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Summary

Seed microbiota influence germination and plant
health and have the potential to improve crop perfor-
mance, but the factors that determine their structure
and functions are still not fully understood. Here, we
analysed the impact of plant-related and external fac-
tors on seed endophyte communities of 10 different
oilseed rape (Brassica napus L.) cultivars from 26
field sites across Europe. All seed lots harboured a
high abundance and diversity of endophytes, which
were dominated by six genera: Ralstonia, Serratia,
Enterobacter, Pseudomonas, Pantoea, and Sphin-
gomonas. The cultivar was the main factor explain-
ing the variations in bacterial diversity, abundance
and composition. In addition, the latter was signifi-
cantly influenced by diverse biotic and abiotic fac-
tors, for example host germination rates and disease

resistance against Plasmodiophora brassicae. A set
of bacterial biomarkers was identified to discriminate
between characteristics of the seeds, for example
Sphingomonas for improved germination and Bre-
vundimonas for disease resistance. Application of a
Bayesian community approach suggested vertical
transmission of seed endophytes, where the paternal
parent plays a major role and might even determine
the germination performance of the offspring. This
study contributes to the understanding of seed
microbiome assembly and underlines the potential
of the microbiome to be implemented in crop breed-
ing and biocontrol programmes.

Introduction

The inner and outer tissues of plants are colonized by
diverse and abundant microbial communities, respec-
tively, referred to as endophytes and epiphytes (Berg
et al., 2005; Hardoim et al., 2015). They can form com-
plex interactions with their host plant and the observed
stability of the overall system suggests evolutionary
selection between plants and microorganisms, epony-
mous for the hologenome concept of evolution (Zilber-
Rosenberg and Rosenberg, 2008). In support of this,
phylosymbiosis, describing the tendency of closer related
plant species to host similar microbial communities
(Brucker and Bordenstein, 2013; Theis et al., 2016), was
found to be stronger for endophytes than for epiphytes
(Mazel et al., 2018; Mendes et al., 2018; Kim et al.,
2020). Endophytes interact intimately with their host and
take advantage of nutrient availability and shelter from
unfavourable external conditions, exhibiting a range of
plant beneficial traits in return (Hardoim et al., 2015;
Berg et al., 2020). Most recently, particular benefits for
the host plant have been proposed for microbiota found
inside seeds (Berg and Raaijmakers, 2018; Simonin
et al., 2022). As previously suggested for plants in gen-
eral (Truyens et al., 2015; Shade et al., 2017) and
recently proven for tomato (Bergna et al., 2018), oak
(Abdelfattah et al., 2021b) and wheat (Walsh et al.,
2021), a specific fraction of seed-associated microbiota
is constantly and continuously transmitted across plant
generations to the developing seedling’s phyllosphere
and rhizosphere. Interestingly, this effect was even more
pronounced for native plants (Wassermann et al., 2019).
The establishment of such an intimate relationship
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suggests that seed-associated microbiota fulfil important
biological and ecological functions for their host, for
example by exerting a priority effect on subsequent colo-
nizers once the seedling germinates (Abdelfattah et al.,
2021b). Seed microorganisms were shown to produce
phytohormones and antimicrobial compounds, fix and
mobilize nutrients from the environment, defend against
disease and manipulate host genes and hormones for
increased resilience towards environmental stresses
(Berg and Raaijmakers, 2018; Bergna et al., 2018;
Dai et al., 2020; Matsumoto et al., 2021). Harnessing
the ‘phytomicrobiome’ is, thus, proposed as the most
promising approach to improve farm productivity while
safeguarding environmental health (Singh and Trivedi,
2017).
Brassica napus L. (oilseed rape) is among the most

important crops worldwide, with more than 86 million
tons produced each year (FAO, 2020). However, produc-
tion systems are substantially affected by a steadily
increasing incidence of field diseases, often caused by
soil-borne pathogens such as Verticillium longisporum or
Plasmodiophora brassicae (Bennett et al., 2012; Ryba-
kova et al., 2020), which are particularly difficult to sup-
press (Bakker et al., 2020). Here, plant microbiome-
based strategies represent promising solutions (Ryba-
kova et al., 2017; Zhao et al., 2017; Jim�enez-G�omez
et al., 2020). Recently, a number of studies targeted to
decipher the microbiome of oilseed rape seeds, and sev-
eral biotic and abiotic factors have been described to
contribute to its assembly: while seed epiphytes were
found to be mainly influenced by environmental factors
at a certain field site (Morales Moreira et al., 2021), the
host genotype played a significant role when epi- and
endophytes were analysed as a collective (Rochefort
et al., 2019). In addition, the seed microbiome has been
suggested to contribute to pathogen resistance, where
low bacterial diversity correlated positively with higher
counts of potential pathogens and with a greater acces-
sibility to pathogenic as well as beneficial microbial inoc-
ulants (Rybakova et al., 2017). However, research is still
needed to understand the seed microbiome assembly
and transmission.
In the present study, we analysed 16S rRNA gene

