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Seeds of the parasitic weed Phelipanche ramosa are well adapted to their hosts because
they germinate and form haustorial structures to connect to roots in response to diverse
host-derived molecular signals. P. ramosa presents different genetic groups that are
preferentially adapted to certain hosts. Since there are indications that microbes play a
role in the interaction especially in the early stages of the interaction, we studied the
microbial diversity harbored by the parasitic seeds with respect to their host and genetic
group. Twenty-six seed lots from seven cropping plots of three different hosts —oilseed
rape, tobacco, and hemp —in the west of France were characterized for their bacterial and
fungal communities using 16S rRNA gene and ITS (Internal transcribed spacer)
sequences, respectively. First seeds were characterized genetically using twenty
microsatellite markers and phenotyped for their sensibility to various germination
stimulants including strigolactones and isothiocyanates. This led to the distinction of
three P. ramosa groups that corresponded to their host of origin. The observed seed
diversity was correlated to the host specialization and germination stimulant sensitivity
within P. ramosa species. Microbial communities were both clustered by host and plot of
origin. The seed core microbiota was composed of seventeen species that were also
retrieved from soil and was in lower abundances for bacteria and similar abundances for
fungi compared to seeds. The host-related core microbiota of parasitic seeds was limited
and presumably well adapted to the interaction with its hosts. Two microbial candidates of
Sphingobacterium species and Leptosphaeria maculans were especially identified in
seeds from oilseed rape plots, suggesting their involvement in host recognition and
specialization as well as seed fithness for P. ramosa by improving the production of
isothiocyanates from glucosinolates in the rhizosphere of oilseed rape.
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INTRODUCTION

Branched broomrape, Phelipanche ramosa, is a root holoparasitic
plant belonging to the Orobanchaceae family. It is the most
widespread parasitic weed in intensive crop cultivated systems in
the Mediterranean region and can parasitizes various host crops
including oilseed rape (Brassica napus), hemp (Cannabis sativa),
tomato (Solanum lycopersicum), tobacco (Nicotiana tabacum),
sunflower (Helianthus annuus), and melon (Cucumis melo)
resulting in significant yield and economical losses (Tsialtas
and Eleftherohorinos, 2011; Parker, 2012). Because P. ramosa
is an achlorophyllous plant, it relies entirely on its host for
nutrition thanks to haustoria that directly connect to host root
phloem tissues (Westwood, 2013). The ecological fitness of this
parasite is maximized by a small seed size, a large seed bank
produced per plant and a long survival of seeds that remain
viable in dormancy in the soil for decades (Castejon et al., 1991;
Fleischmann et al., 1995; Joel et al., 2007). Furthermore, the seeds
possess an inducible and fine adapted perception of host plant-
related allelochemical signals for initiating germination and
haustorium formation, conferring parasite an optimized trait
of life.

Indeed, seeds only germinate in response to metabolites that
are exuded by their host plant roots. The first generic
germination stimulants (GS) discovered are canonical and
non-canonical strigolactones (Yoneyama et al.,, 2010; Screpanti
etal., 2016) which are phytohormones that are commonly found
in rhizosphere of many plants (Delaux et al., 2012). Various
KAI2/HTL paralogs (KARRIKIN INSENSITIVE2 -
HYPOSENSITIVE TO LIGHT) code for strigolactone
receptors in parasitic plants due to gene duplication and
diversification within Orobanchaceae family (Conn et al., 2015;
Toh et al., 2015). Other GS described specifically in Brassicaceae
rhizosphere are the isothiocyanates (ITC), the products of
glucosinolates hydrolysis by myrosinase enzymes from plant or
microbial origin (Auger et al., 2012). Yet, no receptor has been
described in parasitic plants for ITC. To connect to their host
roots, germinating seeds elongate a radicle and form appendices,
a.k.a haustorium, in response to other rhizosphere signals
including cytokinin-related compounds (Goyet et al., 2017;
Goyet et al.,, 2019).

P. ramosa seeds recognize and interact with their hosts
differently depending on their own genetic structure. A recent
study showed that at least three main genotypic groups define P.
ramosa genetic diversity in European P. ramosa populations
from the Mediterranean basin (Stojanova et al., 2019). The
genetic diversity patterns are attributed to a combination of
both geographic provenance and host of origin. Those genetic
groups show a preference for specific hosts even though
interactions were not exclusive. Indeed, genetic group 1 was
mostly associated with winter oilseed rape while genetic group 2a
was associated to hemp and winter oilseed rape, and genetic
group 2b was more diversified and associated to various crops
but mostly tobacco.

So far, host specialization has only been studied from the
point of view of the plant-plant interaction and omitting

potential microbial implications (Stojanova et al., 2019).
However, microbiota may have a key role in the interaction
and possibly in the geographic and host co-specialization. One in
vitro study showed a global microbiome transfer between the
Phelipanche aegyptiaca parasitic plant and the tomato host plant
after parasitic attachment. And one of the tomato root
endophytic strains was shown to inhibit parasitic attachment
to roots in experimental conditions (Iasur Kruh et al, 2017).
Another in situ study on Orobanche hederae vs ivy showed that
root and shoot parasitic plant microbiota were derived from host
plant microbiota (Fitzpatrick and Schneider, 2020). In addition,
arbuscular mycorrhizal fungi and Rhizobium bacteria were also
proposed as biocontrol organisms as they both reduce the
parasitism on Orobanche cumana and Orobanche crenata
respectively (Mabrouk et al., 2007; Louarn et al., 2012).
However, the role of microbiota in the early stages of the
parasitic cycle has not been examined although there are several
indications that microbiota could interact with GS, GS precursors,
haustorium-inducing factor and inhibitors (Masteling et al., 2019).
For instance, while many microorganisms are sensitive to ITC
which are antimicrobial sulfur metabolite (Smith and Kirkegaard,
2002; Romeo et al., 2018) some have acquired a certain tolerance
to ITC (Welte et al., 2016) and some exhibit a myrosinase activity
to out-compete the ITC sensitive microorganisms (Ohtsuru
et al., 1969; Albaser et al., 2016). Even some ITC resistant
microorganisms hydrolyze glucosinolates for a sugar uptake
(Sztics et al., 2018). Moreover, strigolactones were also described
as a rhizosphere signal for mycorrhizal fungi recruitment and are
thus largely involved in the plant—microorganisms interactions
(Besserer et al., 2006).

Parasitic seeds may also harbor microbial communities that
have a functional effect in the early steps of seed conditioning
and germination (Shade et al., 2017). Those communities can be
transmitted vertically during the parasitic plant development and
life cycle, but also horizontally through environmental transfer
via pollinator, atmospheric or soil contamination (Nelson, 2018).
As described in several seed—microbe associations, some seed
endophytes that are recruited and selected have a great potential
for the seed fitness (Cankar et al.,, 2005; Puente et al., 2009;
Hubbard et al., 2012) and some are directly involved in seed
metabolisms (Goggin et al., 2015).

