

arrest, radial cellular extension, and formation of secretory papillae with adhesive functions (Joel and 70 

Losner-Goshen 1994; Goyet et al. 2017). After the prehaustorium development, the haustorial cells then 71 

penetrate host tissues to form a vascular bridge, which channels the nutrient flow towards a parasitic 72 

tubercle (storage organ). This organ then grows at the expense of the crop, develops adventitious roots 73 

and finally produces an above-ground flowering stem which will produce seeds viable for decades in 74 

the soil (Joel et al. 2007). Although HIFs triggering prehaustorium formation in hemiparasitic plants 75 

have been studied for a long time and shown to belong to the quinones and phenolic compounds family 76 

(Goyet et al., 2019), effective HIFs in the holoparasite P. ramosa have been recently detected in rapeseed 77 

rhizosphere and shown to belong mainly to the cytokinin class of compounds (Goyet et al. 2017).  78 

Although described as a generalist parasitic plant, P. ramosa also exhibits suboptimal 79 

development on some host crops, resulting for instance in France, in its structuration in three genetic 80 

populations according to their host preference and geographical distribution (Brault et al. 2007; 81 

Stojanova et al. 2019; Huet et al. 2020). P. ramosa genetic group 1 is a major drawback for farmers of 82 

western France who are facing severe yield losses. To date, no mean to limit its spreading on rapeseed, 83 

nor suitable control solutions exist. The occurrence of genetic groups was shown to be due to abiotic 84 

factors such as pedo-climatic and agronomic context (Gibot-Leclerc et al. 2003; 2012) but also to 85 

differences in sensitivity to host cues during early developmental stages (Stojanova et al. 2019; Huet et 86 

al. 2020). Indeed, rapeseed, which is a non-mycorrhizal species, exudes none or only few strigolactones 87 

(Auger et al. 2012; Yoneyama et al. 2018; de Saint Germain et al. 2021). This has presumably led P. 88 

ramosa to adapt and perceive other GSs such as isothiocyanates (Auger et al. 2012; Miura et al. 2022). 89 

These volatile compounds are the main breakdown products of glucosinolate hydrolysis. They are 90 

nitrogen- and sulphur-containing secondary metabolites found almost exclusively in the Brassicaceae 91 

plant family (Fahey et al. 2001; Wittstock et al. 2016).  92 

Because most P. ramosa biological cycle takes place in the rhizosphere, which is a complex and 93 

rich niche for microbial interactions, plant-associated microbiota has recently been considered as a 94 

third partner, contributing to the parasite’s life history traits. Recently, microbial communities have 95 

been described as a potential tool for broomrape control (Cartry et al. 2021), but also as drivers of 96 

broomrape development on its hosts in agrosystems (Hristeva and Denev 2017; Iasur Kruh et al. 2017; 97 

Fitzpatrick and Schneider 2020; Huet et al. 2020; Durlik et al. 2021). Durlik et al. (2021) indeed 98 
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suggested that both P. ramosa seed endophytic bacteria Brevibacterium frigoritolerans and Bacillus 99 

simplex could promote the germination and longevity in the soil of their parasitic host. Additionally, 100 

Sphingobacterium spp. and Leptosphaeria maculans were mostly found in P. ramosa seeds of genetic 101 

group 1 and potentially facilitate seed germination by improving the production of isothiocyanates as 102 

GSs in the rhizosphere of rapeseed (Huet et al. 2020). Indeed, release of isothiocyanates usually occurs 103 

upon plant injury, when glucosinolates come in contact with spatially separated endogenous plant 104 

myrosinase enzymes (β-thioglucosidase glucohydrolase - EC 3.2.1.147; Wittstock et al. 2016) or 105 

alternatively, via exogenous myrosinases detected in several microorganisms found in glucosinolate-106 

containing plants and soils (Al-Turki and Dick 2003; Gimsing et al. 2006). Hence, plant-associated 107 

microbes gain competitive advantages for carbon acquisition when they can tolerate isothiocyanates 108 

(Rumberger and Marschner 2003; Bressan et al. 2009; Szűcs et al. 2018). Plant microbiomes can also 109 

alter hormone levels, such as cytokinins, which can be produced in the rhizosphere by a large range of 110 

microbial species (Müller et al. 1989; García de Salamone et al. 2001; Spallek et al. 2018) resulting in 111 

possible alterations of HIF signaling in broomrape seeds. Occurrence of such microbes in the soil could 112 

contribute to the parasitic behavior of P. ramosa on B. napus, but still needs to be functionally 113 

demonstrated. 114 

We here aimed to demonstrate that soil microorganisms are able to interfere with host-derived 115 

signaling metabolites that control the parasitic plant cycle, and that they ultimately impact the success 116 

of the parasitic plant. To do so, we used a soil from a rapeseed field of western France heavily infested 117 

with broomrape (P. ramosa genetic group 1). The main objectives were i/ to describe the soil-associated 118 

bacterial and fungal communities, ii/ to assess the activity of the soil microbiome on P. ramosa key pre-119 

parasitic stages including germination and induction of prehaustorium formation, through its 120 

interaction with the host-parasite plant allelochemical signaling and iii/ to functionally validate 121 

microbial contribution to broomrape germination using fungal and bacterial candidates. This latest part 122 

should provide original and useful findings for the management of microbiota in the soil, in relation to 123 

the control of P. ramosa. 124 

 125 

MATERIALS AND METHODS  126 

The experimental design displaying the link between the different experiments is described in Supp. Fig.S1. 127 
 128 

Plant materials 129 

To preserve seed quantity throughout the study, two batches of parasite seeds were used, Pram120 and 130 

Pram123. These seed batches both display similar specific phenotypic characteristics of genetic group 131 

1 (Auger et al. 2012; Stojanova et al. 2019; de Saint Germain et al. 2019, 2021; Huet et al. 2020). 132 
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Pram120 and Pram123 seeds were collected in rapeseed fields at Saint-Jean-d'Angély (France, 133 

45°56’40.545” N, 0°31’10.472” O; Charente Maritime, France) in June 2015, and at Benet (46° 22'6’' N, 134 

0° 35’ 45.999'' O; Vendée, France) in July 2019 respectively, from dry mature spikes of P. ramosa. Seed 135 

batches were sieved through a 180-200 µm mesh, and kept in the dark at 25°C until use.  136 

Brassica napus L. seeds from the highly susceptible to P. ramosa variety Veritas CL (Terres 137 

Inovia) were provided by DSV France SARL (Terminiers, France) in October 2019, and kept in a tinted 138 

glass jar at 4°C.  139 

P. ramosa and B. napus seeds were similarly surface sterilized according to Lechat et al. (2012). 140 

Seeds were immersed in a 2.5% (v/v) sodium hypochlorite solution for 3-times 30 s under vigorous 141 

shaking and then rinsed 5 min in sterile distilled water. P. ramosa seeds were then suspended in an 142 

incubation solution (HEPES 1 mM; pH 7.5 adjusted with KOH; PPM 0.1% v/v) at a final seed 143 

concentration of 10 mg.mL-1, and incubated 7 days in the dark at 21 °C as a conditioning period (Lechat 144 

et al. 2015). 145 

Soil sampling and characterization  146 

Description of soil sampling site, crop itinerary and physicochemical analyses are available on 147 

supplementary materials (Supp. Fig. S2). 148 

Thirty liters of soil were collected from multiple random sampling point at a 0-20 cm depth in a 149 

rapeseed field infested by P. ramosa after harvest at Faye-sur-Ardin (46°25’57.72” N, 0°29’19.68” O; 150 

Deux-Sèvres, France) in July 2019. This field was under a wheat – barley – rapeseed triennial crop 151 

rotation since 2017. Prior to use, the soil was homogenized, hand sieved to remove large debris, and 152 

kept in a dark room in a closed container, under low temperature and humidity fluctuations. 153 

Physicochemical analyses were performed at the SADEF laboratory (Aspach le bas, France). Texture 154 

was loamy with 12.4% clay, 73.2% silt and 14.3% sand. Soil was slightly alkaline (pH of 7.9) with a high 155 

organic matter content (67 g.kg-1) and a low C/N ratio (8.6 for values between 8 to 12). To measure the 156 

effect of soil microorganisms on plant parasitism, a portion of the sampled soil underwent gamma-157 

sterilization at 35-60 kGy (IONISOS, Pouzauges, France), to eradicate most microorganisms while 158 

limiting damages to the soil’s integrity (McNamara et al. 2003). Effect of sterilizing treatment was 159 

controlled by plating out soil suspensions on a solid rich medium and assessing colony forming units 160 

(CFUs). Soil suspensions were prepared as 0.5 g of soil per mL of sterile distilled water macerated for 161 

two-hour and then diluted from 1 to 10-3. Two hundred µL of these suspensions were then plated on LB 162 

agar for bacterial assessment, and on potato dextrose agar (39 g.L-1 PDA, Sigma-Aldrich, in distilled 163 

water; pH 5.6) for fungal assessment. LB and PDA plates were then incubated seven days at 28°C and 164 

21°C respectively (Balestra and Misaghi 1997; Obire and Anyanwu 2009). 165 
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Soil DNA extraction and high-throughput sequencing  166 

Soil DNA was extracted in triplicates from 200 mg of solid materials (bulk soil; after harvest). Sterile 167 

distilled water was added as a negative control. Samples were processed using the NucleoSpin® Soil 168 

Kit (Macherey-Nagel) according to the recommended standard instructions. Amplicon library were 169 

constructed as described by Huet et al. (2020). Two-step PCRs were required for Illumina MiSeq 170 

sequencing, with PCR1 used for amplification of the specific V4 regions of bacterial 16S rRNA genes and 171 

fungal internal transcribed spacer (ITS1) genes, and PCR2 used to add barcodes and adapters to these 172 

amplicons. For bacteria, the paired primers of taxonomic markers used for PCR1 were 16S_515f 173 

(GTGCCAGCMGCCGCGGTAA) and 16S_806r (GTGCCAGCMGCCGCGGTAA) (Caporaso et al. 2011). For 174 

fungi, paired primers used were ITS1_f (CTTGGTCATTTAGAGGAAGTAA) and ITS2 175 

(GCTGCGTTCTTCATCGATGC) (Buée et al. 2009). PCR1 program was 94 °C for 3 min, followed by 35 176 

cycles of 94 °C for 30 s, 50 °C for 45 s, 68 °C for 1min 30 s, final extension at 68 °C for 10 min and final 177 

cooling at 10 °C. PCR2 program consisted in 94 °C for 60 s followed by 12 cycles of 94 °C for 60s, 55 °C 178 

for 60 s and 72 °C for 60 s and a final extension step of 72 °C for 10 min. Library preparation and 179 

sequencing on Illumina MiSeq were performed in the ANAN platform (nucleic acid analysis; SFR 180 

QUASAV, Beaucouzé, France).  181 

Bioinformatics analyses 182 

To ensure data reproducibility, sequences were processed through an automated bioinformatics 183 

workflow microSysMics (https://bio.tools/microSysMics), as reported by Huet et al. (2020). Quality of 184 

reads was controlled with Fastqc and Multiqc (Ewels et al. 2016) on demultiplexed Fast. To preserve 185 

sample quality (Phred-score >30), 16S reads were trimmed at 225 bp and 220 bp while ITS reads were 186 

trimmed at 175 bp and 170 bp for the forward and reverse reads respectively. Prior to the denoising 187 

procedure, PCR adapters were removed using Cutadapt (Martin 2011) and reads were truncated to a 188 

uniform length. Then, Dada2 processed unique sequences into ASV (Amplicon Sequence Variant), 189 

thanks to an error rate algorithm distinguishing biological sequence variations from amplification or 190 

sequencing errors. Denoised reads were merged and chimera were omitted from the dataset. 191 

Taxonomic assignments were performed using SILVA database for bacteria (Quast et al. 2012; Yilmaz 192 

et al. 2014) and UNITE database for fungi (Abarenkov et al. 2020). For further investigations, specific 193 

unidentified ASVs were computed using the BLASTn algorithm through the NCBI database. ASVs were 194 

numbered by alphabetical order according to the SILVA or UNITE code respectively for bacteria and 195 

fungi. Their associated codes and corresponding DNA sequences are available in supplementary data 196 

tables (Supp.Table1_16S and Supp.Table1_ITS). Chloroplast and mitochondria ASVs were removed 197 

from the abundance table via the Phyloseq package (1.34.0). Potential external contaminants were 198 

https://bio.tools/microSysMics
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discarded using the package Decontam (1.10.0) with the “either” method (Davis et al. 2018), and a 0.5 199 

decision threshold.  200 

Soil extract procedure for biological activity analysis  201 

Soil extracts were obtained by simultaneous extraction of soil living microorganisms and metabolites, 202 

and carried out according to an adaptation of several extraction methods using only water and mild 203 

centrifugations to avoid death of microorganisms (Morra and Kirkegaard 2002; Gimsing et al. 2005; 204 