profiles of seed endophytes of 10 different oilseed rape
cultivars, harvested from 26 different fields in five Euro-
pean countries, to answer the following questions: (i)
how important is the impact of the cultivar and the field
site on seed endophyte composition?; (ii) are functional
characteristics of the host, such as germination rate and
resistance to pathogens, associated with distinct seed
endophytes?; and if so, (iii) could a beneficial microbiota,
that is vertically transmitted, assist the next plant genera-
tion to cope with the environmental conditions at distinct
field sites?; and finally (iv) can we quantify the

contribution of maternal and paternal breeding lines to
the seed microbiome of a cross-fertilized hybrid off-
spring? By answering these questions, we provide deep-
ening insights into the seed microbiome of oilseed rape
with potential implications for seed production, breeding
strategies and the development of targeted bacterial
seed treatments.

Results

The general structure of the oilseed rape seed
microbiota

After demultiplexing raw reads and joining forward and
reversed reads, 603 275 mean high-quality reads per
sample were recovered. Taxonomic assignment, how-
ever, found a high number of non-target taxa (chloroplas-
ts, mitochondria, etc.), which were removed, resulting in
233 025 mean high-quality reads per sample and a total
of 23 543 ASVs. After normalization to 10 000 reads per
samples, a mean value of 265 bacterial ASVs per sample
remained. Overall, Gammaproteobacteria was the domi-
nating class (77.8%), followed by Alphaproteobacteria
(8.8%), Bacteroida (8.0%) and Bacilli and Actinobacteria
(each 2.2%).

Host-related and external factors influencing the oilseed
rape seed microbiota

We analysed the impact of plant traits (‘cultivar’, ‘germina-
tion rate’, ‘resistance’) and external factors (‘seed lot’,
‘country of harvest’, ‘year of harvest’) on the seed micro-
biota’s diversity, abundance and composition. Fig. 1 visu-
alizes samples grouped by ‘cultivar’ and ‘seed lot’, which
were evaluated as the main drivers on all measures, and
global statistical results are presented in Table S2.
Differences in bacterial diversity, based on Shannon

H 0 and species richness, was only significant for the
host plant-related factors ‘cultivar’ (richness: P < 0.0001;
H 0: P = 0.00001; Fig. 1A and B) and ‘resistance’
(H 0: P = 0.0003), where microbiomes of resistant culti-
vars were significantly less diverse. Pairwise comparison
of cultivars revealed significantly higher bacterial rich-
ness in seeds of cultivar A compared to B and C1, and
higher Shannon diversity in A compared to B, C1, C2,
C4, E, M and V (Table S2). ‘Seed lot’, modelled as a
function of the fixed effect ‘cultivar’, did not affect alpha
diversity in general, but had a cultivar-specific impact on
cultivar E (richness: P = 0.04) and M (richness:
P = 0.04).
The difference in bacterial abundance, estimated via

qPCR, was significant for the factors ‘cultivar’ (P = 0.003)
and ‘seed lot’ (P = 0.014). However, estimations of abun-
dance strongly varied across samples, reaching from
7.7 9 108 to 7.0 9 1011 (Fig. 1C).
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In contrast to diversity and abundance, bacterial com-
munity composition was significantly affected by all
plant-related and external factors tested, except for ‘year
of harvest’. Based on Bray–Curtis distance, ‘cultivar’
explained 25.3% (P = 0.001) of variations in bacterial
composition, followed by ‘seed lot’ (24.4%, P = 0.001)
(Fig. 1D). The effect of ‘seed lot’ accounted for 31% to
50% (P ≤ 0.006) of the variations within the different cul-
tivars. The factors ‘country of harvest’, ‘germination rate’
and ‘resistance’ explained each < 10% of dissimilarities
between samples; however, the effects were significant
(P ≤ 0.004).