As microbes can interact with the parasitic plants, notably
during the early stages of the interaction, they may have played a
role in specialization. Thus, in this study, we analyzed the
microbiota carried by parasitic seed according to their host
and population of origin. We first characterized genetically the
sampled parasitic seeds using single sequence repeats markers
(SSR) and phenotypically by testing a range of GS reflecting the
synthetic and natural diversity. The study of the microbiota
associated with the parasitic seeds led to infer factors structuring
microbial composition and allowed to decipher the global and
host core seed microbiota that were selected. Some core
microbial candidates were particularly highlighted as being
able to breakdown or promote GS suggesting that they may
have been involved in the interaction and the specialization of
seeds with their hosts.
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MATERIAL AND METHODS
Seed Lots

Twenty-six seed lots were harvested in seven different plots in the
west of France at fruiting stage (Figure 1). Oilseed rape
broomrape was prospected in the heavily infested region
Poitou-Charentes in the early July 2017. Tobacco broomrape
was collected in Poitou-Charentes early September 2017 while
hemp broomrape was prospected in the Sarthe department in
mid-September 2017. At each plot location, 3 to 4 spots of about
5-20 m” - depending on the parasite coverage - of broomrape
mature stalks were collected (Figure S1). At each sampling spot,
superficial soil (0-20 c¢cm in depth) was also collected.
Informations on plots and crop rotation history are available
in Tables S1 and S2. Floral scapes with capsules were placed in a
closed container that was manually shacked for several minutes.
To get rid of dust and plant debris, raw samples were sieved at
different grain sizes in 3 fractions of <180 pum, 180-250 um, and
>250 pm. Particles bigger than 250 pm and smaller than 180 were
discarded and only particles of 150 to 250 um were collected,
which correspond to the seed fraction without debris. After
sieving, the seed lots were conserved in glass jars in a dry
culture chamber at 25°C and kept in the dark. The two
reference batches of seeds that were also used, Pram120
(Brassica napus, Saint Jean d’Angely, 2015) and Pram121
(Canabis sativa, Ossey-les-Trois-Maisons, 2017), were kindly
provided by C. Jestin (Terres Inovia).

Seed Genotyping
DNA was extracted in triplicates with the NucleoSpin® Plant IT
kit from MACHEREY-NAGEL and diluted at 20 ng/ul for

further microsatellite SSR characterization using routine
primers (Stojanova et al., 2019). SSR genotyping was
performed at the GENTYANE platform (http://gentyane.
clermont.inra.fr/). From the obtained FASTA files, amplicon
sizes were derived for the 20 SSR markers of the 26 seed
samples using the R software version 3.5.2 (2018-12-20) and
the package Fragman (1.0.9) (Covarrubias-Pazaran et al., 2016).
The SSR data were then analyzed using the poppr package (2.8.2)
(Kamvar et al., 2014). Unique MultiLocus Genotypes (MLGs),
defined as a unique combination of alleles, were associated to
each seed lot and unrooted Neighbor-Joining tree was plotted
using Bruvo genetic distance accounting for microsatellite
evolution with 9,999 bootstrap replicates (Bruvo et al., 2004).
In order to anchor the samples with reference lab lots, Bruvo
genetic distance between Pram120, the laboratory reference lot
of genetic group 1, and all samples was calculated and scored as a
genetic factor.

Seed Germination Phenotyping in
Responses to GS Standard Molecules

Seed germination assays were performed on sterile seeds in 96-well
plates according to (Pouvreau et al., 2013). GS molecules were
tested in triplicates over a 10 fold serial concentration range from
107"% to 10 M (0.1% acetonitrile; final volume 100 ul). The tested
GS were: (+)-GR24, (-)-GR24, (+)-2"-epi-GR24, (-)-2-epi-GR24,
(+)-GR24 (racemic mix of (+)-GR24 and (-)-GR24) and 2-PEITC
(2-phenylethyl isothiocyanate). The use of four stereoisomers of
GR24, in addition to the usual mix of racGR24, allowed testing a
diversity of pure strigolactones. Also it permitted to mimic the
conformations of (i) known natural strigolactones a.k.a (+)-GR24
and (-)-2’-epi-GR24 with identical stereochemistry as 5-
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FIGURE 1 | Sampling and genetic characteristics of seed samples. (A) Map of the seven sampled P. ramosa plots in western France. (B) Neighbor joining phylogenetic
tree of parasitic seeds lots based on Bruvo genetic distances measured on sequence repeats marker (SSR) triplicate consensuses. Plots and hosts of sampling are
indicated in column. Branches with a bootstrap higher than 50 are indicated in red while branches with a bootstrap inferior than 50 are indicated in light blue.
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deoxystrigol and 4-deoxyorobanchol respectively; (ii) an unknown
KAI2-Ligand (KL): (-)-GR24 and (iii) a non natural compound:
(+)-2’-epi-GR24 (Scaffidi et al.,, 2014; Conn et al., 2015; Flematti
et al., 2016; de Saint Germain et al., 2019; Machin et al., 2020).
Strigolactones molecules were kindly provided by F-D Boyer
(Centre National de la Recherche Scientifique,[CNRS]-INRAE
Gif-sur-Yvette, France). A log logistic regression was modelled
using the drm function the Drc (3.0-1) package and the EC50
(Half maximal Effective Concentration) and the standard
deviation (Sd) were determined from the model (Ritz et al.,
2015). These two variables were then tested by an ANOVA with
a Tukey post-hoc (p-value < 0.05). GS sensibility EC50 were
plotted against the phylogenetic tree and history of sensitivity
traits was inferred using the phytool package (Revell, 2012).