Choi et al. 2020) The same procedure was used for both native and gamma-sterilized soils. Two 205 

replicates of five grams of 1 mm-sieved soil were suspended in 5 mL of sterile distilled water and kept 206 

in the dark at 20°C for 1 h under 400 rpm of constant shaking. After centrifugation (500 rpm for 5 min), 207 

both supernatants were pooled and pre-filtered on a 0.7 µm glass fiber filters (Merck Millipore) to 208 

remove most of soil particles. Half of the pre-filtered extracts were filtered at 0.22 µm with a syringe 209 

filter (PES Membrane Millex-GP) to remove microorganisms and extracting soil metabolites. Resulting 210 

soil extracts were kept at 4 °C for up to one day before use. 211 

Germination and prehaustorium formation bioassays 212 

Soil extracts were tested on conditioned and pre-germinated P. ramosa seeds for germination and 213 

prehaustorium formation bioassays, respectively. Sterilizing filtration treatments were carried out on 214 

native soil extracts using 0.45 µm (Nylon filter Membrane, Phenomonex) then 0.22 µm (PES Membrane 215 

syringe Filter, Millex-GP) to remove part and then all microorganisms (mostly fungi and bacteria) 216 

respectively. Additionally, a treatment with a large-spectral biocide (PPM 0.1% v/v) was used to 217 

chemically remove microorganisms from the seed suspensions. Germination and prehaustorium-218 

formation bioassays were performed using these different soil extracts, with at least 3 technical and 3 219 

biological independent replicates. 220 

Germination bioassays were carried out according to Pouvreau et al. (2013) using 50 µL of 221 

conditioned seeds (10 mg.mL-1) in 96-well plates (Cell Culture Multiwell Plate Cellstar; Greiner Bio-222 

One). The different soil extracts were tested at 10-fold and 100-fold dilutions in triplicates in a final 223 

volume set to 100 µL in HEPES buffer (1 mM; pH 7.5) together with or without 10-6 M gluconasturtiin 224 

(GNT, Phenylethylglucosinolate K-salt from Nasturtium officinale L., Phytoplan). GNT was chosen as its 225 

main degradation products, 2-PEITC, is primarily known to induce the germination of P. ramosa seeds 226 

(Auger et al. 2012). Plates were sealed with gas-impermeable filters to prevent inter-well 227 

contamination due to volatile degradation products. For positive controls, seed germination was 228 

induced with 10-7 M rac-GR24 (synthetic strigolactone kindly provided by F-D Boyer (Centre National 229 

de la Recherche Scientifique, Gif-sur-Yvette, France)). Seeds were treated with (1 mM; pH 7.5) HEPES 230 

buffer solution as negative controls. Direct induction of germination or presence of residual 231 
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glucosinolates was assessed by using control wells without GNT, or in presence of exogenous 232 

myrosinase (thioglucosidase from Sinapis alba, Sigma-Aldrich; 5 mU.mL-1 final concentration) 233 

respectively (Auger et al. 2012). Plates were incubated at 21 °C in the dark for 4 days. Seeds were 234 

stained by adding 5 µL of thiazolyl methylthiazolyldiphenyl-tetrazolium bromide (MTT; Sigma-Aldrich; 235 

5 g.L-1) per well, and the number of germinated seeds was then determined (purple seeds) the following 236 

day under binocular (Olympus SZX10; Olympus Europa GmbH). Germination ratio was then expressed 237 

as a ratio relative to the average ratio of germination with rac-GR24-treated seeds within the same 238 

plate. 239 

Prehaustorium formation bioassays were conducted according to Goyet et al. (2017). Five mL of 240 

conditioned seeds (10 mg.mL-1) were rinsed 3 times in sterile distilled water and suspended in 10 mL 241 

of germination medium (HEPES 1 mM, pH 7.5, rac-GR24 10-7 M) to reach 5 mg.mL-1 seed concentration. 242 

After 5 min, 50 µL of treated seeds (around 50 seeds) were distributed in 96 well plates, sealed with 243 

parafilm, and incubated at 21 °C in the dark. After 4 days, germination was controlled and should have 244 

reached a minimum of 70% germination ratio. The incubation medium was then carefully removed and 245 

replaced with 90 µL of HEPES buffer solution (1 mM; pH 7.5). Ten microliters of soil extracts were then 246 

added at 10-fold and 100-fold dilutions in six replicates. In addition, seeds were treated with the 247 

synthetic cytokinin thidiazuron (TDZ; PESTANAL® analytical standard, Sigma-Aldrich;10-8 M) as 248 

positive control (Goyet et al. 2019) and with buffer solution as negative control. Plates were incubated 249 

at 21 °C in the dark. After 3 days, seeds were stained by adding 5 µL of MTT per well. Ratio of germinated 250 

seeds developing prehaustorium (occurrence of papillae and root tip swelling) was evaluated the 251 

following day under binocular (Olympus SZX10; Olympus Europa GmbH), and was reported as a ratio 252 

relative to the average ratio of prehaustorium formation on TDZ-treated germinated seeds on the same 253 

plate. 254 

Mini-rhizotron co-cultivation for germination and aggressiveness assays  255 

Germination of B. napus seeds was induced by placing surface-sterilized seeds between two sterile glass 256 

microfiber filters (150 mm diameter, Macherey-Nagel) moistened with 15 mL of sterile distilled water 257 

in a round Petri-dish (150 mm diameter, 15 mm height, Dutscher). Petri-dishes were kept 7 days in a 258 

growth chamber (21 °C, 16 h photoperiod with 110 µmol m-2 s-1 photosynthetically active radiation, 259 

PAR).  260 

To investigate the interacting effect of soil microbiota and the host plant on broomrape seed 261 

germination and aggressiveness (i.e. number of broomrapes attached to host roots), two distinct co-262 

cultivation assays were set using P. ramosa conditioned seeds or seeds with pre-induced prehaustorium 263 

formation for germination and aggressiveness assays respectively. These assays were conducted 264 
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according to Gauthier et al. (2012) and Billard et al. (2020) with some minor modifications: one-week 265 

old rapeseed plantlets were transferred onto glass fiber filters in mini-rhizotron systems, with either 266 

one plantlet for germination assays, or two plantlets for aggressiveness assays to ensure sufficient root 267 

surface for attachment of germinated P. ramosa seeds. Mini-rhizotrons consisted of a square Petri-dish 268 

(120 mm diameter, 17 mm height, Greiner) uniformly filled with sterile rock wool moistened with 50 269 

mL of 50% (v/v) autoclaved Tadano et Tanaka medium pH 7.5 (Tadano and Tanaka, 1976) or 50% 270 

(v/v) of Coïc medium pH 6.8 (Coic and Lesaint 1975), for germination or aggressiveness assays 271 

respectively. Mini-rhizotrons were sealed on three sides with parafilm, covered with aluminum and 272 

incubated in the growth chamber under the same conditions. Plants were watered with 10 to 40 mL of 273 

medium every 2 days, depending on plant phenology requirements. 274 

For inoculation, sterile conditioned broomrape seeds were treated with either unfiltered or 0.22 275 

µm-filtered soil extracts (1/6-fold dilution) or buffer solution (HEPES 1 mM, pH 7.5) as a negative 276 

control for germination test, and spun before spreading on roots. Seeds with pre-induced 277 

prehaustorium formation were prepared 6 days earlier as described in Goyet et al. (2017). Sterile 278 

conditioned P. ramosa seeds were rinsed 3-time and were then placed in germination medium (HEPES 279 

1mM, pH 7.5, rac-GR24 10-7 M) in 50 mL tissue culture flasks (Becton Dickinson, Franklin Lakes, NJ, 280 

Etats-Unis) at 21 °C in the dark. After 4 days, seeds were rinsed 3-time and suspended in a medium 281 

containing filtered or unfiltered soil extracts (1/6-fold dilution), or buffer solution (HEPES 1 mM, pH 282 

7.5) as a negative control, or trans-zeatin (10-7 M, tZ dissolved in 50% acetonitrile, Olchemin, Czech 283 

Republic) as a positive control (Billard et al. 2020), 2 days before rapeseed root inoculation. The quality 284 

of broomrape seed sets was assessed beforehand regarding germination and prehaustorium formation. 285 

Two-week old rapeseed roots were then inoculated by spreading either 10 mg of conditioned 286 

broomrape seeds for germination assays onto the one root, or 12.5 mg of seeds pre-induced for 287 

prehaustorium formation onto the two roots after 4 weeks for aggressiveness assays. 288 

During co-cultivation assays dedicated to germination assessment, broomrape germination 289 

ratios were determined in mini-rhizotrons on weeks 1 and 2 post inoculation by evaluating the number 290 

of germinated seeds and total seeds in 4 squares of 1 cm2 nearby the roots, and total broomrape 291 

attachments on weeks 2 to 4 post root inoculation. Broomrape attachments were also characterized 292 

according to Gibot-Leclerc et al. (2012) as either young tubercles (no adventitious roots), spider-like 293 

tubercles (numerous adventitious roots) tubercles or older tubercles already bearing a flowering bud. 294 

Each mini-rhizotron was repeated 4 times for each treatment modality as 4 independent biological 295 

replicates. During co-cultivation assays dedicated to aggressiveness assessment, broomrape 296 
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attachments were determined daily from day 7 to day 20 post root inoculation. Each treatment was 297 

conducted as nine mini-rhizotron replicates.  298 

Isolation of myrosinase producing microorganisms by glucosinolate enrichment in minimum 299 

media  300 

Myrosinase producing bacteria and fungi were isolated following an enrichment isolation method using 301 

selective media with glucosinolate as the sole source of carbon (based on Albaser et al. 2016). Five 302 

hundred mg of 1 mm - sieved soil were suspended in 50 mL tissue culture flasks (Becton Dickinson) 303 

containing either 10 mL of M9-sinigrin medium (SNG; Sinigrin hydrate, Sigma-Aldrich) for bacteria and 304 

fungi, or PDB-sinigrin medium for fungi only. M9-SNG medium was prepared with 2 mL of M9 solution 305 

5X (64 g.L-1 Na2HPO4, 15 g.L-1 KH2PO4, 2.5 g.L-1 NaCl and 5 g.L-1 NH4Cl), 2 mL of  24.65 g.L-1 MgSO4  and 306 

10 µL of 14.7 g.L-1 CaCl2, and 2 mL of 10 g.L-1 SNG filtrated at 0.22 µm with syringe filter in sterile distilled 307 

water (pH 7.2). PDB-SNG medium was prepared with 8 mL of ¼ PDB solution (6 g.L-1) with 2 mL of 10 308 

g.L-1 SNG filtrated at 0.22 µm with syringe filter in sterile distilled water (pH 5.6). Flasks were incubated 309 

in the dark for 2 days under 100 rpm shaking at 30 °C or 21 °C for bacteria and fungi respectively. One 310 

milliliter of culture medium was then collected and subcultured in 4 ml of fresh M9-SNG or PDB-SNG 311 

medium and incubated at 30 °C or 21 °C respectively for another two days. This step was repeated two 312 

times. One milliliter was then collected, and serial dilutions were plated onto LB agar at 30 °C or PDA at 313 

21 °C for 4 days respectively. 314 

In addition, to increase fungal collection, serial dilutions of soil extracts were plated onto the 315 

non-selective medium PDA and incubated at 21 °C for 7 days. Finally, distinct colonies were isolated 316 

and purified on new solid LB or PDA medium for 5 days and grown in liquid LB or PDB medium for 2 317 

days. Pure cultures were then stored at -80 °C in 40 % glycerol (v/v) until further molecular and 318 

biological characterizations. 319 

Validation of myrosinase producing microorganisms using germination assays  320 

Validation of glucosinolate-degrading abilities of microbial isolates was assessed in vitro using 321 

broomrape seeds as a proxy for isothiocyanate detection. Beforehand, pure microbial isolates were 322 

suspended in buffer solution (HEPES 1 mM; pH 7.5) to maintain germination conditions for P. ramosa. 323 

Bacterial suspensions were set to OD600nm = 0.01 in plate using an Absorbance Microplate Reader 324 

(POLARstar Omega, BMG Labtech GmbH), and fungi solutions were set to 105 spores mL-1 in plate using 325 

a hemocytometer. Germination bioassays were carried out in 96-well plates as described above. Similar 326 

controls were used. Germination ratios were expressed as mentioned for germination assays, relatively 327 

to the positive control with rac-GR24. 328 
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Taxonomic identification of myrosinase producing isolated strains 329 

Molecular analyses were conducted on either single-pure bacterial colonies or mycelia, grown on solid 330 

medium. Microbial material was suspended in 100 µL of sterile ultra-pure water and incubated for 5 331 

min at 94 °C in order to allow cell lysis cells and release DNA. DNA amplifications were then performed 332 

using GoTaq® (G2 Flexi DNA Polymerase, Promega France) according to manufacturer’s 333 

recommendations. In a final volume of 50 µL, 2 µL of heated DNA suspensions were mixed with 1 µL of 334 

dNTP mix (10 mM, Promega France), 1 µL of upstream and downstream primers and GoTaq® reagents 335 

(10 µL of 5X Green Buffer, 5 µL of MgCl2 Solution (25 mM) and 0.25 µL of GoTaq®. The paired primers 336 

16S_515f (GTGCCAGCMGCCGCGGTAA) and 16S_806r (GTGCCAGCMGCCGCGGTAA) were used to 337 

amplify bacterial DNA (Caporaso et al. 2011). The paired primers ITS1_f 338 

(CTTGGTCATTTAGAGGAAGTAA) and ITS2 (GCTGCGTTCTTCATCGATGC) were used to amplify fungal 339 

DNA (Buée et al. 2009). PCR amplification were carried out using a MyCyclerTM thermal Cycler system 340 

(Bio-Rad) according to Barret et al. (2015) with some modifications, 95 °C for 2 min followed by 35 341 

cycles of 95 °C for 45 s, 50 °C or 52 °C for 45 s for bacteria and fungi respectively, 72 °C for 1 min, then 342 

final elongation at 72 °C for 5 min and final cooling at 10 °C. Sequencing was performed at Eurofins 343 