Taxonomic variations and core microbiota of oilseed
rape seeds

Comparing higher level taxonomy of seed endophytes
revealed similar profiles within samples, however, with

distinct relative abundances (Fig. S1). For example,
Enterobacteriales, which were predominant in cultivars
B, C1, C2 and C4, accounted for only 9.2% of the bacte-
rial community in cultivar V. Betaproteobacteriales was
present in the second highest mean abundance across
all samples, dominating the microbiota of cultivars A, D,
M and V, but made up only 1.1% in cultivar C1. Cultivars
C3 and E featured the highest abundances of Pseu-
domonadales and Rhizobiales, respectively. On genus
level, Serratia revealed the highest mean abundance
across all cultivars, which was mainly due to its preva-
lence (90% rel. abundance) in C1, whereas no ASV was
assigned to Serratia in cultivars D and E. Overall, the
microbiota of the 10 cultivars were dominated by six dif-
ferent genera: Ralstonia (dominant in cultivars A, B, D,
M and V), Serratia (C1), Enterobacter (C2), Pseu-
domonas (C3), Panotea (C4) and Sphingomonas (E)
(Fig. S1b).

Fig. 1. Box plots showing bacterial species richness (A), Shannon diversity (B) and abundance (C) in seeds. Samples are represented as seed
lots and colour-grouped by the respective cultivar. Results of statistical significance are reported on top of each panel and differences between
cultivars, revealed by pairwise comparison, are indicated by lower case letters in (A) and (B). The two-dimensional PCoA plot (D) visualizes
bacterial community composition based on Bray–Curtis dissimilarity matrix, including significances for visualized data points in the panel. Statis-
tics for remaining factors are listed in Table S2.
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To identify ASVs that were shared between all sam-
ples, that is the oilseed rape seed core microbiome, as
well as ASVs unique for each cultivar, a network was
constructed based on the combined table of each culti-
vars’ core microbiome (75% core) (Fig. 2A). In total, 26
ASVs were assigned to the core, representing 0.1% of
ASVs assigned to the overall dataset. The network anal-
ysis also highlights the partially large fraction of ASVs
uniquely assigned to one specific cultivar: 12%, 13%,
20%, 17%, 26% and 49% of the assigned seed micro-
biota constituents were unique for cultivars A, C1, C2,
C3, C4 and E, respectively. Cultivar D contained only
one unique ASV and cultivars B, M and V shared all
their ASVs with at least one of the other cultivars. How-
ever, the relative abundance of those unique ASVs was
generally low, in contrast to core ASVs, which, despite
being few in numbers, accounted for high relative abun-
dances in most seeds (Fig. 2B). More than 60% of the
microbiota in cultivars A, B, C3, D, M and V, and
between 30–40% in C2, C4 and E, were represented
by core ASVs. Only for C1 the fraction was low (3%).
In general, ASVs assigned to Ralstonia, Pantoea,
Pseudomonas, Rhizobium, Stenotrophomonas, and

Burkholderia were most abundant among the core
ASVs.

Linking the host’s functional characteristics to the seed
microbiota

Based on beta diversity estimations, the host-related
functional factors ‘germination rate’, and ‘resistance’, sig-
nificantly explained variations in the bacterial composi-
tion of seeds. We performed LEfSe to analyse whether
specific microbiome compositions enable discrimination
between (i) high (CD rate ≥ 85%; n = 39) and low (CD
rate < 85%; n = 39) germination rates, and between (ii)
seeds of P. brassicae-resistant (n = 12) and non-
resistant (n = 60) samples. After filtering features with at
least 100 counts in all samples and a minimum preva-
lence of 10% in samples, 145 features remained to be
tested. Applying LEfSe on ‘germination rate’ as discrimi-
nating parameter revealed 87 features, collated to 24
genera, that showed significant (P-value < 0.05) correla-
tion to either high or low CD levels (Fig. 3A). Using ‘re-
sistance’ as testing parameter identified 18 genera (30
features) that most likely determine the differences

Fig. 2. ASV profiles of oilseed rape seeds. (A) The network was constructed from the core microbiome of all cultivars (75% core) and repre-
sents unique and shared ASVs of cultivars (coloured nodes). Circles of ASVs in the network’s centre highlight ASVs that were shared by two to
nine cultivars and the value inside the circle indicates number of sharing cultivars. Core ASVs that were detected in all seed samples are repre-
sented as black nodes. Node size corresponds to absolute bacterial abundance in the rarefied dataset, as indicated in the legend on the lower
left. Bar plot in (B) represents relative abundance of the 26 core ASVs within seeds of each cultivar; grey bars (‘Rest’) denote the fraction of
ASVs that was not assigned to the core.
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between P. brassicae-resistant and non-resistant culti-
vars (Fig. 3B).