Amplicon Library Construction and

MiSeq Sequencing

For each seed sample, three biological replicates of four hundred
mg of seeds were macerated in 25 ml of PBS 1% and Tween
0,05% in a 50 ml falcon tube for 150 min at 400 rpm to obtain
microbial suspensions. Seeds were discarded and macerates were
centrifuged for 15 min at 6000 g and resuspended in 2 ml of
solution. DNA extraction was carried out from 200 pl of
concentrated microbial suspension using the NucleoSpin = Soil
kit (Macherey-Nagel) according to manufacturer instructions for
the 26 samples. Negative controls with only PBS and water and a
positive control with a 10 bacteria mock (Barret et al., 2015) were
also processed. For soil samples, three hundred milligrams were
processed in triplicates for DNA extraction by the NucleoSpin ©
Soil kit. Then, two-round PCRs were carried out to construct the
amplicon libraries. Two taxonomic markers were amplified, V4
region of 16S rRNA and ITS (internal transcribed spacer-1),
using respectively primers 16S_515f (GTGCCAGCMGCCGCG
GTAA) and 16S_806r (GGACTACVSGGGTATCTAAT)
(Caporaso et al, 2011) and ITS1_f (CTTGGTCATTTAG
AGGAAGTAA) and ITS2 (GCTGCGTTCTTCATCGATGC)
(Buée et al., 2009). The utilized forward and reverse primers
carried the 5-CTTTCCCTACACGACGCTCTTCCGATCT-3’
and 5'-GGAGTTCAGACGTGTGCTCTTCCGATCT-3' tails,
respectively. The first PCR was carried out with AccuPrimeTM
Taq DNA Polymerase High Fidelity (REF 12346-086, Invitrogen
by Thermo Fisher Scientific). The PCR cycle conditions were an
initial denaturation of 94°C for 3 min followed by 35 cycles of
denaturation at 94°C for 30 s, primer annealing at 50°C for 45 s
and extension at 68°C for 90 s plus a final extension at 68°C for
10 min. Afterwards, amplicons were purified using Sera—MagTM
Magnetic carboxylate modified particles (GE Healthcare,
24152105050250). Then, a second PCR amplification was
performed to incorporate Illumina adapters and barcodes
using GoTaq® G2 DNA Polymerase (REF M7845, Promega).
The second PCR conditions were 94°C for 60 s followed by 12
cycles of 94° for 60 s, 55°C for 60 s and 72°C for 60 s and a final
extension step of 72°C for 10 min. Subsequently, amplicons were
purified as for the first PCR. Thereafter, amplicons were
quantified using Quant-iT'" PicoGreen'" dsDNA Assay kit
(Invitrogen P11496) and an equimolar pool was dosed by

qPCR using KAPA Library Quant Illumina kit (Roche,
07960140001). The equimolar pool added with 5% of phiX
phage mix was finally diluted to 12 pM and 600 pl was added
in the sequencer cartridge (MiSeq Reagent Kit v3 MS-102-3003).
Library constructions and MiSeq sequencing were performed at
the ANAN platform (SFR QUASAV, INRAE Beaucouzeé).

Microbial Community Bioinformatic Analysis
Raw reads were processed using microSysMics (https://bio.tools/
microSysMics), a workflow that relies on the Qiime2 toolbox
(Bolyen et al., 2019). Reads quality was checked using Fastqc'
and Multigc (Ewels et al., 2016). Illumina adaptators were
removed, reads were filtered and trimmed using a home made
script exploiting Cutadapt (Martin, 2011). Denoising was
implemented using Dada2 which discards chimeric and
erroneous sequences, retrieves individual true biological
sequences called Amplicon Sequence Variants (ASV) and
computes their frequency (Callahan et al., 2016). Taxonomy
was assigned based on the 16S rRNA gene Silva database (Quast
et al,, 2012) and on the UNITE ITS database (Nilsson et al.,
2019). Once the abundance table and the taxonomic table were
obtained, subsequent analyses were implemented on R studio
using Phyloseq package (1.24.2). To get rid of possible reagent
contaminants (Salter et al., 2014), we identified and removed
contaminant ASV using iscontaminant function of the
Decontam package (1.1.2) with the “either” method and a
threshold at 0.1 (Davis et al., 2018).

Different ecological indices were used to estimate alpha-
diversity: (i) the observed richness that correspond to the
number of detected ASVs and (ii) the Shannon and (iii)
inverse Simpson’s index. The indices were calculated on
rarefied dataset: rarefaction threshold was set at 1,500 and
2,000 reads per sample for 16S and ITS datasets, respectively.
Rarefaction removed 56 and 57 ASVs from 16S and ITS datasets,
respectively. Differences in richness and alpha-diversity were
evaluated as whole by an ANOVA test with post hoc Tuckey test
between each variable. Beta diversity was investigated by Bray-
Curtis ordination (Bray and Curtis, 1957; Beals, 1984). Bray-
Curtis distances were calculated on normalized ASV abundance
i.e. ASV counts were divided by the number of reads per sample
and multiplied by 10°. Afterwards, distance matrices were
ordinated using a Principal Coordinate Analysis (PCoA).

To assess the weight of each variable on the dissimilarity,
distance-based redundancy analysis were performed (capscale
function in vegan package 2.5-4) with post hoc permutation test
for redundancy analysis (anova.cca function in vegan package
2.5-4 with 999 permutations) to extract the model and the
residues sum of square allowing us to calculate their mean of
square and the adjusted r2 (function RsquareAdj in vegan
package 2.5-4) for each model.

Taxonomic composition analysis was conveyed by the
Phyloseq package and the UpSetR package (1.3.3). Sequences
of unidentified ASV were compared with the NCBI database
using BLAST (Altschul et al., 1990).

! Available at: https://www.bioinformatics.babraham.ac.uk/projects/fastqc.
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RESULTS

Genotypes Representing P. ramosa
Diversity in France

SSR amplicon sizes were relatively homogeneous among
triplicates and 89.4% of the samples showed a standard
deviation (sd) under 0.5 nucleotide and the maximal sd was
1.73. On the slightly diverging triplicates, consensus sizes were
selected on the majority value (2 out of 3 triplicates). SSR
amplicon size consensuses from the triplicates were reported in
Table S3. The neighbor joining phylogenetic tree based on the 20
SSR markers revealed two distinct monophyletic groups (Figure
1). Parasitic seed samples originating from oilseed rape plots
formed a monophyletic group with a bootstrap of 100%. This
group corresponded to the genetic group 1 described for P.
ramosa as Pram120, a lab reference seed lot clustered with this
clade (data not shown). Seeds originating from hemp plots also
clustered in a monophyletic group supported by a node
bootstrap of 97% and clustered with Pram121, a lab seed lot of
genetic group 2a (data not shown) (Stojanova et al., 2019). Seeds
from tobacco plots presented a paraphyletic group. Seeds of
genetic group 1 were genetically more distant to seeds originating
from tobacco and hemp plots. Also, regarding intra-group
diversity, heterozygosity (He) was higher for tobacco-related
seeds (0.2240) than for hemp (0.0951) and oilseed rape
(0.0617) - related parasitic seeds.