Genomics (Ebersberg, Germany).Taxonomic assignations were computed using the BLASTn algorithm 344 

on the NCBI database (Altschul et al. 1990). Species was assigned when it belonged to the top hit, i.e. 345 

single species with identity percentage above 95%.  346 

Statistical analyses  347 

All results were computed on RStudio v1.4.1103 (R Core v4.0.3), and analyzed with different statistical 348 

approaches according to data distribution and experimental design.  349 

For co-culture experiments, effects of soil extracts on broomrape germination and attachment 350 

were compared across treatments (3 modalities) and weeks (from 1 to 4) with ANOVAs (analysis of 351 

variance) on Mixed-Effect Models using the Car package v3.0-10, (Fox and Weisberg 2019) and the lme4 352 

package v1.1-26 (Bates et al. 2015). Fixed effects were compared with multi comparisons of estimated 353 

means with the emmeans package 1.5.5-1 (Lenth 2021). For germination assays, a logit transformation 354 

was required for the percentage data, and were modeled with a linear mixed model (lmer), assuming 355 

normal distribution of germinated seeds. Square position (1 to 4), biological replicate, experimenters, 356 

and mini-rhizotron identification were used as random factors. For broomrape attachments, Poisson 357 

law was selected as a large part of the dataset are small counts, and data were modeled with a 358 

generalized mixed model (glmer), with a square-root link function. For relative abundance of the 359 

different development stages, each stage was used as explanatory variable (Young, Spider, Bud and 360 

Necrosis tubercle) using a glmmPQL, a glmer based on a quasi law for logistic regression. GlmmPQL 361 
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were employed in this case, as it is usually required when explanatory variable is only available as a 362 

proportion but follows binomial law. For both total attachment and development stage models, 363 

biological replicate, and mini-rhizotron individuals were used as random factors. 364 

In both germination and prehaustorium-formation bioassays, integration of positive and 365 

negative controls resulted in an unbalanced design; therefore, soil treatment was used as a unique 366 

factor to cover all modalities including soil dilution, soil sterilization and co-treatments. On the one 367 

hand, the large proportion of zeros in the germination dataset limited the identification of a known 368 

statistical law and therefore the use of parametric tests. Data were analyzed with a Kruskal rank sum 369 

test (stats package v4.0.3) and comparisons of effects were done with multiple pairwise comparison 370 

procedures (asbio package v1.6-7). On the other hand, prehaustorium-formation data were analyzed 371 

with a parametric mixed-model, using a glmmPQL based on a quasi law for logistic regression. Fixed 372 

effects were compared with multi comparisons of estimated, and biological and technical replicates 373 

were included as random factors.  374 

RESULTS 375 

Bacterial and fungal profiles of broomrape infested soil 376 

Bacterial and fungal communities present in the rapeseed soil were described on three independent 377 

soil samples by sequencing the 16S and ITS marker genes respectively. After bioinformatics processing, 378 

the number of reads ranged from 12,519 to 14,892 for bacteria, and from 35,005 to 45,425 for fungi. 379 

Bacterial communities were composed of 877 distinct amplicon sequence variants (ASVs), clustered 380 

into 29 phyla, 163 families and 189 genera, while fungal communities were composed of 545 distinct 381 

ASVs clustered into 9 phyla, 95 families and 136 genera. For abundance description, taxa with 382 

abundance less than 0.1% were grouped into a common class named “< 0.1%”. ASVs from SILVA and 383 

UNITE identifiers with corresponding DNA sequences for 16S and ITS can be found in supplementary 384 

data (Supp.TableS1; Supp.TableS2 respectively). 385 

At the phylum level, the four most abundant bacterial phyla were Actinobacteriota (mean= 386 

34.45± sd= 1.11%), Proteobacteria (23.31±3.04%), Acidobacteriota (21.91±2.71%) and Chloroflexi 387 

(5.29±0.90%) (Supp. Fig.S3A). Bacterial families were homogeneously distributed among the samples, 388 

and characterized by a high number of low abundant taxa, with 68.36±7% of them being less than 1% 389 

abundant (Fig.1). Nevertheless, the most abundant families were the Pseudonocardiaceae 390 

(11.97±3.99%), the Vicinamibacteraceae (10.72±0.86%) and families less than 0.1% abundant 391 

(6.71±0.45%). In addition, 4 Streptomyces ASVs (2.1±0.54%), one Bacillus ASV (0.08±0.13%), and one 392 

Pseudomonas ASV (0.02±0.04%) were detected. Species assignations were not available from either the 393 

SILVA or the NCBI data base.  394 
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The majority of fungal ASVs corresponded to the phyla Ascomycota (74.52±8.56%), followed by 395 

a smaller proportion of Olpidiomycota (9.86±7.58%) and Basidiomycota (6.15±0.42%) (Supp. Fig.S3B). 396 

A very small proportion of the phylum Glomeromycota (0.05±0.03%) was present, mainly composed of 397 

the genera Funneliformis (33.33±57.74%), Paraglomus (26.09±45.19%) and Archaeospora 398 

(28.49±38.60%), namely arbuscular mycorrhizal fungi (AMF). Fungal families were less 399 

homogeneously distributed than bacterial families and had smaller proportions of few abundant taxa 400 

(24.97±2.55%) (Fig.2). On average, Aspergillaceae members were dominant in the samples 401 

(29.89±14.83), followed by Olpidiaceae (9.86±7.58%), Plectosphaerellaceae (8.81±7.89%), Nectriaceae 402 

(6.08±1.93%), and families less than 0.1% abundant (6.42±0.72%). The Aspergillaceae family was 403 

mostly composed of Aspergillus (65.12±6.16%), Penicillium (34.69±6.13%) genera, and one 404 

unidentified genus (0.19±0.03%). The different Aspergillus species were presented in supplementary 405 

Table S3, with prevalence of ASV 853 (76.07±1.14%). After a BLASTn analysis, ASV 853 shared 100% 406 

identity with A. europaeus and A. fumigatus but no exact assignation could be determined. 407 

No metabarcoding analyses were conducted on gamma on sterilized soil to search for microbial 408 

communities. Nevertheless, the average values of colony forming bacteria and fungi were respectively 409 

4.80.103±1.11.103 (mean±sd) and 11.55±4.88 CFU g-1dry native soil, whereas average values were of 410 

8.67±6.46 bacterial and 1.01±0.98 fungal CFU.g-1 dry sterilized soil thus confirming sterilizing 411 

treatment effectiveness. 412 

Effect of soil microorganisms on germination signal in mini-rhizotron systems 413 

Germination of broomrape seeds was monitored in mini-rhizotron systems at one- and two- weeks post 414 

rapeseed root inoculation. Inoculum consisted of broomrape seeds suspended either in control buffer, 415 

buffered unfiltered soil extracts or 0.22 µm-filtered soil extracts (Fig.3A). Seed viability was assessed 416 

separately via addition of synthetic strigolactone rac-GR24, and led to identical and high seed 417 

germination ratio for all treatments after 4 days (mean= 94.64±sd= 2.27%, p-value >0.05). 418 

Control treatment with buffer and treatment with 0.22 µm-filtered soil extracts containing 419 

water-soluble soil metabolites resulted in similar germination ratios after two weeks of co-cultivations. 420 

Germination ratios were close to 0 during the first week but increased considerably during the second 421 

week to reach 47.72±27.51% (median±sd) and 41.97±34.73%, respectively (p-value >0.05). This thus 422 

suggests the release of GSs from rapeseed roots after 2 weeks of co-cultivation without any effect of 423 

water-soluble soil metabolites. Furthermore, treatment with unfiltered soil extracts significantly 424 

increased broomrape germination ratios over the two weeks compared to the control, as germination 425 

ratios reached 41.55±25.21% (p-value <0.0001) on the first week and 76.84±26.15% (p-value <0.0001) 426 

on the second week. Besides, in the presence of unfiltered soil extracts, germination ratio on week 1 427 
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was similar to the control buffer treatment on week 2 (p-value = 0.99), indicating a one-week delay of 428 

germination in the absence of microorganisms. Altogether, these results highlight the amplification of 429 

broomrape seed germination signal in the presence of microorganisms from soil extracts. 430 

Subsequent effects of soil on broomrape attachment to rapeseed roots and subsequent tubercle 431 

development was assessed at two, three, and four weeks post inoculation (Fig.3B). Treatment with 432 

unfiltered soil extracts only impacted the number of attached parasites at three weeks post inoculation 433 

with over 6.8 times more broomrape tubercles compared to the 0.22µm filtered extract (p-value 434 

=0.004) and buffer treatment (p-value <0.0001). However, differences in number of attached parasites 435 

at four weeks post inoculation were no longer significant. There were 56.63±51.81 (mean±sd) attached 436 

tubercles for unfiltered soil extract treatment, and 42.47±46.22 for 0.22µm filtered soil extract 437 

treatment compared to 42.32±33.35 attached tubercles for buffer control treatment (p-values =0.596 438 

and =0.376 respectively). Nevertheless, unfiltered soil extract treatments resulted in higher 439 

proportions of advanced spider tubercles at four weeks post inoculation with 59.69±19.93% compared 440 

to buffer control with 21.79±24.30% (p-values<0.0001) while treatments with buffer solution and 0.22 441 

µm filtered soil extract displayed higher proportions of young tubercles with respectively 442 

76.42±27.37% (p-values <0.0001) and 59.46±24.77% (p-value =0.042) compared to unfiltered extract 443 

treatment with 39.39±19.67% (Fig.3C). These results suggested that the microbial-mediated signal 444 

enabled faster kinetics of broomrape seed germination, and thus faster kinetics of attachment to host 445 

roots and subsequent post attachment development.  446 

Effect of soil microorganisms and metabolites on broomrape seed germination in presence of 447 

glucosinolates in in vitro assays  448 

Four days after induction treatment in 96-well plates, no P. ramosa seed germinated in the presence of 449 

either the negative control (HEPES buffer) or the soil extracts alone for any dilutions (0%, p-value 450 

>0.05; Fig.4). This suggests that both metabolites and microorganisms from soil extracts had no direct 451 

impact on the germination of broomrape seeds. Furthermore, no inhibitory effect was observed on seed 452 

germination after co-treatment with germination stimulant rac-GR24 (10-8 M) associated with either 453 

0.22 µm filtered or unfiltered soil at 2 dilutions. At the 10-fold dilution, seeds germinated at relative 454 

ratios of 1.00±0.05 (median±sd) and 0.92±0.05 respectively for filtered and unfiltered soil extracts (p-455 

value =1), similarly to the control (rac-GR24 only) with 1.01±0.05 (p-value >0.05; Supp. Fig.S4A). 456 

In contrast, broomrape seed co-treatment with soil extracts and exogenous gluconasturtiin 457 

(GNT; 10-6 M) significantly enhanced seed germination ratios ranging from 0 to 0.90±0.08 (median±sd) 458 

to 0.97±0.13 for the 10-fold and 100-fold soil extract dilutions respectively (p-value <0.0001 for both 459 

dilutions), compared to seeds treated with positive control rac-GR24 (10-7 M). As GNT alone does not 460 
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induce any seed germination (p-value =1), this result suggests the release of GSs from GNT hydrolysis 461 

by soil microorganisms. Control co-treatments with exogenous myrosinase (5 mU.mL-1) and 0.22 µm-462 

filtered soil extracts confirmed the absence of residual glucosinolate among the water-soluble soil 463 

metabolites, whereas co-treatments with GNT confirmed the absence of residual extra-cellular 464 

myrosinase (null germination ratio, Supp. Fig.S4B). 465 

All co-treatments of any of the sterilized extracts (soil extract filtrations, biocidal treatment, 466 

gamma sterilization) with GNT (10-6 M) were similarly inactive on P. ramosa seed germination (null 467 

germination) compared to the buffer control for all soil extract dilutions (p-values >0.05; Fig.4). In 468 

addition, both 0.45 µm and 0.22 µm filtrations of native soil extracts prevented GNT-mediated 469 

germination, suggesting that the soil activity was concentrated in unfiltered extracts, with microbes 470 

larger than 0.45 µm.  471 

Bacterial and fungal candidates responsible for glucosinolate degradation in rapeseed soil  472 

Isolation procedures from enrichment cultures revealed nine bacterial isolates on minimum medium 473 

M9 (8 growing on LB agar and 1 on PDA), as well as nine fungal isolates (2 on M9 and 7 on ¼ strength 474 

PDB). Bacteria were identified via sequencing of 16S rRNA amplicons, and fungi via sequencing of ITS1. 475 

Nucleotide sequences were compared in NCBI database (Table 1) and assigned to one uncultured 476 

Actinobacterium sp., one uncultured Proteobacterium, four Arthrobacter spp., one Ralstonia picketti, and 477 

one Chryseobacterium sp. for bacteria. As for fungi, all isolates belonged to Penicillium genus. Four 478 

additional strains of Aspergillus spp. were isolated from the soil extracts on PDA plates (non-selective 479 

medium for Aspergillus spp.). 480 

All isolates were screened for their ability to degrade glucosinolates and to induce P. ramosa 481 

seed germination in 96-well plate germination assays using the seeds as bioindicators (Table 1). No 482 

germination activity was observed for any strains in the absence of GNT, meaning that there was no 483 

direct microbial production of effective GSs. The tested strains were reported as myrosinase-producing 484 

microorganisms when they were able to induce seed germination in presence of GNT (10-6 M). Out of 485 

the 13 tested fungi, isolates previously grown with SNG and within the Penicillium genus showed 486 

myrosinase activity. None of the Aspergillus strains showed any myrosinase activity. In total, 2 strains 487 

Pen_M9_1 and Pen_M9_2 isolated from M9 and SNG medium, as well as 1 strain Pen_PDB_5 from PDB 488 

and SNG were able to degrade GNT into broomrape GSs. For bacteria, myrosinase activity was detected 489 

for all Arthrobacter strains and for Ralstonia, Actinobacterium and Proteobacterium strains. Out of 9, all 490 

8 isolates but Chry_M9_9 were able to induce GNT-mediated germination. 491 
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Effect of soil microorganisms and metabolites on broomrape aggressiveness   492 

Broomrape aggressiveness was monitored using mini-rhizotron systems, by inoculating rapeseed 493 

seedlings with pre-germinated P. ramosa seeds (at mean= 94.78±sd= 1.48%). Prehaustorium induction 494 

on an aliquot of P. ramosa seeds was also assessed separately in 96-well plates the day after, with a 495 

maximum formation ratio of 79.32±9.70% for the positive control (trans-zeatin; tZ 10-7 M) and 496 

2.09±3.70% for the negative control (HEPES buffer). 497 

In mini-rhizotrons, attachments to rapeseed roots of pre-germinated and treated seeds were 498 

evaluated from day seven post inoculation. Attachments were first observed on the 10th day for each 499 

treatment (Fig.5A). Filtered and unfiltered soil extracts, and tZ treatments increased broomrape 500 

aggressiveness with respectively 3.89±5.62 (mean±sd), 3.22±2.05 and 5.40±5.50 attachments, 501 

compared to the control buffer with 0.63±0.74 attachments (p-values ≤ 0.01) from day 10 and 502 

throughout the assay. At the end of the experiment, the attachment number increased significantly by 503 

21.31±4.54 % in conditions treated with unfiltered soil extracts, compared to the negative control. No 504 

significant differences (p-values >0.05) in tubercle development were nevertheless observed, all stages 505 

considered (Fig.5B). No increase of the parasitic kinetic was triggered by soil extract treatments, as all 506 

conditions had similar daily attachment ratios (number of new attachments reported to total final 507 

attachments; p-values >0.05; Supp. Fig.S5). Altogether, these results show a combined effect of soil 508 

metabolites and microorganisms on broomrape aggressiveness, through improvements of the 509 

attachment ratio of germinated seeds. 510 

Characterization of soil activities on induction of prehaustorium formation using in vitro assays  511 

After three days of treatment with unfiltered soil extracts, pre-germinated seeds exhibited 512 

shorter radicles and developed prehaustoria with ratios of 0.71±0.17 (median±sd) at the 10-fold and 513 

0.08±0.11 at the 100-fold dilutions, relatively to seeds treated with the positive control (TDZ 10-8 M; 514 

ratio of 1.00±0.05 ≈95.15±5.53%; Fig.6). The 10-fold dilution strongly differed from the control buffer 515 

treatment which did not induced prehaustoria (0±0.004; p-value <0.0001), thus showing that soil may 516 

be involved in the release of HIFs. Prehaustorium formation ratios were lower for the 100-fold dilution 517 

for all treatment, suggesting a dilution effect of HIFs in the microbial suspension. 518 

Prehaustorium formation ratios were also assessed using mechanic (filtrations) and chemical 519 

(PPM addition) sterilization procedures as well as soil gamma-sterilization treatment. This resulted in 520 

two divergent patterns according to the chosen method. Indeed, mechanical sterilization induced 521 

decreased activities compared to the 10-fold diluted unfiltered extracts, with relative prehaustorium 522 

formation ratios of 0.42±0.22 for soil extracts filtrated at 0.45 µm (p-value =0.0006) and 0.25±0.13 for 523 

soil extracts filtrated at 0.22 µm (p-value <0.0001). Similarly, chemical sterilization with PPM reduced 524 
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relative Prehaustorium formation ratios to 0.40±0.17 compared to 10-fold diluted unfiltered soil 525 

extracts (p-value <0.0001). These results suggest that both soil extract metabolites and microorganisms 526 

contribute to the induction of prehaustorium formation. In contrast, gamma-sterilized soil extracts 527 

considerably increased prehaustorium formation ratios up to levels similar to the positive control, 528 

without any effect of the 0.22 µm filtration for both extract dilutions (p-value =0.104). Indeed, relative 529 

prehaustorium formation ratios of the 10-fold diluted gamma-sterilized soil extracts were of 0.98±0.05 530 

and 0.97±0.07 for the 0.22 µm filtered and unfiltered extracts respectively (p-value =0.989). Thus, this 531 

suggests an artifact effect of soil sterilization by gamma-irradiation causing the release of metabolites 532 

with HIF activity.  533 

 534 

DISCUSSION 535 

The confirmation of microbial contribution in the B. napus - P. ramosa interaction is of major 536 

interest in the integrated and global understanding of the parasitic plant biological cycle in its agro-537 

ecological environment. This study shows that a rapeseed soil contains a microbiota that promotes both 538 

the parasitic plant germination and aggressiveness through the release of glucosinolate-breakdown 539 

products and HIFs.  540 

Rapeseed soil microorganisms hydrolyze host plant glucosinolates into isothiocyanates in the 541 

rhizosphere 542 

In the present study, using B. napus - P. ramosa co-cultivation experiments, we have assessed the effect 543 

of the soil activity on the rhizosphere signaling leading to broomrape seed germination. We first 544 

observed that, in absence of soil microorganisms, B. napus alone was able to induce more than 45% of 545 

broomrape seed germination after two weeks of co-cultivations, thus suggesting the occurrence of GSs 546 

in the vicinity of roots. Most likely, these compounds include 2-phenylethyl isothiocyanate (2-PEITC), 547 

as it is the main GS exuded by rapeseed (Auger et al. 2012). Indeed, rapeseed roots may release 548 

isothiocyanates, through the degradation of tissues associated with root growth, during which 549 

glucosinolates come in contact with endogenous myrosinase (Rumberger and Marschner 2003). Non-550 

enzymatic degradation of glucosinolates in the roots have also been reported through induction by 551 

strong thermal and chemical stresses (e.g. pH>10; Blažević et al. 2015). Although glucosinolate stability 552 

is still under exploration, it has been shown to vary according to the side chain structure of the 553 

compound (aromatic, aliphatic, indolic) and plant species (Blažević et al. 2015; Dekker et al. 2009). In 554 

the present study, glucosinolates are thus unlikely to be easily degraded due to their structure under 555 

the used conditions (21°C in the dark in buffered medium).  556 
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Interestingly, transfer of soil microorganisms to the mini-rhizotron co-cultivation systems 557 

favored parasitic seed germination, in turn accelerating the whole parasitic cycle. This indicates an 558 

amplification of the host pre-existing germination signal by the hydrolysis of the host-exuded 559 

glucosinolates thanks to soil microbial myrosinase activities (Fahey et al. 2001; Rumberger and 560 

Marschner 2003; Bressan et al. 2009; Auger et al. 2012). This hypothesis is further supported by in vitro 561 

germination assays which showed that soil microorganisms stimulated broomrape seed germination, 562 

only when supplied with the main glucosinolate of rapeseed roots GNT (Kirkegaard and Sarwar 1998). 563 

This result suggests GNT hydrolysis into 2-PEITC in the incubation medium (Auger et al. 2012). 564 

Moreover, in the absence of soil microorganisms, the transformation of GNT into GSs required addition 565 

of exogenous myrosinase, which is the only enzyme able to click the S-glycosidic bond present in GNT 566 

(Naumoff 2011; Bhat and Vyas 2019). Thus, the present study provides strong evidence of microbial 567 

myrosinase-like activity in the studied rapeseed soil. The complete loss of activity observed after 568 

sterilizing treatments (0.22 µm filtrations, PPM and gamma-sterilization) further confirmed the 569 

microbial origin of the germination-promoting activity. This activity was also shown to originate from 570 

microorganisms larger than 0.45 µm, as filtration at 0.45 µm prevents the germination. Further analyses 571 

using intermediate filters or including specific fungicide or bactericide treatments are nevertheless 572 

required to establish the bacterial and/or fungal origin of the observed activity. 573 

Interestingly, while myrosinase activity has already been reported in soils (Al-Turki and Dick 574 

2003; Gimsing et al. 2006), this report is the first to emphasize its role as a factor contributing to the 575 

whole parasitic plant - plant interaction. 576 

Rapeseed soil microorganisms alone do not produce germination stimulants  577 

Direct release of GSs by soil microorganisms was not observed in the present study, as no broomrape 578 

seed germination occurred in vitro upon treatment with unfiltered or filtered soil extracts alone. 579 

Moreover, as no germination was observed with or without exogenous myrosinase treatment, it 580 

appears that no residual glucosinolate nor GS were detected in the soil extracts. Nevertheless, we 581 

cannot out rule that the parasitic seeds were not able to detect putative isothiocyanates, as they could 582 

be too diluted or rapidly degraded by soil microorganisms, or also because of apolar interactions may 583 

prevent them to be properly solubilized in water (Sarwar et al. 1998; Rumberger and Marschner 2003). 584 

Indeed, Auger et al. (2012) successfully extracted glucosinolate-breakdown products from rapeseed 585 

soil using dichloromethane solvent, showing that GSs can be retained by soil particles. 586 

To date, only few studies have described the production of GSs by microorganisms. For instance, 587 

fusicoccins (carbotricyclic diterpenoids) and their derivatives isolated from the fungus Fusicoccum 588 

amygdali, the causal agent of peach and almond canker, as well as Ophiobolins (sesquiterpenes) from 589 
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pathogenic Bipolaris fungal species were shown to induce germination of P. ramosa and other 590 

broomrape species (Yoneyama et al. 1998; Evidente et al. 2006; Fernández-Aparicio et al. 2008; 591 

Okazawa et al. 2021). However most of these studies focused on non-crop specific or plant pathogenic 592 

microorganisms as tools for suicidal germination approaches. Yet, no study has considered the role of 593 

microorganisms naturally occurring in the soil during the parasitic plant cycle. Altogether, these results 594 

emphasize the tri-partite nature of the signaling mechanisms leading to P. ramosa germination in 595 

rapeseed fields. 596 

Rapeseed microbiome is structured by the rapeseed metabolome 597 

The prevalence of isothiocyanates in the rhizosphere of rapeseed and other Brassicaceae species is 598 

known to induce a strong biocidal activity against numerous soilborne bacteria and fungi (Smith and 599 

Kirkegaard 2002; Aires et al. 2009; Sotelo et al. 2015). It was also shown that, under different pH and 600 

cellular conditions (e.g. presence of Fe3+, epithiospecifier-like proteins, glucosinolate side-chain 601 

structure), glucosinolates can rearrange into other breakdown compounds (thiocyanates , nitriles, 602 

oxazolidine-2-thiones and epithionitriles) which also bear biocidal properties (Wittstock et al. 2016). 603 

Overall, this toxicity shapes the microbiota structure in the rhizosphere of Brassicaceae (Bressan et al. 604 

2009). Fungal communities are especially impacted and undergo severe reductions in diversity and 605 

richness, as they are usually more sensitive to these toxic compounds (Smith and Kirkegaard 2002; 606 

Hollister et al. 2013). This explains the absence of AMF (arbuscular mycorrhizal fungi) in rhizosphere 607 

of isothiocyanate-producing plant species (Wang et Qiu 2006; Vierheilig and Ocampo 1990; Schreiner 608 

and Koide 1993), which is also demonstrated by the very low proportion of AMF phylum 609 

Glomeromycota recovered in the rapeseed soil of the present study (<0.1%). 610 

Microbial community rearrangements have also been observed after brassicaceous plant 611 

material or isothiocyanate amendment as indirect effects of isothiocyanate toxicity. They are generally 612 

associated with an increase in the proportion of Pseudomonas spp., Bacillus spp. and taxa from 613 

Actinomycetales including Streptomyces spp. (Hollister et al. 2013; Ren et al.2018; Hu et al. 2015), which 614 

are well-known to suppress bacterial and fungal soilborne pathogens of rapeseed (Cohen et al. 2005; 615 

Sun et al. 2017; Jelušić et al. 2021). Although no soil microbiota analysis was performed prior to 616 

rapeseed cropping in our study, glucosinolate-degradation products possibly induced the selection of a 617 

high proportion of the Pseudonocardiaceae (order Actinomycetales). Among this family, genus 618 

Saccharopolyspora, which contains numerous species producing a wide variety of biologically active 619 

secondary metabolites, is mainly represented (Sayed et al. 2020). Global effects of glucosinolates on 620 

microbial communities also result in combining toxicity effects of glucosinolate degradation products 621 

together with beneficial effects of allelopathy and nutrient release. Indeed, at the small scale, glucose 622 
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molecules resulting from the glucosinolate hydrolysis can be used as a carbon substrate, thus conferring 623 

competitive advantages for myrosinase-producing and isothiocyanate-tolerant microorganisms 624 

(Rumberger and Marschner 2003; Bressan et al. 2009; Szűcs et al. 2018). We thus hypothesize a 625 

distribution of these specific traits among several groups of microorganisms found in the rapeseed 626 

rhizosphere. 627 

Distribution of myrosinase activity among microorganisms isolated from rapeseed soil 628 