Seed Sensitivity to GS According to Their
Originating Host

All tested GS induced a maximum germination rate between 85-
95% for all seed lots (data not shown). Therefore, to compare the
response of different seed batches to GS, half maximal effective
concentrations (EC50) were modeled for each seed lot and
reported in Table S4. Among the four GR24 stereoisomers,
(+)-GR24 and (-)-2’-epi-GR24, which present natural
stereochemical forms, showed the lowest EC50 and were the
most active on all parasitic seeds (Figure 2). The other
enantiomeres, (-)-GR24, which is usually associated to KAI2-
Ligand activity, and (+)-2"-epi-GR24 were 1000 times less active
than (+)-GR24 and (-)-2-epi-GR24 except on seeds that were
harvested in tobacco fields. Parasite seed lots from tobacco plots
showed a median sensitivity to (+)-GR24: 100 times less active
than (-)-2’-epi-GR24, but 10 times more active than (-)-GR24
and (+)-2’-epi-GR24. As the racemic mix was composed of
(+)-GR24 and (-)-GR24, activities of (+)-GR24 highlights that
of the highest active compound, (+)-GR24 enantiomer.

Seeds originating from hemp plots, genetic group 2a, were 10
to 100-fold less sensitive to the four GR24 stereoisomers than
seeds originating from oilseed rape or tobacco plots (Figure 2).
However, no difference was observed between the seeds
originating from oilseed rape plots, of genetic group 1, and
tobacco plots except for the (+)-GR24 (100 fold less active
for tobacco).

The analysis of seed GS sensitivity in relation to the genetic
distance of seed lots highlighted homogeneous responses within
genetic groups (Figures S2 and $3). For instance, seeds of genetic

group 1 showed a high sensitivity towards (+)-GR24 while seeds
of genetic group 2a showed a low sensitivity. Those data
indicated that parasite seeds originating from hemp, of genetic
group 2a, lost sensitivity towards (-)-GR24, (+)-2’-epi-GR24 and
(-)-2’-epi-GR24 in regards to other samples.

Regarding responses to 2-PEITC, parasite seeds from hemp
plots, of genetic group 2a, were less sensitive compared to seeds
from oilseed rape plots, of genetic group 1, while seeds from
tobacco plots showed an intermediate sensitivity: respectively
2.08 x107M (+ 1.72 x107), 2.38 x10*M (+ 1.21 x10"®) and 1.43
x107M (£ 1.78 x107). However, responses of seeds originating
from tobacco and hemp plots, of genetic group 2a, were very
heterogenous. On the other hand, all seed lots originating from
oilseed rape plots, of genetic group 1, were homogeneously
sensitive to low concentrations of 2-PEITC (Figure S3).

Sequencing Features

The sequencing output contained 20,431,764 reads of which
79.4% of the sequenced nucleotides had a quality greater than or
equal to Q30. Before proceeding to the diversity analysis,
contaminant ASV, control samples and chloroplast ASV were
removed from the raw dataset. Within the cleaned dataset, the
number of reads per sample ranged from 7,170 to 16,384 reads
for the 16S dataset and from 1,222 to 29,509 for the ITS dataset.
The sample size median was at 10,352 with a standard deviation
of 1,749.66 for 16S and 7,958 + 2,677.55 for ITS.

Microbial Alpha Diversity of Seeds Was
Relatively Homogeneous

Among seed samples, bacterial alpha diversity which represents
the mean ASV diversity per sample, expressed by its richness
(number of ASV in a sample) and its evenness (how close
ASV numbers are close one to another in a sample), was
homogeneous except for five samples out of 26 samples. Three
samples from the first plot where oilseed rape was cultivated had
a higher richness within the three indices than other samples.
Two samples from two different tobacco plots had a lower
richness with the three indices than other samples (Figure S4).
Therefore, when assessing alpha diversity by host, statistical
differences for the three indices used were observed only
between oilseed rape and tobacco hosts within the bacterial
community: seeds from oilseed rape plots had a higher
bacterial alpha diversity than seeds from tobacco plots (Figure
3). Besides, when assessing alpha diversity for the fungal
microbiota, no statistical differences were observed between
originating host.

Parasitic Seed Microbial Communities
Clustered According to Their Originating
Host

We used a principal coordinate analysis based on a Bray-Curtis
distance matrix to determine the dissimilarity of microbial
communities between samples (Figure 4). Overall, seed
microbial communities were clustered according to their
originating host and plot. For 16S, the first and second
dimensions explained 32.2% and 26.3% of the data dispersion
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FIGURE 2 | Average P. ramosa seed sensitivity per sampled host of origin. This was measured as the average EC50 per host group (orange: hemp, green: oilseed rape,
blue: tobacco) in response to (A) (+)-GR24, (B) (-)-GR24, (C) (+)-2’-epi-GR24, (D) (-)-2’-epi-GR24, (E) (+)-GR24, and (F) 2-PEITC. For each seed sample, germination
stimulant (GS) molecules were tested in triplicates. Different lowercase letters represent statistically different groups (Anova with post-hoc Tukey, p-value < 0.05).

respectively. Seed samples from tobacco plots were separated
from other seed samples within the first dimension and seed
samples originating from oilseed rape and hemp plots were
separated from each other along the second dimension. Within
host clusters, there were also distinct but close sub-clusters for
each plot. For ITS, the first and second dimensions explained
46% and 25.9% of the data dispersion respectively. Seed samples

were strongly clustered both by host and by plot of origin.
Looking at the clusters, the seed samples originating from
oilseed rape plots showed the most homogeneous microbial
communities while the seed samples originating from tobacco
plots were the most heterogeneous. Seed samples P4S1, P4S2,
P4S3, and P4S4 which had a genetic distance to the Pram120
reference between 0.47 and 0.49 clustered together. On the other
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hand, seed samples P3S1, P3S2, P3S4, P3S5 together with
samples P5S1 and P5S2 which had a higher genetic distance to
Pram120 between 0.51 - 0.53 were also sub-clustered (Figure
§5). The similarity of the microbial profiles of plots P3 and P5
did not reflect the geographical proximity between these plots,
because P3 was geographically distant from the mirroring plots
P4 and P5 (about 30 km away). Both bacterial and fungal Bray-
Curtis distances were highly explained by either independent or
combined host, plot, and MLG (P. ramosa multilocus genotypes)
qualitative variables as all tested models were significant (Table
1). As those variables were nested, there is an increasing effect of
the variables on the dispersion (Host R%< Plot R*>< MLG R?) as
displayed by plot and MLG subclusters in the PCoA (Figure 4,
Figure S5). Also interactive effects between host, plot and
genotype explained most of the data variability with 86% and
94% of the variability respectively for bacteria and fungi.