We demonstrated that a rapeseed cultivated soil contains microorganisms able to degrade 629 

glucosinolates thanks to their myrosinase activity and thus able to induce broomrape seed germination. 630 

Indeed, we isolated both bacterial and fungal candidates harboring myrosinase activities. Notably, this 631 

study reveals a myrosinase-like activity of Penicillium strains with three out of nine isolates inducing 632 

about 45% of broomrape seed germination in presence of glucosinolates. However, the myrosinase 633 

activity was not evenly distributed among the genera. Only one out of the seven PDB-isolated 634 

Penicillium exhibited myrosinase activities in a more complex medium (SNG and potato dextrose). This 635 

suggests the ability of Penicillium spp. to tolerate toxicity of glucosinolate-breakdown products and 636 

develop on different available sources of carbon, either from the medium itself or from co-metabolism 637 

with co-occurring myrosinase-containing organisms. To date, most of the identified glucosinolate-638 

degrading fungi belong to Aspergillus or Fusarium species, such as A. sydowii, A. clavatus, A. flavus, A. 639 

niger, A. terreus and F. oxysporum (Ohtsuru et al. 1973; Smits et al. 1993; Sakorn et al. 1999; 640 

Rakariyatham and Sakorn 2002; Rakariyatham et al. 2005; Galletti et al. 2008; Wang et al. 2012; Szűcs 641 

et al. 2018). Interestingly, both Aspergillus and Penicillium genera belong to the Aspergillaceae family, 642 

which was the most abundant family in the studied rapeseed soil (20%). However, among all the species 643 

identified in this study, only A. flavus, which was present in low quantities, has previously been 644 

described to degrade glucosinolates. Nevertheless, we tested the ability of the four isolated Aspergillus 645 

strains to degrade glucosinolates into GSs. In our conditions, none of Aspergillus strains at a 646 

concentration of around 103–104 spores per mL, were able to induce broomrape germination in 647 

presence of GNT (10-6 M). However, these strains were isolated on a classic medium (PDA) without 648 

glucosinolate, which may be required to select myrosinase active strains and/or to induce their 649 

myrosinase activity. Indeed, fungal myrosinases may function similarly as bacterial myrosinases that 650 

were characterized as inducible rather than constitutive enzymes (Albaser et al. 2016). Likewise, 651 

Gimsing et al. (2006) found that degradation of glucosinolates was higher in soils that had been 652 

cultivated with glucosinolate-containing crops compared to soils cultivated with other crops. This 653 

suggests a selection and/or stimulation of myrosinase-producing microorganisms. Further 654 

experiments may be nevertheless required to properly conclude on the contribution of these isolates 655 
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to the germination-promoting signaling in rapeseed rhizosphere. No Fusarium strain, was isolated from 656 

the studied soil. This may be due to their low relative abundance in the studied soil (less than 3%), but 657 

also to the competition with other species on non-selective PDA medium. Nevertheless, Fusarium spp. 658 

have been found to both degrade glucosinolates and tolerate isothiocyanates (Smits et al. 1993; 659 

Ishimoto et al. 2000). This thus highlights the need to further investigate the contribution of Fusarium 660 

spp. in the germination signaling. F. oxysporum might be considered of great interest in this case, as this 661 

species is pathogenic to many broomrapes and was dominant in our studied soil (Andolfi et al. 2005; 662 

Aybeke 2020; Gibot-Leclerc et al. 2022). 663 

In addition to the mycobiota, myrosinases are also found in several bacteria mostly found in 664 

human or animal gut, such as enterobacteria or lactic acid bacteria (Palop et al. 1995; Cheng et al. 2004; 665 

Mullaney et al. 2013). Bacterial myrosinase activities were also recently characterized in Leclercia 666 

adecarboxylata and Citrobacter WEY1 strains isolated from the rhizosphere of rapeseed seedlings and 667 

adult plants respectively (Albaser et al. 2016; Tie et al. 2021). Gene sequence structures differ between 668 

bacterial myrosinases and those of plants and insects suggesting different hydrolysis mechanisms and 669 

strategies for glucosinolate-breakdown. Plant myrosinase belong the glycoside hydrolase 1 (GH1) 670 

enzyme family (Francis et al. 2002; Naumoff 2011; Mahn et al. 2014), whereas bacterial ones were 671 

assigned to multiple GH families. On the one hand, Albaser et al. (2016) described a GH enzyme with 672 

myrosinase activity encoded by genes of GH3 family in a Citrobacter strain. On the other hand, Cordeiro 673 

et al. (2015) found GHs with possible myrosinase-like activities encoded by genes of GH1 and GH4 674 

families in strains of SNG-degrading Escherichia coli. In the present work, myrosinase activity was 675 

detected in eight out of the nine soil bacterial strains isolated from M9 SNG-medium. Most of these 676 

strains were characterized as members of the genera Arthrobacter, Ralstonia and two uncultured 677 

Actinobacterium and Proteobacterium. In the same way as for fungi, incubation of bacteria with SNG did 678 

not constitutively result in myrosinase enzymatic activity, since Chry_M9_9 (Chryseobacterium sp.) 679 

could not degrade GNT into GSs in the tested conditions. Interestingly, Arthrobacter genus is known to 680 

be prevalent in soils and rhizospheres and is involved in the transformation of several organic carbon 681 

substrates, such as aromatic hydrocarbons (Stevenson, 1967). In a recent study, a variety of 682 

Arthrobacter strains isolated at different depth in a sediment substrate exhibited a high number of 683 

carbohydrate-active enzymes from the CAZymes database (carbohydrate-active enzyme database 684 

Drula et al. 2022), many of them being glycoside hydrolases (Gushgari-Doyle et al. 2022). They 685 

displayed high genomic capacities for utilization of carbohydrates and other carbon substrates, which 686 

is somewhat similar to their abilities to degrade glucosinolate in rapeseed soils.  687 
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Rapeseed soil microorganisms increase broomrape aggressiveness through HIF release 688 

This study provides an original demonstration of the direct contribution (i.e. without requiring a host 689 

plant) of soil microorganisms in the induction of prehaustorium formation in root-parasitic plants. 690 

Seeds treated with soil microorganisms and/or soil metabolites indeed displayed more 691 

attachments to rapeseed roots, which was also similar to treatments with cytokinins (tZ 10-7 M). 692 

Cytokinins are known effective HIFs that induce the formation of prehaustorial structures on P. ramosa 693 

germinated seeds (Goyet et al. 2017) as well as on P. ramosa microcalli (Billard et al. 2020). Thus, we 694 

suggest that the studied soil contains HIFs that trigger prehaustorium formation and lead to a higher 695 

attachment ratio of broomrape seeds. The hypothesis of the HIFs’ microbial origin was strengthened by 696 

the in vitro assays. Indeed, soil microorganisms induced up to 66% of prehaustorium formation in 697 

absence of the host plant. This ratio was decreased after biological or mechanical soil sterilization. The 698 

contribution of microorganisms present in both the 0.45 µm-filtered fraction and the 0.22 µm-filtered 699 

fraction was confirmed by the progressive yet significant loss of activity after these filtrations with 700 

ratios of 0.49 and 0.22 of prehaustorium formation, respectively. The residual activity in the filtered 701 

extracts is suspected to be the outcome from HIFs released in the medium during soil extraction 702 

procedure, as it has already been observed with cytokinin-producing microorganisms (Müller et al. 703 

1989; García de Salamone et al. 2001; Spallek et al. 2018). Chemical bio-guided analysis or 704 

pharmacological approaches using specific competitive inhibitors could be considered to further 705 

characterize these microbial HIFs (Goyet et al. 2017).  706 

This strong HIF activity was also detected in the gamma-sterilized extracts and in both filtered 707 

and unfiltered soil extracts. This excludes a direct microbial activity. Unlike biocidal treatment, gamma-708 

irradiation possibly results in the breakdown of microbial DNA structure. This might subsequently 709 

allow the release of adenine molecules, used as precursor for (naturally occurring) cytokinin 710 

biosynthesis which in turn leads to artefactual HIF activity (Frebort et al., 2011; Sakakibara 2010).  711 

 712 

HIF-producers represent a large diversity of microbial species with diverse ecological roles  713 

Host-derived quinones and cytokinins have been identified as HIFs in Orobanchaceae (Bandaranayake 714 

et al. 2010; Goyet et al. 2019; Aoki et al. 2022). The present study highlights that soil microorganisms 715 

can also contribute to cytokinin signaling in the rhizosphere. These phytohormones are highly 716 

conserved and widely distributed among living organisms including plants, bacteria and fungi, making 717 

them perfect candidates for allelopathic signaling across kingdoms (Tirichine et al. 2007; Spíchal 2012).  718 

A large diversity of microbial species releases cytokinins for their own development and nutrient 719 

uptake as free-living bacteria and fungi, or as chemical signaling to control the host plant growth and 720 

development during beneficial or detrimental interactions (Frebort et al. 2011; Chanclud and Morel 721 
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2016). For instance, PGP (plant-growth promoting) bacteria Azospirillum spp. (A. lipoferum, A. 722 

brasilense), Bacillus sp. (B. subtilis) and Pseudomonas spp. (P. fluorescens, P. putida) synthesize 723 

cytokinins and increase cytokinin levels in planta (Arkhipova et al. 2006; Esquivel-Cote et al. 2010; 724 

Pallai et al. 2012). However, in the present study, few of these organisms were detected in the studied 725 

soil (one Pseudomonas (0.02%) and one Bacillus (0.08%) ASVs). Also, phytopathogenic microorganisms 726 

produce cytokinins as effectors to dampen the host defenses upon root infection (Chanclud and Morel 727 

2016, Spallek et al., 2018). For instance, in rapeseed, Trdá et al. (2017) showed that Leptosphaeria 728 

maculans, the fungal agent of Blackleg disease (Howlett et al., 2001), was able to release cytokinins both 729 

in vitro, without any precursor, and inside its host, by modifying cytokinin levels after tissue 730 

colonization. Although many potential HIF producers exist among the microorganisms in this study, no 731 

candidate can be proposed to date. 732 

 733 

CONCLUSIONS  734 

The present study highlights the importance of integrating the soil microbiota in the allelopathic 735 

signaling shaping of host plant- root parasitic plant interactions. We showed here that microbial 736 

contribution was characterized as beneficial for P. ramosa, facilitating host-recognition mechanisms 737 

during interactions for carbon acquisition in rapeseed rhizosphere. More specifically, microbe-related 738 

decomposition of glucosinolates efficiently releases germination stimulants, a.k.a. isothiocyanates, 739 

while microbe-related production of HIFs promotes broomrape attachments to host roots. 740 

To a larger extent, these microbial driving forces, as well as rapeseed cropping intensification, 741 

may eventually contribute to host specialization of P. ramosa on B. napus in western France.  These 742 

findings also disclose a dilemma for Brassicaceae cropping in an agroecological context. Indeed, 743 

although isothiocyanates act as biofumigants and suppress soilborne pathogens, Brassicaceae are likely 744 

to promote broomrape infestation and suppress mutualist symbiosis for the next crop. 745 

 746 

Acknowledgements  747 

This work was permitted by the kind cooperation of Terres Inovia’s technicians under the supervision 748 

of Christophe Jestin and Elodie Tourton, whom the authors are particularly thankful. The authors are 749 

grateful to Coralie Marais and Muriel Bahut from the ANAN platform for their support on metagenomic 750 

analysis to the bioinformatics core facility of Nantes (BiRD - Biogenouest) for its technical support, and 751 

Erwan Delage for his help with the microSysMics pipeline. From the US2B lab in Nantes, the authors are 752 

most thankful for technical help of Sabine Delgrange on microbial strain isolations, to Johannes Schmitt 753 

on the preparation of seed lots, Alexandre Morrisset on the preparation of mini-rhizotrons as well as 754 



Lisa Martinez 

Plant and Soil 

24 
 

internship student Ninon Besson. Finally, the authors are grateful to Christian Steinberg (UMR 755 

Agroécologie, INRAe, Dijon France) who kindly agreed to proofread the manuscript. 756 

Statements & Declarations 757 

Funding 758 

The present study was mainly financially supported by grants from the ministry of higher education 759 

and scientific research as well as the French agricultural technical institute Terres Inovia. 760 

Competing Interests/Conflicts of interest  761 

The authors declare that the research was conducted in the absence of any commercial or financial 762 

relationships that could be construed as a potential conflict of interest.  763 

Author Contributions 764 

Lisa Martinez, Lucie Poulin, Jean-Bernard Pouvreau, Christophe Jestin and Philippe Simier contributed 765 

to the study conception and design. Material preparation and data collection were performed by Ph.D 766 

student Lisa Martinez. Analyses were conducted by Lisa Martinez with the supervision of Lucie Poulin, 767 

Jean-Bernard Pouvreau and Philippe Simier. The first draft of the manuscript was written by Lisa 768 

Martinez and all authors commented on previous versions of the manuscript. All authors read and 769 

approved the final manuscript. 770 

Data Availability 771 

The datasets generated during the current study can be found in the 772 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA854370 773 

  774 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA854370


Lisa Martinez 

Plant and Soil 

25 
 

References  775 

Abarenkov K, Zirk A, Piirmann T, et al (2020) UNITE QIIME release for Fungi 776 

Aires A, Mota VR, Saavedra MJ, et al (2009) Initial in vitro evaluations of the antibacterial activities of 777 

glucosinolate enzymatic hydrolysis products against plant pathogenic bacteria. J Appl Microbiol 778 
106:2096–2105. https://doi.org/10.1111/j.1365-2672.2009.04181.x 779 

Akiyama K, Matsuzaki KI, Hayashi H (2005) Plant sesquiterpenes induce hyphal branching in arbuscular 780 
mycorrhizal fungi. Nature 435:824–827. https://doi.org/10.1038/nature03608 781 

Albaser A, E. E, Bennett MH, et al (2016) Discovery of a Bacterial Glycoside Hydrolase Family 3 (GH3) β-782 

Glucosidase with Myrosinase Activity from a Citrobacter Strain Isolated from Soil. J Agric Food 783 
Chem 64:1520–1527. https://doi.org/10.1021/acs.jafc.5b05381 784 

Altschul SF, Gish W, Miller W, et al (1990) Basic local alignment search tool. J Mol Biol 215:403–410. 785 

https://doi.org/10.1016/S0022-2836(05)80360-2 786 

Al-Turki AI, Dick WA (2003) Myrosinase activity in soil. Soil Sci Soc Am J 67:139. 787 
https://doi.org/10.2136/sssaj2003.1390 788 

Andolfi A, Boari A, Evidente A, Vurro M (2005) Metabolites Inhibiting Germination of Orobanche ramosa 789 
Seeds Produced by Myrothecium verrucaria and Fusarium compactum. J Agric Food Chem 53:1598–790 
1603. https://doi.org/10.1021/jf048339i 791 

Aoki N, Cui S, Yoshida S (2022) Cytokinins Induce Prehaustoria Coordinately with Quinone Signals in the 792 
Parasitic Plant Striga hermonthica. Plant Cell Physiol pcac130. https://doi.org/10.1093/pcp/pcac130 793 

Arkhipova TN, Veselov SYu, Melent’ev AI, et al (2006) Comparison of effects of bacterial strains differing 794 
in their ability to synthesize cytokinins on growth and cytokinin content in wheat plants. Russ J Plant 795 

Physiol 53:507–513. https://doi.org/10.1134/S1021443706040121 796 

Auger B, Pouvreau JB, Pouponneau K, et al (2012) Germination Stimulants of Phelipanche ramosa in the 797 

Rhizosphere of Brassica napus Are Derived from the Glucosinolate Pathway. Mol Plant Microbe 798 
Interact 25:993–1004. https://doi.org/10.1094/MPMI-01-12-0006-R 799 

Aybeke M (2020) Aspergillus alliaceus  infection fatally shifts Orobanche hormones and phenolic 800 
metabolism. Braz J Microbiol. https://doi.org/10.1007/s42770-020-00283-4 801 

Bais HP, Weir TL, Perry LG, et al (2006) THE ROLE OF ROOT EXUDATES IN RHIZOSPHERE 802 
INTERACTIONS WITH PLANTS AND OTHER ORGANISMS. Annu Rev Plant Biol 57:233–266. 803 
https://doi.org/10.1146/annurev.arplant.57.032905.105159 804 

Balestra GM, Misaghi IJ (1997) Increasing the efficiency of the plate counting method for estimating bacterial 805 
diversity. J Microbiol Methods 30:111–117. https://doi.org/10.1016/S0167-7012(97)00056-0 806 

Bandaranayake PCG, Filappova T, Tomilov A, et al (2010) A Single-Electron Reducing Quinone 807 
Oxidoreductase Is Necessary to Induce Haustorium Development in the Root Parasitic Plant 808 

Triphysaria. Plant Cell 22:1404–1419. https://doi.org/10.1105/tpc.110.074831 809 

Barret M, Briand M, Bonneau S, et al (2015) Emergence Shapes the Structure of the Seed Microbiota. Appl 810 
Environ Microbiol 81:1257–1266. https://doi.org/10.1128/AEM.03722-14 811 



Lisa Martinez 

Plant and Soil 

26 
 

Bates D, Mächler M, Bolker B, Walker S (2015) Fitting Linear Mixed-Effects Models Using lme4. J Stat 812 

Softw 67:. https://doi.org/10.18637/jss.v067.i01 813 

Bhat R, Vyas D (2019) Myrosinase: insights on structural, catalytic, regulatory, and environmental 814 
interactions. Crit Rev Biotechnol 39:508–523. https://doi.org/10.1080/07388551.2019.1576024 815 

Billard E, Goyet V, Delavault P, et al (2020) Cytokinin treated microcalli of Phelipanche ramosa: an efficient 816 
model for studying haustorium formation in holoparasitic plants. Plant Cell Tissue Organ Cult PCTOC. 817 
https://doi.org/10.1007/s11240-020-01813-6 818 

Blažević I, Montaut S, Nicola GR, Rollin P (2015) Long-chain Glucosinolates from Arabis turrita : Enzymatic 819 
and Non-enzymatic Degradations. Nat Prod Commun 10:1934578X1501000. 820 
https://doi.org/10.1177/1934578X1501000662 821 

Bouwmeester H, Li C, Thiombiano B, et al (2021) Adaptation of the parasitic plant lifecycle: germination is 822 
controlled by essential host signaling molecules. Plant Physiol 185:17 823 

Brault M, Betsou F, Jeune B, et al (2007) Variability of  Orobanche ramosa populations in France as revealed 824 
by cross infestations and molecular markers. Environ Exp Bot 61:272–280. 825 

https://doi.org/10.1016/j.envexpbot.2007.06.009 826 

Bressan M, Roncato MA, Bellvert F, et al (2009) Exogenous glucosinolate produced by Arabidopsis thaliana 827 

has an impact on microbes in the rhizosphere and plant roots. ISME J 3:1243–1257. 828 
https://doi.org/10.1038/ismej.2009.68 829 

Buée M, Reich M, Murat C, et al (2009) 454 Pyrosequencing analyses of forest soils reveal an unexpectedly 830 
high fungal diversity: Research. New Phytol 184:449–456. https://doi.org/10.1111/j.1469-831 
8137.2009.03003.x 832 

Caporaso JG, Lauber CL, Walters WA, et al (2011) Global patterns of 16S rRNA diversity at a depth of 833 

millions of sequences per sample. Proc Natl Acad Sci 108:4516–4522. 834 
https://doi.org/10.1073/pnas.1000080107 835 

Cartry D, Steinberg C, Gibot-Leclerc S (2021) Main drivers of broomrape regulation. A review. Agron Sustain 836 

Dev 41:17. https://doi.org/10.1007/s13593-021-00669-0 837 

Ćavar S, Zwanenburg B, Tarkowski P (2015) Strigolactones: occurrence, structure, and biological activity in 838 

the rhizosphere. Phytochem Rev 14:691–711. https://doi.org/10.1007/s11101-014-9370-4 839 

Chanclud E, Morel JB (2016) Plant hormones: a fungal point of view. Mol Plant Pathol 17:1289–1297. 840 
https://doi.org/10.1111/mpp.12393 841 

Cheng D-L, Hashimoto K, Uda Y (2004) In vitro digestion of sinigrin and glucotropaeolin by single strains 842 
of Bifidobacterium and identification of the digestive products. Food Chem Toxicol 42:351–357. 843 
https://doi.org/10.1016/j.fct.2003.09.008 844 

Choi K, Choi J, Lee PA, et al (2020) Alteration of Bacterial Wilt Resistance in Tomato Plant by Microbiota 845 

Transplant. Front Plant Sci 11:1186. https://doi.org/10.3389/fpls.2020.01186 846 

Cohen MF, Yamasaki H, Mazzola M (2005) Brassica napus seed meal soil amendment modifies microbial 847 
community structure, nitric oxide production and incidence of Rhizoctonia root rot. Soil Biol Biochem 848 
37:1215–1227. https://doi.org/10.1016/j.soilbio.2004.11.027 849 



Lisa Martinez 

Plant and Soil 

27 
 

Cook CE, Whichard LP, Wall M, et al (1972) Germination stimulants. II. Structure of strigol, a potent seed 850 

germination stimulant for witchweed (Striga lutea). J Am Chem Soc 94:6198–6199. 851 

https://doi.org/10.1021/ja00772a048 852 

Cordeiro RP, Doria JH, Zhanel GG, et al (2015) Role of glycoside hydrolase genes in sinigrin degradation by 853 
E. coli O157:H7. Int J Food Microbiol 205:105–111. 854 
https://doi.org/10.1016/j.ijfoodmicro.2015.04.008 855 

Davis NM, Proctor DM, Holmes SP, et al (2018) Simple statistical identification and removal of contaminant 856 

sequences in marker-gene and metagenomics data. Microbiome 6:226. 857 
https://doi.org/10.1186/s40168-018-0605-2 858 

de Saint Germain A, Jacobs A, Brun G, et al (2021) A Phelipanche ramosa KAI2 protein perceives 859 
strigolactones and isothiocyanates enzymatically. Plant Commun 100166. 860 

https://doi.org/10.1016/j.xplc.2021.100166 861 

de Saint Germain A, Retailleau P, Norsikian S, et al (2019) Contalactone, a contaminant formed during 862 
chemical synthesis of the strigolactone reference GR24 is also a strigolactone mimic. Phytochemistry 863 

168:112112. https://doi.org/10.1016/j.phytochem.2019.112112 864 

Dekker M, Hennig K, Verkerk R (2009) Differences in Thermal Stability of Glucosinolates in Five Brassica 865 

Vegetables. Czech J Food Sci 27:S85–S88. https://doi.org/10.17221/1079-CJFS 866 

Drula E, Garron M-L, Dogan S, et al (2022) The carbohydrate-active enzyme database: functions and 867 

literature. Nucleic Acids Res 50:D571–D577. https://doi.org/10.1093/nar/gkab1045 868 

Durlik K, Żarnowiec P, Piwowarczyk R, Kaca W (2021) Culturable endophytic bacteria from Phelipanche 869 
ramosa (Orobanchaceae) seeds. Seed Sci Res 31:69–75. https://doi.org/10.1017/S0960258520000343 870 

Esquivel-Cote R, Ramírez-Gama RM, Tsuzuki-Reyes G, et al (2010) Azospirillum lipoferum strain AZm5 871 

containing 1-aminocyclopropane-1-carboxylic acid deaminase improves early growth of tomato 872 
seedlings under nitrogen deficiency. Plant Soil 337:65–75. https://doi.org/10.1007/s11104-010-0499-873 
7 874 

Evidente A, Andolfi A, Fiore M, et al (2006) Stimulation of Orobanche ramosa seed germination by 875 
fusicoccin derivatives: A structure–activity relationship study. Phytochemistry 67:19–26. 876 

https://doi.org/10.1016/j.phytochem.2005.10.010 877 

Ewels P, Magnusson M, Lundin S, Käller M (2016) MultiQC: summarize analysis results for multiple tools 878 
and samples in a single report. Bioinformatics 32:3047–3048. 879 

https://doi.org/10.1093/bioinformatics/btw354 880 

Fahey JW, Zalcmann AT, Talalay P (2001) The chemical diversity and distribution of glucosinolates and 881 
isothiocyanates among plants. Phytochemistry 56:5–51. https://doi.org/10.1016/S0031-882 
9422(00)00316-2 883 

Fernández-Aparicio M, Andolfi A, Cimmino A, et al (2008) Stimulation of Seed Germination of Orobanche 884 
Species by Ophiobolin A and Fusicoccin Derivatives. J Agric Food Chem 56:8343–8347. 885 
https://doi.org/10.1021/jf801727y 886 

Fitzpatrick CR, Schneider AC (2020) Unique bacterial assembly, composition, and interactions in a parasitic 887 
plant and its host. J Exp Bot erz572. https://doi.org/10.1093/jxb/erz572 888 



Lisa Martinez 

Plant and Soil 

28 
 

Fox J, Weisberg S (2019) An R companion to applied regression, Third edition. SAGE, Los Angeles 889 

Francis F, Lognay G, Wathelet J-P, Haubruge E (2002) Characterisation of aphid myrosinase and degradation 890 

studies of glucosinolates. Arch Insect Biochem Physiol 50:173–182. 891 
https://doi.org/10.1002/arch.10042 892 

Frebort I, Kowalska M, Hluska T, et al (2011) Evolution of cytokinin biosynthesis and degradation. J Exp Bot 893 
62:2431–2452. https://doi.org/10.1093/jxb/err004 894 

Galletti S, Sala E, Leoni O, et al (2008) Aspergillus flavus transformation of glucosinolates to nitriles by an 895 

arylsulfatase and a β-thio-glucosidase. Soil Biol Biochem 40:2170–2173. 896 
https://doi.org/10.1016/j.soilbio.2008.01.029 897 

García de Salamone IE, Hynes RK, Nelson LM (2001) Cytokinin production by plant growth promoting 898 

rhizobacteria and selected mutants. Can J Microbiol 47:404–411. https://doi.org/10.1139/w01-029 899 

Gauthier M, Véronési C, El-Halmouch Y, et al (2012) Characterisation of resistance to branched broomrape, 900 
Phelipanche ramosa, in winter oilseed rape. Crop Prot 42:56–63. 901 
https://doi.org/10.1016/j.cropro.2012.07.002 902 

Gibot-Leclerc S, Brault M, Pinochet X, Sallé G (2003) Rôle potentiel des plantes adventices du colza d’hiver 903 
dans l’extension de l’Orobanche rameuse en Poitou-Charentes. C R Biol 326:645–658. 904 

https://doi.org/10.1016/S1631-0691(03)00169-0 905 

Gibot-Leclerc S, Guinchard L, Edel-Hermann V, et al (2022) Screening for potential mycoherbicides within 906 

the endophyte community of Phelipanche ramosa parasitizing tobacco. FEMS Microbiol Ecol 907 
98:fiac024. https://doi.org/10.1093/femsec/fiac024 908 