P. ramosa Seed Core Microbiota

Regarding 16S assignation, 98.6% of the ASVs belonged to the
Bacteria domain. Four ASVs were part of the Archaea domain
and 5 ASVs were unassigned. Within these domains, four phyla
that represented 99.76% of the total abundance and 90.5% of
ASVs, were present in 100% of the samples. In order of
abundance, they were: Proteobacteria (64.54% of the total
abundance and 40.5% of ASVs), Bacteroidetes (29.64% and
35.82%), Actinobacteria (3.37% and 9.97%) and Firmicutes
(2.21% and 4.21%). At the genus level, seven genera
representing 63.47% of the total abundance and gathered
23.05% of the ASVs and were present in 100% of the samples
triplicate: Pseudomonas (19.85% of the total abundance and
3.27% of the ASVs), Pedobacter (10.45% and 4.98%),
Stenotrophomonas (10.11% and 1.25%), Chryseobacterium
(9.82% and 2.65%), Sphingobacterium (6.45% and 6.39%),
Rhizobium (3.58% and 1.71%) and Sphingomonas (3.21% and
2.80%). Additionally, 14.3% of the ASVs were unidentified
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FIGURE 3 | Alpha diversity of bacterial and fungal seed communities. It was estimated as the Observed richness (A, D), Simpson index (B, E), and Inverse
Shannon index (C, F) for both 16S (A=C) and ITS (D-F). The alpha diversity was measured for each biological replicate and is displayed per host of sampling.
Different lowercase letters represent statistically different groups (Anova with post-hoc Tukey, p-value < 0.05).

representing 19.84% of the total abundance. However, these
ASVs were numerous and diverse but at low abundance
because their median abundance was zero among all samples.

Regarding ITS assignation, all ASVs belonged to the fungi
kingdom. At the phylum level, 13.09% of the ASV were
unidentified, representing 1.74% of the total abundance.
Unidentified fungi phyla had a median abundance of 60.5.
Besides these unidentified phyla, two phyla representing
98.24% of the total abundance with 84.68% of the ASVs and
were present in every sample: Ascomycota (91.75% of the total
abundance and 64.62% of ASVs) and Basidiomycota (6.50% and
20.06%). At the genus level, 40.11% of the ASVs were
unidentified, representing 22.73% of the total abundance
(median abundance at zero). Moreover, six genera were
present in every sample triplicate representing 64.43% of the
total abundance and 11.98% of the ASVs: Cladosporium (33.19%
of the total abundance and 1.11% of the ASVs), Fusarium (6.81%
and 4.46%), Gliocladium (4.49% and 1.95%), Mycosphaerella
(2.67% and 0.28%), Plectosphaerella (13.48% and 1.39%), and
Vishniacozyma (3.78% and 2.78%).

These seven bacterial genera and six fungi genera were thus
part of the seed core microbiota. To identify more precisely the
seed core microbiota, we looked at the ASVs present in every
seed sample. Regarding the bacterial community, ten ASV's were
present in every samples representing 1.56% of the ASVs and
26.46% of the total abundance (Figure $6). Regarding the fungal
community, seven ASVs were present in every sample
representing 1.95% of the ASVs and 60.91% of the total
abundance (Figure S7). Within these 17 ASVs (Table 2), three
were unidentified, nine were identified at the genus level and five
were identified at the species level, by reference to the Silva or
UNITE taxonomic databases for the 16S ASVs and the ITS ASVs
respectively. The ASV sequences were compared to the NCBI
database (BLAST). The best hits were listed in Table 2. Note that
ASV2639 identified as Mycosphaerella tassiana in UNITE
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database was identified as Cladosporium floccosum in the
NCBI database.

Some Seed ASVs Were Specific to Their
Parasitized Host

As some ASVs were present in every samples, most ASVs were
only found in one or some samples. In fact, each sample mostly
revealed unique ASVs ranging from 7 to 27 and 2 to 20 per
sample of bacteria and fungi respectively. In average, about 13.15
ASVs for bacteria and 6.95 ASVs for fungi were unique per
samples with low abundances (Figures S6 and S7). Considering
the host specialization of P. ramosa, we looked at the ASV only
present in one of the originating hosts (Table 3). Two bacterial
ASVs and two fungal ASVs were found in every samples

originating from oilseed rape plots and not in the other
samples: bacterial ASV668 (Sphingobacterium sp. MIMdw12),
bacterial ASV3317 (Nannocystis sp.), fungal ASV1153
(Gymnochlora stellate) and fungal ASV1708 (Leptosphaeria
maculans). One bacterial ASV was found in every samples
originating from hemp plots and not in the other samples:
bacterial ASV718 (Pedobacter sp.). Two bacterial ASVs were
found in every samples originating from tobacco plots and not in
the other samples: bacterial ASV638 (Sphingobacterium sp.
23D10-4-9) and bacterial ASV2965 (Pseudomonas sp.).

Seed Core ASV Were Also Found in Soil

Seed microbiota and soil microbiota compositions were relatively
different, as they clustered strongly for bacteria and slightly less
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TABLE 1 | Permutation test on bacterial and fungal Bray-Curtis distance-based redundancy analysis based on host, plots, and multilocus genotype (MLG) groups as

constraints.
df? ssP F p-value mse Adjusted R2
Bacteria - 16S
Host x Plot x MLG Model 17 11.306 23.04 <0.001 0.66506 0.86
Residual 60 1.732 0.02887
Host Model 2 7.0303 43.88 <0.001 3.51515 0.54
Residual 75 6.0081 0.08011
Plot Model 6 9.8665 36.809 <0.001 1.64442 0.76
Residual 71 3.1719 0.04467
MLG Model 16 10.796 18.36 <0.001 0.67475 0.81
Residual 61 2.242 0.03675
Fungi - ITS1
Host x Plot x MLG Model 17 9.2153 34.8 <0.001 0.54208 0.94
Residual 60 0.9346 0.01558
Host Model 2 5.2187 39.686 <0.001 2.60935 0.53
Residual 75 49313 0.06575
Plot Model 6 8.2764 52.273 <0.001 1.3794 0.84
Residual 71 1.8736 0.02639
MLG Model 16 8.9782 29.211 <0.001 0.56114 0.91
Residual 61 11718 0.01921

ADegree of freedom.
2Sum of squares.
“Mean of squares.

for fungi on the first axis of the PCoA based on Bray-Curtis
indices with 37.4% and 26.8% of data dispersion explained
respectively (Figure S8).

Looking at the seed core microbiota, all ASVs were also found
in soil samples. Bacterial seed-core ASVs were present in only
6.06% to 45.45% of all sampled soils in low relative abundance
ranging from 0.01% to 0.52% of the total soil ASV abundance
(Table S5, Figure S9). Fungal seed-core ASVs were over
represented in soils as their prevalence ranged from 89.9 to
100% of all samples but also showed limited abundance
compared to others ASVs ranging from 0.84% to 8.95% of all
soil ASVs (Table S5, Figure S9). However, looking a the raw
abundances, core bacterial ASV were about 4.67 to 97.88 times
more numerous in seed than soils while core fungal ASV were
similar as the ratio seed - soil ranged from 0.34 to 7.00
(Table S5).