Gibot-Leclerc S, Sallé G, Reboud X, Moreau D (2012) What are the traits of Phelipanche ramosa (L.) Pomel 909 
that contribute to the success of its biological cycle on its host Brassica napus L.? Flora - Morphol 910 

Distrib Funct Ecol Plants 207:512–521. https://doi.org/10.1016/j.flora.2012.06.011 911 

Gimsing AL, Kirkegaard JA, Bruun Hansen HC (2005) Extraction and Determination of Glucosinolates from 912 
Soil. J Agric Food Chem 53:9663–9667. https://doi.org/10.1021/jf051812n 913 

Gimsing AL, Sørensen JC, Tovgaard L, et al (2006) Degradation kinetics of glucosinolates in soil. Environ 914 
Toxicol Chem 25:2038. https://doi.org/10.1897/05-610R.1 915 

Goyet V, Billard E, Pouvreau J-B, et al (2017) Haustorium initiation in the obligate parasitic plant Phelipanche 916 
ramosa involves a host-exudated cytokinin signal. J Exp Bot 68:5539–5552. 917 
https://doi.org/10.1093/jxb/erx359 918 

Goyet V, Wada S, Cui S, et al (2019) Haustorium Inducing Factors for Parasitic Orobanchaceae. Front Plant 919 
Sci 10:1056. https://doi.org/10.3389/fpls.2019.01056 920 

Gushgari-Doyle S, Lui LM, Nielsen TN, et al (2022) Genotype to ecotype in niche environments: adaptation 921 
of Arthrobacter to carbon availability and environmental conditions. ISME Commun 2:32. 922 

https://doi.org/10.1038/s43705-022-00113-8 923 

Heide-Jørgensen HS (2013) Introduction: The Parasitic Syndrome in Higher Plants. In: Joel DM, Gressel J, 924 
Musselman LJ (eds) Parasitic Orobanchaceae. Springer Berlin Heidelberg, Berlin, Heidelberg, pp 1–925 
18 926 



Lisa Martinez 

Plant and Soil 

29 
 

Hollister EB, Hu P, Wang AS, et al (2013) Differential impacts of brassicaceous and nonbrassicaceous oilseed 927 

meals on soil bacterial and fungal communities. FEMS Microbiol Ecol 83:632–641. 928 

https://doi.org/10.1111/1574-6941.12020 929 

Howlett BJ, Idnurm A, Pedras MSC (2001) Leptosphaeria maculans, the Causal Agent of Blackleg Disease 930 
of Brassicas. Fungal Genet Biol 33:1–14. https://doi.org/10.1006/fgbi.2001.1274 931 

Hristeva TH, Denev ID (2017) Changes at the Rhizosphere Microbiota of the Sunflower – Orobanche cumana 932 
Wallr Pathosystem. Int J Curr Microbiol Appl Sci 6:733–746. 933 

https://doi.org/10.20546/ijcmas.2017.601.087 934 

Huet S, Pouvreau J-B, Delage E, et al (2020) Populations of the Parasitic Plant Phelipanche ramosa Influence 935 
Their Seed Microbiota. Front Plant Sci 11:1075. https://doi.org/10.3389/fpls.2020.01075 936 

Iasur Kruh L, Lahav T, Abu-Nassar J, et al (2017) Host-parasite-bacteria triangle: the microbiome of the 937 
parasitic weed Phelipanche aegyptiaca and Tomato-Solanum lycopersicum (Mill.) as a host. Front 938 
Plant Sci 8:. https://doi.org/10.3389/fpls.2017.00269 939 

Ishimoto H, Fukushi Y, Yoshida T, Tahara S (2000) Rhizopus and Fusarium are Selected as Dominant Fungal 940 

Genera in Rhizospheres of Brassicaceae. J Chem Ecol 26:2387–2399. 941 
https://doi.org/10.1023/A:1005583012561 942 

Jelušić A, Popović T, Dimkić I, et al (2021) Changes in the winter oilseed rape microbiome affected by 943 
Xanthomonas campestris pv. campestris and biocontrol potential of the indigenous Bacillus and 944 

Pseudomonas isolates. Biol Control 160:104695. https://doi.org/10.1016/j.biocontrol.2021.104695 945 

Joel DM, Hershenhorn J, Eizenberg H, et al (2007) Biology and Management of Weedy Root Parasites. In: 946 
Janick J (ed) Horticultural Reviews. John Wiley & Sons, Inc., Hoboken, NJ, USA, pp 267–349 947 

Joel DM, Losner-Goshen D (1994) The attachment organ of the parasitic angiosperms Orobanche cumana 948 

and O . aegyptiaca and its development. Can J Bot 72:564–574. https://doi.org/10.1139/b94-075 949 

Kirkegaard JA, Sarwar M (1998) Biofumigation potential of brassicas II. Plant Soil 201:71–89. 950 
https://doi.org/10.1023/A:1004364713152 951 

Krupp A, Bertsch B, Spring O (2021) Costunolide Influences Germ Tube Orientation in Sunflower Broomrape 952 
– A First Step Toward Understanding Chemotropism. Front Plant Sci 12:699068. 953 

https://doi.org/10.3389/fpls.2021.699068 954 

Lechat M-M, Brun G, Montiel G, et al (2015) Seed response to strigolactone is controlled by abscisic acid-955 
independent DNA methylation in the obligate root parasitic plant, Phelipanche ramosa L. Pomel. J Exp 956 

Bot 66:3129–3140. https://doi.org/10.1093/jxb/erv119 957 

Mahn A, Angulo A, Cabañas F (2014) Purification and Characterization of Broccoli (Brassica oleracea var. 958 
italica) Myrosinase (β-Thioglucosidase Glucohydrolase). J Agric Food Chem 62:11666–11671. 959 
https://doi.org/10.1021/jf504957c 960 

Martin M (2011) Cutadapt removes adapter sequences from high-throughput sequencing reads. 961 
EMBnet.journal 17:10. https://doi.org/10.14806/ej.17.1.200 962 



Lisa Martinez 

Plant and Soil 

30 
 

McNamara NP, Black HIJ, Beresford NA, Parekh NR (2003) Effects of acute gamma irradiation on chemical, 963 

physical and biological properties of soils. Appl Soil Ecol 24:117–132. https://doi.org/10.1016/S0929-964 

1393(03)00073-8 965 

Miura H, Ochi R, Nishiwaki H, et al (2022) Germination Stimulant Activity of Isothiocyanates on Phelipanche 966 
spp. Plants 11:606. https://doi.org/10.3390/plants11050606 967 

Morra MJ, Kirkegaard JA (2002) Isothiocyanate release from soil-incorporated Brassica tissues. Soil Biol 968 
Biochem 34:1683–1690. https://doi.org/10.1016/S0038-0717(02)00153-0 969 

Mullaney JA, Kelly WJ, McGhie TK, et al (2013) Lactic Acid Bacteria Convert Glucosinolates to Nitriles 970 
Efficiently Yet Differently from Enterobacteriaceae. J Agric Food Chem 61:3039–3046. 971 
https://doi.org/10.1021/jf305442j 972 

Müller M, Deigele C, Ziegler H (1989) Hormonal interactions in the rhizosphere of maize ( Zea mays L.) and 973 
their effects on plant development. Z Für Pflanzenernähr Bodenkd 152:247–254. 974 
https://doi.org/10.1002/jpln.19891520217 975 

Naumoff DG (2011) Hierarchical classification of glycoside hydrolases. Biochem Mosc 76:622–635. 976 

https://doi.org/10.1134/S0006297911060022 977 

Obire O, Anyanwu EC (2009) Impact of various concentrations of crude oil on fungal populations of soil. Int 978 

J Environ Sci Technol 6:211–218. https://doi.org/10.1007/BF03327624 979 

Ogawa S, Cui S, White ARF, et al (2022) Strigolactones are chemoattractants for host tropism in 980 

Orobanchaceae parasitic plants. Plant Biology 981 

Ohtsuru M, Tsuruo I, Hata T (1973) The Production and Stability of Intracellular Myrosinase from Aspergillus 982 

niger. Agric Biol Chem 37:967–971. https://doi.org/10.1080/00021369.1973.10860789 983 

Okazawa A, Samejima H, Kitani S, et al (2021) Germination stimulatory activity of bacterial butenolide 984 

hormones from Streptomyces albus J1074 on seeds of the root parasitic weed Orobanche minor. J 985 
Pestic Sci 46:242–247. https://doi.org/10.1584/jpestics.D21-014 986 

Pallai R, Hynes RK, Verma B, Nelson LM (2012) Phytohormone production and colonization of canola ( 987 

Brassica napus L.) roots by Pseudomonas fluorescens 6-8 under gnotobiotic conditions. Can J 988 
Microbiol 58:170–178. https://doi.org/10.1139/w11-120 989 

Palop MLl, Smiths JP, ten Brink B (1995) Degradation of sinigrin by Lactobacillus agilis strain R16. Int J 990 
Food Microbiol 26:219–229. https://doi.org/10.1016/0168-1605(95)00123-2 991 

Parker C (2013) The Parasitic Weeds of the Orobanchaceae. In: Joel DM, Gressel J, Musselman LJ (eds) 992 
Parasitic Orobanchaceae. Springer Berlin Heidelberg, Berlin, Heidelberg, pp 313–344 993 

Quast C, Pruesse E, Yilmaz P, et al (2012) The SILVA ribosomal RNA gene database project: improved data 994 
processing and web-based tools. Nucleic Acids Res 41:D590–D596. 995 
https://doi.org/10.1093/nar/gks1219 996 

Rakariyatham N, Butrindr B, Niamsup H, Shank L (2005) Screening of filamentous fungi for production of 997 
myrosinase. Braz J Microbiol 36:. https://doi.org/10.1590/S1517-83822005000300007 998 



Lisa Martinez 

Plant and Soil 

31 
 

Rakariyatham N, Sakorn P (2002) Biodegradation of glucosinolates in brown mustard seed meal (Brassica 999 

juncea) by Aspergillus sp. NR-4201 in liquid and solid-state cultures. Biodegradation 13:395–399. 1000 

https://doi.org/10.1023/A:1022851129684 1001 

Rumberger A, Marschner P (2003) 2-Phenylethylisothiocyanate concentration and microbial community 1002 
composition in the rhizosphere of canola. Soil Biol Biochem 35:445–452. 1003 
https://doi.org/10.1016/S0038-0717(02)00296-1 1004 

Sakakibara H (2010) Cytokinin Biosynthesis and Metabolism. In: Davies PJ (ed) Plant Hormones. Springer 1005 

Netherlands, Dordrecht, pp 95–114 1006 

Sakorn P, Rakariyatham N, Niamsup H, Kovitaya P (1999) Sinigrin Degradation by Aspergillus sp.  NR4201 1007 
in Liquid Culture. ScienceAsia 25:189. https://doi.org/10.2306/scienceasia1513-1874.1999.25.189 1008 

Sarwar M, Kirkegaard JA, Wong PTW, Desmarchelier JM (1998) Biofumigation potential of brassicas III. 1009 
Plant Soil 201:103–112. https://doi.org/10.1023/A:1004381129991 1010 

Sayed AM, Abdel‐Wahab NM, Hassan HM, Abdelmohsen UR (2020) Saccharopolyspora : an underexplored 1011 
source for bioactive natural products. J Appl Microbiol 128:314–329. 1012 

https://doi.org/10.1111/jam.14360 1013 

Schreiner R, Koide RT (1993) Antifungal compounds from the roots of mycotrophic and non-mycotrophic 1014 

plant species. New Phytol 123:99–105. https://doi.org/10.1111/j.1469-8137.1993.tb04535.x 1015 

Smith BJ, Kirkegaard JA (2002) In vitro inhibition of soil microorganisms by 2-phenylethyl isothiocyanate: 1016 

Inhibition of soil microorganisms. Plant Pathol 51:585–593. https://doi.org/10.1046/j.1365-1017 
3059.2002.00744.x 1018 

Smits JP, Knol W, Bol J (1993) Glucosinolate degradation by Aspergillus clavatus and Fusarium oxysporum 1019 
in liquid and solid-state fermentation. Appl Microbiol Biotechnol 38:. 1020 

https://doi.org/10.1007/BF00182812 1021 

Sotelo T, Lema M, Soengas P, et al (2015) In Vitro Activity of glucosinolates and their degradation products 1022 
against brassica-pathogenic bacteria and fungi. Appl Environ Microbiol 81:432–440. 1023 

https://doi.org/10.1128/AEM.03142-14 1024 

Spallek T, Gan P, Kadota Y, Shirasu K (2018) Same tune, different song — cytokinins as virulence factors in 1025 

plant–pathogen interactions? Curr Opin Plant Biol 44:82–87. 1026 
https://doi.org/10.1016/j.pbi.2018.03.002 1027 

Spíchal L (2012) Cytokinins - recent news and views of evolutionally old molecules. Funct Plant Biol 39:267. 1028 

https://doi.org/10.1071/FP11276 1029 

Stevenson IL (1967) Utilization of aromatic hydrocarbons by arthrobacter spp. Can J Microbiol 13:205–211. 1030 
https://doi.org/10.1139/m67-027 1031 

Stojanova B, Delourme R, Duffé P, et al (2019) Genetic differentiation and host preference reveal non-1032 

exclusive host races in the generalist parasitic weed Phelipanche ramosa. Weed Res 59:107–118. 1033 
https://doi.org/10.1111/wre.12353 1034 



Lisa Martinez 

Plant and Soil 

32 
 

Sun G, Yao T, Feng C, et al (2017) Identification and biocontrol potential of antagonistic bacteria strains 1035 

against Sclerotinia sclerotiorum and their growth-promoting effects on Brassica napus. Biol Control 1036 

104:35–43. https://doi.org/10.1016/j.biocontrol.2016.10.008 1037 

Szűcs Z, Plaszkó T, Cziáky Z, et al (2018) Endophytic fungi from the roots of horseradish (Armoracia 1038 
rusticana) and their interactions with the defensive metabolites of the glucosinolate - myrosinase - 1039 
isothiocyanate system. BMC Plant Biol 18:85. https://doi.org/10.1186/s12870-018-1295-4 1040 

Tie Y, Zhu W, Zhang C, et al (2021) Identification of Two Myrosinases from a Leclercia adecarboxylata 1041 

Strain and Investigation of Its Tolerance Mechanism to Glucosinolate Hydrolysate. J Agric Food Chem 1042 
69:14151–14164. https://doi.org/10.1021/acs.jafc.1c05285 1043 

Tirichine L, Sandal N, Madsen LH, et al (2007) A Gain-of-Function Mutation in a Cytokinin Receptor 1044 
Triggers Spontaneous Root Nodule Organogenesis. Science 315:104–107. 1045 

https://doi.org/10.1126/science.1132397 1046 

Trdá L, Barešová M, Šašek V, et al (2017) Cytokinin Metabolism of Pathogenic Fungus Leptosphaeria 1047 
maculans Involves Isopentenyltransferase, Adenosine Kinase and Cytokinin Oxidase/Dehydrogenase. 1048 

Front Microbiol 8:1374. https://doi.org/10.3389/fmicb.2017.01374 1049 

Trivedi P, Leach JE, Tringe SG, et al (2020) Plant–microbiome interactions: from community assembly to 1050 

plant health. Nat Rev Microbiol 18:607–621. https://doi.org/10.1038/s41579-020-0412-1 1051 

Vierheilig H, Ocampo JA (1990) Effect of isothiocyanates on germination of spores of G. mosseae. Soil Biol 1052 

Biochem 22:1161–1162. https://doi.org/10.1016/0038-0717(90)90044-Z 1053 

Vives-Peris V, de Ollas C, Gómez-Cadenas A, Pérez-Clemente RM (2020) Root exudates: from plant to 1054 
rhizosphere and beyond. Plant Cell Rep 39:3–17. https://doi.org/10.1007/s00299-019-02447-5 1055 

Wang B, Qiu Y-L (2006) Phylogenetic distribution and evolution of mycorrhizas in land plants. Mycorrhiza 1056 

16:299–363. https://doi.org/10.1007/s00572-005-0033-6 1057 

Wang X, Jin Q, Wang T, et al (2012) Screening of glucosinolate-degrading strains and its application in 1058 
improving the quality of rapeseed meal. Ann Microbiol 62:1013–1020. 1059 

https://doi.org/10.1007/s13213-011-0341-3 1060 

Wittstock U, Kurzbach E, Herfurth A-M, Stauber EJ (2016) Glucosinolate Breakdown. In: Advances in 1061 

Botanical Research. Elsevier, pp 125–169 1062 

Yilmaz P, Parfrey LW, Yarza P, et al (2014) The SILVA and “All-species Living Tree Project (LTP)” 1063 
taxonomic frameworks. Nucleic Acids Res 42:D643–D648. https://doi.org/10.1093/nar/gkt1209 1064 

Yoneyama K, Awad AA, Xie X, et al (2010) Strigolactones as Germination Stimulants for Root Parasitic 1065 
Plants. Plant Cell Physiol 51:1095–1103. https://doi.org/10.1093/pcp/pcq055 1066 

Yoneyama K, Takeuchi Y, Ogasawara M, et al (1998) Cotylenins and Fusicoccins Stimulate Seed 1067 
Germination of Striga hermonthica (Del.) Benth and Orobanche minor Smith. J Agric Food Chem 1068 

46:1583–1586. https://doi.org/10.1021/jf970964i 1069 

Yoneyama K, Xie X, Yoneyama K, et al (2018) Which are the major players, canonical or non-canonical 1070 
strigolactones? J Exp Bot 69:2231–2239. https://doi.org/10.1093/jxb/ery090 1071 



Lisa Martinez 

Plant and Soil 

33 
 

Yoshida S, Cui S, Ichihashi Y, Shirasu K (2016) The haustorium, a specialized invasive organ in parasitic 1072 

plants. Annu Rev Plant Biol 67:643–667. https://doi.org/10.1146/annurev-arplant-043015-111702 1073 

 1074 

 1075 

 1076 

 1077 

 1078 

 1079 

 1080 

 1081 

 1082 

 1083 

 1084 

 1085 

 1086 

 1087 

 1088 

 1089 

 1090 

 1091 

 1092 

 1093 

 1094 

 1095 

 1096 

 1097 

 1098 

 1099 

 1100 

 1101 

 1102 

 1103 

 1104 

 1105 

 1106 

 1107 

 1108 

 1109 

 1110 

 1111 

 1112 

 1113 

 1114 

 1115 

 1116 

 1117 

 1118 

 1119 

 1120 

 



Lisa Martinez 

Plant and Soil 

34 
 

 1121 

Tables 1122 

 1123 

Table 1 Screening for presence or absence of myrosinase-like activity in bacteria and fungi isolated 1124 

from a rapeseed soil using either selective or non-selective media amended or not with sinigrin (5 mM). 1125 

Germination assays were conducted in 96-well plates in presence of GNT (5 10-6 M) with broomrape 1126 

seeds as bioindicators for perception of glucosinolate-breakdown products.  1127 

Kingdom 
Taxonomic 

assignation a Strain name 
Relative  

germination % b,c Medium 

Bacteria 

Uncultured Actinobacterium Act_M9_1 96.68±1.86% 

M9+Sinigrin 

Arthrobacter sp. Art_M9_2 75.31±15.94% 

 Arthrobacter sp. Art_M9_3 69.08±6.02% 

 Arthrobacter sp. Art_M9_4 78.42±0.89% 

 Ralstonia picketti Ral_M9_5 90.12±8.73% 

  Uncultured Proteobacterium  Prot_M9_6 74.72±5.98% 

 Arthrobacter sp. Art_M9_7 67.94±2.18% 

 Arthrobacter sp. Art_M9_8 94.68±11.93% 

 Chryseobacterium sp. Chry_M9_9 0% 

Fungi Penicillium sp. Pen_M9_1 46.32±26.00% 

M9+Sinigrin  Penicillium echinalutum Pen_M9_2 44.50±25.33% 

 Penicillium sp. Pen_PDB_1 0% 

PDB+Sinigrin 

 Penicillium sp. Pen_PDB_2 0% 

 Penicillium sp. Pen_PDB_3 0% 

 Penicillium sp. Pen_PDB_4 0% 

 Penicillium sp Pen_PDB_5 46.19±21.27% 

 Penicillium sp Pen_PDB_6 0% 

 Penicillium sp. Pen_PDB_7 0% 

 Aspergillus ochraceus Asp_PDA_1 

0% PDA  Aspergillus sp. Asp_PDA_2 

 Aspergillus versicolor Asp_PDA_3 

  Aspergillus sp. Asp_PDA_4 
a All strains were molecularly characterized using the V4 regions of 16S rRNA (16S) and internal 1128 

transcribed spacer (ITS1) phylogenetic markers for bacteria and fungi respectively. Species was 1129 

assigned when it belonged to the top hit, i.e. single species with identity percentage above 95%. 1130 
b Percentages (mean±sd) are expressed as the number of germinated seeds on total seeds, relatively to 1131 

the average ratio obtained with the positive control (rac-GR24 10-7 M). 1132 
c Activity is validated and highlighted in red when relative germination is different than zero at the 1133 

highest concentration of 0.01 OD600 and 10-5 spores mL-1 for bacteria and fungi respectively. 1134 
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Figures 1137 

 1138 

Fig.1 Relative abundance levels of bacterial families, expressed as mean percentages ± sd of all amplicon 1139 

sequence variant (ASVs) detected in the rapeseed soil. DNA extraction was performed on three soil 1140 

samples and amplification targeted the V4 region of the 16S rRNA genes. Taxonomic assignations were 1141 

performed on the SILVA database. Taxa less than 0.1% abundant were grouped into the “< 0.1% abond.” 1142 

class, and taxa with no family assignation of family level were grouped into the “NA” class (not 1143 

available). 1144 

  1145 
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 1146 

Fig.2 Relative abundance levels of fungal families, expressed as mean percentages ± sd of all amplicon 1147 

sequence variant (ASVs) detected in the rapeseed soil. DNA extraction was performed on three soil 1148 

samples and amplification targeted the ITS region. Taxonomic assignations were performed on the 1149 

UNITE database. Taxa less than 0.1% abundant were grouped into the “< 0.1% abond.” class, and taxa 1150 

with no family assignation of family level were grouped into the “NA” class (not available). 1151 
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 1154 

  1155 

Fig.3A Germination of broomrape seeds in mini-rhizotron systems, 1 and 2 weeks post broomrape 

inoculations on rapeseed roots. Percentages were calculated on 4 squares of 1cm². Different 

lowercase letters indicate significant differences of treatments (p-value <0.05) determined by 

ANOVA. B Successful broomrape attachment on rapeseed roots in mini-rhizotron systems, 2, 3 and 

4 weeks post broomrape inoculation. Values are displayed as mean with standard deviation as 

error bars. Asterisks indicate significant differences 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘not 

significant (ns) ‘, compared to the control modality and determined by ANOVA on a Poisson 

distributed model. C Average proportion of the different broomrape developmental stages, 

reported as a relative ratio to the average number of total attached parasites. Stages correspond 

to Young (young tubercle without adventitious root), Spider (old tubercle bearing adventitious 

roots) and bud (bud with adventitious roots but without a stem). Different lowercase letters 

indicate significant differences of treatments (p-value <0.05) determined by ANOVA on logistic 

models for each stage. Bold and italic letters indicate comparisons between young and spiders 

respectively. No letter was displayed when there was no significant difference between modalities 

(i.e. Bud and Necrosis stages). 
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 1156 

Fig.4 Effect of soil extract and exogenous gluconasturtiin on broomrape germination. Germination of 1157 

broomrape seeds after a four-day treatment in 96-well plates with unfiltered soil extracts at a 10-fold 1158 

and 100-fold dilution with and without gluconasturtiin (GNT 10-6 M), or after co-treatment with GNT 1159 

and treated soil extracts: 0.45 µm and 0.22 µm syringe filtration, addition of large spectral biocide 1160 

(Plant-Preservative Mixture 0.1% v/v) with the unfiltered extract, and soil gamma-sterilization. Ratios 1161 

are expressed as the number of germinated seeds on total seeds, relatively to the average ratio obtained 1162 

with the positive control (racGR24 10-7 M, a synthetic strigolactone, maximum germination ratio = 1 ≈ 1163 

70.12±4.37% of germinated seeds). Different lowercase letters indicate significant differences (p-value 1164 

<0.05), and determined by a Kruskal-Wallis rank sum test (non-normal data) and multiple pairwise 1165 

comparison.  1166 
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 1169 
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 1172 

 1173 

 1174 

 1175 



Lisa Martinez 

Plant and Soil 

40 
 

 1176 

Fig.5A Broomrape attachments to rapeseed roots in mini-rhizotrons, on day 7 to 21 post seed 1177 

inoculation. Values are displayed as mean with standard deviation as error bars. Asterisks indicate 1178 

significative p-values compared to the control modality 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ns‘; 1179 

determined by an ANOVA on a Poisson distributed model. B Corresponding tubercle developmental 1180 

stages of the broomrape attachments to roots in mini-rhizotrons at day 21. Stages correspond to Young 1181 

(young tubercle without adventitious root), Spider (old tubercle bearing adventitious roots) and bud 1182 

(bud with adventitious roots but without a stem). Aggressiveness assays were conducted on 1183 

germinated and 48 h pre-treated seeds with either control buffer solution, unfiltered soil extract or 1184 

0.22µm filtered soil extract or cytokinin (tZ 10-7 M). Differences of treatments (p-value <0.05) are 1185 

determined by ANOVA on logistic models for each stage, but are not significant for any stage between 1186 

modalities (ns). 1187 

 1188 
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 1190 

Fig.6 Effect of soil extracts on prehaustorium formation in P. ramosa. Prehaustorium formed after a 1191 

three-day treatment in 96-well plates with unfiltered soil extracts or treated soil extracts: 0.45 µm and 1192 

0.22 µm syringe filtration, addition of large spectral biocide (Plant-Preservative Mixture 0.1% v/v) with 1193 

the unfiltered extract and soil gamma-sterilization. Ratios are expressed as the number of germinated 1194 

seeds exhibiting prehaustoria (swollen radicles with papillae) on total germinated seeds, relatively to 1195 

the average ratio obtained with the positive control (TDZ 10-8 M, a cytokinin-like molecule). Different 1196 

lowercase letters indicate significant differences of treatments (p-value <0.05), determined by an 1197 

ANOVA on a logistic model.  1198 

 1199 