Regarding the host related - P. ramosa seed core microbial
ASVs, six out of seven ASV were found in soil samples (Table
$6). The relative abundance and the relative prevalence of every
host related — P. ramosa seed core bacterial ASV were higher in
seed samples than in soil samples. Indeed, seed core bacterial
ASV prevalence ranged from 0% to 6.06% in soil samples
corresponding to one crop type and their abundance was lower
than 0.01% of the total ASV abundance (Table S6, Figure S9).
On the other hand, the relative abundances of seed core fungal
ASVs related to hosts were smaller in seed samples than in soil
samples while their relative prevalences were higher in seed
samples than in soil samples. The two fungal seed-core ASVs
that were retrieved in oilseed rape plots were relatively well found
in oilseed rape soils with prevalences of 27.27% and 16.67% but
low relative abundances of 0.14% and 0.58% of the total ASVs,
respectively for ASV1153 (Gymnochlora stellate) and ASV1708
(Leptosphaeria maculans) (Table S6). However, looking at raw

abundances, ASV1153 and ASV1708 showed a seed/soil ratio of
0.07 and 0.39, which suggested 10-100 times higher raw
abundances in soils than in seeds (Table S6).

DISCUSSION

Seed Characterization and Host
Specialization

Seeds of P. ramosa collected in this study were harvested on three
parasitized hosts and two monophyletic groups were
differentiated for oilseed rape and hemp, respectively,
corresponding to groups 1 and 2a while parasite seeds from
tobacco plots were paraphyletic (Stojanova et al, 2019). As
rhizospheres of the studied host plants harbor different
metabolites in different quantities, they possibly induce
differently the germination of parasitic seeds. Indeed oilseed
rape and Brassicaceae rhizosphere is characterized by the
presence of glucosinolates and ITC (Ishida et al, 2014; Xu
et al, 2017) but no strigolactone has been yet confirmed
(Auger et al, 2012; Yoneyama et al., 2018). This absence or
undetectable presence of strigolactones is to be related to the
absence of mycorrhizal association of Brassicacaeae with fungi as
strigolactones are a necessary signal to initiate the symbiosis. On
the other hand, tobacco plants exude different types of
strigolactones associated to (+)-GR24 and (-)-2’-epi-GR24
while no known canonic strigolactones has been detected in
hemp exudates (personal communication).

Seed sensitivity to different GS is a good proxy of host
specialization. Indeed, we showed that parasitic seeds of
genetic group 1 were highly sensitive to strigolactone synthetic
enantiomers as they were able to germinate with up to 10"*M of
(+)-GR24 and (-)-2’-epi-GR24. This was consistent with
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TABLE 2 | All P. ramosa seed core microbial Amplicon Sequence Variants (ASVs) taxonomic assignation and abundance.

Marker ASV identifier and Relative abundance® (% of the total abundance) Top hit BLAST onto NCBI
Gene taxonomic identification on SILVA? and UNITE® database
databases
16S ASV2990 Pseudomonas unidentified 5.55 Pseudomonas viridiflava
Pseudomonas rhizosphaerae
Pseudomonas abietaniphila
Pseudomonas graminis
Pseudomonas lutea
Pseudomonas donghuensis
ASV2265 Stenotrophomonas unidentified 4.09 Stenotrophomonas tumulicola
Stenotrophomonas maltophilia
ASV226 Stenotrophomonas rhizophila 4.07
ASV2956 Pseudomonas unidentified 2.45 Pseudomonas fluorescens
Pseudomonas koreensis
Pseudomonas baetica
ASV1971 Rhizobium unidentified 2.41 Rhizobium radiobacter
Agrobacterium tumefaciens
ASV710 Pedobacter unidentified 2.31 Pedobacter roseus
Pedobacter suwonensis
Pedobacter agri
Pedobacter borealis
Pedobacter humicola
Pedobacter terrae
ASV1578 Sphingomonas unidentified 1.92 Sphingomonas faeni
Sphingomonas olei
ASV2268 Stenotrophomonas chelatiphaga 1.52
ASV2876 Paenibacillus unidentified 1.48 Paenibacillus illinoisensis
Paenibacillus hordei
Paenibacillus kyungheensis
ASV1998 unidentified 0.66 Rhodobacter sp.
ITS ASV2644 Cladosporium unidentified 32.82 Cladosporium cladosporioides
Cladosporium tenuissimum
ASV1920 Plectosphaerella cucumerina 13.34
ASV2459 unidentified 5.18 Fusarium avenaceum
Fusarium acuminatum
ASV1817 unidentified 2.72 Alternaria infectoria
ASV2639 Mycosphaerella tassiana 2.67 Cladosporium floccosum
ASV2467 Fusarium unidentified 2.33 Fusarium oxysporum
ASV140 Vishniacozyma victoriae 1.85

ASILVA, database of bacterial species (https://www.arb-silva.de/).
PUNITE, database of fungal species (https://unite.ut.ee/).

°Relative abundance represents the abundance sum of each seed core ASV expressed as percentage to the total abundance in all samples.

previous work that showed that P. ramosa seeds from oilseed
rape plots were ten to hundred times more sensitive to (+)-GR24
and to different conformations of GR24 than seeds from hemp
plots (Boyer et al.,, 2014; Dvorakova et al., 2018; Dvorakova et al.,
2019). Also, seeds from oilseed rape and hemp plots perceived at
a lower concentration the (+)-GR24 and (-)-2’-epi-GR24, and
were less sensitive to GR24 with non-natural conformation (de
Saint Germain et al., 2019). Seeds originating from tobacco plots,
which had a greater genetic diversity, showed also more diverse
and intermediate responses to GS, which corroborates its
generalist parasitic status. However, all seed lots originating
from tobacco plots were a hundred times more sensitive to
(-)-2’-epi-GR24 than to (+)-GR24, contrary to seeds from
oilseed rape and hemp plots which showed similar sensitivities
to these two forms. This could show a different adaptation of
those seeds to the tobacco cultivars which harbor both 4-
deoxyorobanchol and 5-deoxystrigol in their root exudates,

respectively corresponding to the synthetic isoforms 2’-epi-
GR24 and (+)-GR24 (Xie et al., 2013; Xie, 2016).

On the other hand, while the response to 2-PEITC was similar
for two P. ramosa seed lots harvested in oilseed rape and hemp
fields in a previous work (de Saint Germain et al., 2019), the
present study included more seed diversity and showed a
significant different response for P. ramosa seeds from oilseed
rape and hemp plots. Highly sensitive physiological responses of
oilseed rape plot -originating seeds, of genetic group 1, may have
emerged due to the presence of ITC in oilseed rape rhizosphere
combined with reduced quantities of strigolactones (Auger et al.,
2012). As 2-PEITC and GR24 molecules induce the same
physiological responses in P. ramosa seeds of genetic group 1
(Brun et al, 2019), the receptors for both types of molecules
could be related paralogs with different affinities. Also, the highly
heterogeneous sensitivity of seeds originating from tobacco and
hemp plots, of genetic group 2a, in response to 2-PEITC
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TABLE 3 | Host related — P. ramosa seed core microbial Amplicon Sequence Variants (ASVs) taxonomic assignation and abundance.

MarkerGene Originating host ASV identifier and taxonomic Relative abundance® Top hit BLAST
identification on SILVA? and UNITE® databases (% of the total abundance)
16S Qilseed rape ASV668 Sphingobacterium sp. MIMdw12 0.26 Sphingobacterium spiritivorum
ASV3317 Nannocystis unidentified 0.47 Nannocystis pusilla
Nannocystis exedens
Hemp ASV718 Pedobacter unidentified 0.27 Pedobacter jejuensis
Pedobacter kribbensis
Tobacco ASV638 Sphingobacterium sp. 23D10-4-9 0.33 Sphingobacterium corticis
Sphingobacterium populi
ASV2965 Pseudomonas unidentified 2.41 Pseudomonas putida
Pseudomonas plecoglossicida
ITS Qilseed rape ASV1153 unidentified 0.04 Gymnochlora stellate
ASV1708 Leptosphaeria maculans 0.03 Leptosphaeria maculans

ASILVA, database of bacterial species (https://www.arb-silva.de/).
PUNITE, database of fungal species (https://unite.ut.ee/).

“Relative abundance represents the abundance sum of each seed core ASV expressed as percentage to the total abundance in all samples.

suggested a specialization within those genetic groups. Finally, as
seeds of group 2a showed weaker sensitivities to any tested GS,
they could be adapted to other yet unknown hemp produced GS.
Evolutionary speaking, these data suggest an adaptation of GS
receptors in connection with host specialization between and within
P. ramosa populations. Hence the parasitic plant diversity and host
specialization may have been driven by rhizosphere GS profiles.

Factors Influencing Microbial Composition
of Parasitic Seeds

In the present study, we also showed that microbial communities
from parasitic seeds were influenced by the host, the plot and the
parasitic plant genotype. Also, the plot effect was more important
for fungal than for bacterial communities. Similar observations were
made several times on crop seeds and indicated that seed-fungal
communities were rather transmitted horizontally by the
environment and soil versus seed-bacterial communities which
had mostly a vertical transmission (Klaedtke et al., 2016). Here
the environment horizontal transmission is most likely due to
environmental microbial deposition on flowers and fruits and less
likely due to pollinators as P. ramosa is mostly autogamous (Parker
and Riches, 1993; Vaz Patto et al,, 2009). In addition, the parasitic
vascular connection to the host certainly plays an important role in
the final seed community composition in the parasitic plant. As
previously evidenced for the close species, Phelipanche aegyptiaca
and Orobanche hederae, there is a flow of microorganisms and a
homogenization between the host and the parasite during the
interaction (Iasur Kruh et al, 2017; Fitzpatrick and Schneider,
2020). Finally, in the present study, we overlooked the direct soil
contamination, which happens when seeds are disseminated in the
soil where they can lie for decades. Soil microbiota compete with
seed-born pioneer endophytes, which may undergo other selection
processes that alter the microbial profiles.

Also, there were indications that genetic diversity of seeds had
an effect on the assemblage of seed microbial communities. For
both bacteria and fungi, tobacco and hemp plot -originating
seeds which comprised genetic diversity, communities were sub-
clustered regarding their genetic distance to PramIl20 which
tends to indicate also a genetic effect confirmed by adjusted R*

calculations. Indeed, even though MLG variable is superposed
with host and plot variables, there is more variability explained
by the MLGs than by the other single variables. Intra-species
genotypes are known to play a substantial role in the selection
and structure of microbial communities in the plant rhizosphere
and endosphere but also on the seed endophytic community
(Sapkota et al., 2015; Gallart et al., 2018; Walitang et al., 2018). As
no genetic group was sampled from different hosts, the genetic
group effect and the host effect were not differentiated on the
microbial structure. Extensive and massive population genetic
approaches coupled with experimental evolution approaches
would better describe host vs genetic group effect in each plot.
Either (i) there are parasitic seeds of different genetic groups in
the soil and the above ground genetic groups arise from the
present crop cultivation preference or (ii) there is only one seed
genetic group in the soil due to long-term adaptation to the
intensive local crop cultivation. In fact, no cross cultivation of
any other host type were recorded on the studied plot for at least
ten years preceding sampling (Table S2).

Ubiquitous Core ASVs in Parasitic Seeds

Overall mostly Proteobacteria, Actinobacteria, Firmicutes, and
Bacteroidetes bacterial phyla and Basidiomycetes and Ascomycetes
fungal phyla were found in seeds. Their presence and abundance
are in accordance with usual seed phyla due to their great
importance in the environment. They are especially dominant in
soil, which leads to a high probability for any seed to encounter
such taxa (Shade et al, 2017). Regarding core seed microbiota,
fungal ASVs which came forth as of Fusarium, Alternaria,
Cladosporium, Plectosphaerella, and Vishniacozyma genera, were
also found in the surrounding soil and are known to be
predominantly present in soils and can be maintained on bare
soils after crop harvest or upon crop rotation (Palm and Rotem,
1997; Smith, 2007; Bensch et al, 2012; Masinova et al., 2017;
Giraldo and Crous, 2019). Alternaria and Fusarium have been
largely reported in crop and natural seeds in great abundance
(Verma and White, 2019). Additionally, beside the
basidiomycetous yeast Vishniacozyma, all genus are also
described as opportunist pathogenic taxa that are able to colonize
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plant tissues and seeds asymptomatically (Thomma, 2003; Perello
and Larran, 2013; Links et al., 2014; Raimondo and Carlucci, 2018;
Henry et al., 2019). Possibly the core ASVs also have beneficial
properties for plants and in particular for P. ramosa and it is
unclear whether these taxa persist as ubiquitous endophytes due to
the fungal dispersal strategy or as a plant strategy to supply
beneficial microbes for a better offspring fitness (Verma and
White, 2019). In fact, there are a few evidences of plant-beneficial
capacity of Fusarium, Altenaria, and Cladosporium species against
pathogen and pests (Atkins et al,, 2003; Hamayun et al., 2010;
Lorincz et al., 2010; Murphy and Doohan, 2018; Noor et al., 2018;
Pappas et al, 2018). As examples, biocontrol activities of
endophytic Fusarium spp., the most studied genus, have been
reported against bacterial plant pathogens including Pseudomonas
aeruginosa (Schulz et al.,, 2015), Microbotryum violaceum or even
against other phytopathogenic Fusarium via antimicrobial
compounds (Hussain et al,, 2015) and/or by niche competition
(Marin et al.,, 1998). As Fusarium produce a number of phytotoxic
molecules (Nelson et al., 1993; Nelson et al., 1994), Fusarium
metabolites have also been considered for P. ramosa biocontrol
with low expectations of massive and efficient transfer to
agricultural systems (Cohen et al., 2002; Hasannejad et al., 2006).

On the other hand, for bacteria, only three core ASVs also
were recovered in the surrounding soil while seven ASVs were
then only present in seeds. The three ASVs retrieved in soil
were related to, in order of abundance, Pseudomonas,
Stenotrophomonas, and Pedobacter genera which have
previously been described in plants and soils (Steyn et al,
1998; Serensen and Nybroe, 2004; Ryan et al., 2009). The other
ASVs were related to, in order of abundance, Stenotrophomonas,
Pseudomonas, Rhizobium, Sphingomonas, Paenibacillus, and
Rhodobacter genera. All of them can usually be found as
endophytes in plants but also in the near environment like the
rhizosphere and bulk soils (Cocking, 2003; Rosenblueth and
Martinez-Romero, 2006; Ryan et al., 2009; Johnston-Monje and
Raizada, 2011; Oteino et al., 2015; Maida et al., 2016). Core
bacterial ASV's are most likely endophytic strains that were either
transmitted within the parasitic plant but also from the host
plant, or diffused and assimilated from the soil. At the seed level,
Paenibacillus, Pseudomonas, Rhizobium, and Sphingomonas have
been repeatedly described as abundant endophytes in crop seeds
while Stenotrophomonas was described as a less abundant
but common seed endophytic genus (Verma and White,
2019). Particularly, Pseudomonas species have very often
been described in crop seeds of both dicotyledons and
monocotyledons (Johnston-Monje and Raizada, 2011; Hardoim
et al, 2012). In oilseed rape seeds especially, strains of
Pseudomonas are omnipresent (Barret et al., 2015; Rezki et al.,
2016). Additionally, it is widely reported that Pseudomonas
species and particularly P. fluorescent have plant growth
promoting activities (Patten and Glick, 2002; Dey et al., 2004;
Grof3kinsky et al., 2016). Furthermore, Plant Growth-Promoting
Rhizobacteria (PGPR) - nitrogen fixing ability has been described
for Pseudomonas, Rhizobium and Rhodobacter species and
phosphate solubilization ability for Paenibacillus, Pseudomonas,
and Rhizobium species (Hayat et al., 2012).

Host-Related Core ASVs Likely Involved in
the Parasitic Interaction

ASVs that were shared by all P. ramosa seed samples among host
groups ranged from one in hemp plot -originating seeds to four
in oilseed rape plot —originating seeds. All host seed groups had
at least one core bacterial ASV while only oilseed rape plot
-originating seeds showed a core fungal community. Whether
those particular strains were recruited by the parasitic plants
during their cycle and involved in the seed physiology or whether
they co-evolved with their associated genotypic group and host
cannot be determined. Also, it has to be highlighted that those
host related core ASVs are present in the west of France and may
be absent in any other region. Parasite seeds from hemp plots
harbored one bacterial core ASV in high abundance that
belonged to Pedobacter genus. This was consistent with a
couple or reports that spotted Pedobacter species in hemp
fibers during retting process (Fu et al, 2011; Ribeiro et al,
2015; Liu et al., 2017). However, no so much is known for the
related to top hit species Pedobacter jejuensis or Pedobacter
kribbensis. Additionally, parasite seeds from tobacco plots
harbored two abundant core bacterial ASVs, related to
Sphingobacterium (spp. corticis or populi) and Pseudomonas
(spp. putida or plecoglossicida) which are ubiquitous seed
endophytic genera. In the past years, novel Sphingobacterium
species have been isolated in tobacco rhizosphere and roots
several times (Liu et al., 2012; Zhou et al., 2017). Moreover,
Sphingobacterium sp., Sphingobacterium multivorum,
Pseudomonas sp., and Pseudomonas putida strains have been
described in tobacco plots as nicotine degraders which can
durably live as endophytes (Ma et al., 2012). From oilseed rape
plots, parasite seeds harbor two core bacterial ASVs, namely
Sphingobacterium spiritivorum and Nannocystis sp. (pusilla or
exedens), and two fungal ASVs, namely Leptosphaeria maculans
and Gymnochlora stellate. The Nannocystis sp. and Gymnochlora
stellate related ASV's were in abundance but those taxa are rarely
found in nature - and thus understudied — which might indicate
some sort of high specialization for oilseed rape related - P.
ramosa seeds. On the other hand, Sphingobacterium species and
Leptosphaeria maculans are quite commonly described and
found. Interestingly, one Sphingobacterium strain showed a
myrosinase activity (Meulenbeld and Hartmans, 2001), which
suggests a mutualistic interaction between the bacterial core
Sphingobacterium species and P. ramosa seeds helping to
produce germination stimulants through glucosinolate
breakdown and then ITC release in the oilseed rape
rhizosphere. Also, Leptosphaeria maculans, a phytopathogenic
agent that causes diseases on Brassica species, is known to trigger
an increase in glucosinolate production as a defense response in
its Brassica hosts (Abdel-Farid et al., 2010; Robin et al., 2017). L.
maculans related canker diseases have been reported since early
20th century in Europe, and then possibly cohabit with the
parasitic weed P. ramosa in oilseed rape fields as they overlap in
western France (Balesdent et al., 2006). Consequently, P. ramosa
seeds of genetic group 1, which is an oilseed rape specialist, may
have undergone a symbiotic co-evolution with this other oilseed
rape pathogen. Ultimately, one can speculate that P. ramosa
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endophytes L. maculans, triggering glucosinolate induction in
oilseed rape, and Sphingobacterium sp., metabolizing
glucosinolate metabolites into ITC, could be co-selected for an
improved parasitic seed fitness and recognition of its host. This
proposed adapted-seed-microbiota model should be further
analyzed to be biologically corroborated.

In conclusion, this work pictured the microbial communities
that are carried and selected by P. ramosa seeds with regard to
their host. Host type was shown to structure microorganisms
whether they are selected and transmitted from the soil or from
the plants — host or parasite. P. ramosa seeds harbored specific
core microorganisms that may be essential for the dialogue with
the host plant. Especially seed of the genetic group 1, showing
adaptation to oilseed rape, seemed to harbor a rather adapted
microbiota to the parasitic plant — host plant interaction.
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