Linking host phylogeny to the seed microbiota and
estimations for microbial inheritance

We confronted the phylogenetic distance of parental
lines and hybrids of oilseed rape cultivars to Bray–Curtis
distance of bacteria associated with seeds of those culti-
vars (Fig. 4A and B). Host phylogenetic distance, based
on Modified Rogers Distance of genetic Brassica mark-
ers, revealed hybrids that share the same maternal line
to cluster close to their paternal lines. Bacterial commu-
nity clustering, in contrast, resulted in one cluster for
hybrids and one cluster for parental lines, indicating that
both parents contribute to the seed microbiota of hybrids,
which consequently are resembling each other.
A community-wide Bayesian model (SourceTracker 2)

was applied to estimate the fraction of potentially inher-
ited seed microbiota, by including both, the actual paren-
tal seed lots (D = M2 9 V2; E = M2 9 V1) and those
seed lots from cultivars M and V, which were not used
to produce hybrid seeds. The models estimated that
both cultivars D and E obtained a large percentage of
ASVs from their actual paternal line (23% and 58%,
respectively) (Fig. 4C). Since all M and V seed lots rep-
resent the same cultivar, adding up the estimated values
of microbial sources is reasonable and results in high
percentages of ASVs that have been transmitted to the
hybrids (D: 89%, E: 86%), compared to the percentage
of ASVs that unlikely originated from these parental lin-
eages (D: 11%, E: 14%).

Discussion

In this study, we disentangled the impact of plant traits
(genotype, germination rate, resistance to pathogens)
and external factors (field site, country of harvest, year of
harvest) on the structure of the B. napus seed micro-
biome. The host genotype was determined as the main
factor explaining the variations in bacterial composition,
diversity, richness and abundance. Besides the cultivar,
only the host’s resistance against P. brassicae affected
bacterial diversity. In contrast, endophyte composition
correlated to all factors tested, except the year of seed
harvest, which had no impact on the seed microbiota on
any measure (Fig. 5). While significant impacts of cultivar,
field site and soil and environmental conditions on the oil-
seed rape seed microbiota have been reported previously
(Rybakova et al., 2017; Rochefort et al., 2019; Morales
Moreira et al., 2021), our study revealed for the first time
that the cultivar is a main driver of bacterial diversity, and
that host’s functional characteristics (resistance towards
P. brassicae and germination rates) correlate to seed
endophyte composition, where bacterial biomarkers were
identified for both. Moreover, we estimated the contribu-
tion of parental breeding lines to seed microbiota of their
hybrid offspring and found that the paternal parent might
play an important role during the assembly of the seed
microbiota, with potential impact on the offspring’s germi-
nation performance.
Our findings on the primary importance of host geno-

type, followed by a significant, but subordinate impact of
environmental factors, are in contrast to previous studies
on oilseed rape seed microbiomes. For example, a

Fig. 3. Potential bacterial marker taxa defined by LDA combined with LEfSe. Plots show bacterial genera that are significantly overexpressed
(red) and under-expressed (green) in (A) seed samples with low compared to high germination rates (CD levels) and (B) seed samples of culti-
vars resistant against P. brassicae compared to non-resistant cultivars. Only genera with LDA scores > 2.0 and P < 0.05 are shown.
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recent study that combined oilseed rape seed endo- and
epiphytes, described the environment to be the main dri-
ver, followed by significant impact the cultivar (Rochefort
et al., 2019). Another study reported that seed epiphytes

were only driven by environmental factors, without any
influence of the cultivar (Morales Moreira et al., 2021). In
conjunction with our data, a gradient for environmental
relevance, declining from outer to inner seed tissues,

Fig. 4. Phylogenetic and 16S rRNA gene distance and estimation of microbiota’s origins. Phylogenetic tree in (A) is based on Brassica marker
genes. (B) shows hierarchical clustering based on Bray–Curtis dissimilarity of seed microbiomes of parental lines (V, M) and hybrids (D, E).
Tree map charts in (C) represents the estimated sources of potentially inherited bacteria in seeds. Bayesian approach implemented in
SourceTracker2 was applied by setting all samples of cultivars M and V as sources and the hybrid samples D and E as sink. Squares of the
actual maternal and paternal lines of each respective hybrid are coloured dark green and dark yellow, respectively. White squares (‘Unknown’)
indicate percentage of taxa with low probability to have been transmitted from any of the sources.

Fig. 5. Illustration of the study’s main findings. Plant traits (left) and external factors (right) were analysed to contribute to the structure of the B.
napus seed microbiome. Significant impacts of colour-coded factors on endophyte composition, diversity, richness, abundance and vertical
transmission are indicated by coloured dots, where greater size of dots indicates higher relevance of the respective factor for seed microbiota
characteristics. The map on the right indicates the 26 European field sites sampled for the present study.
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might be proposed, where host genetics mainly deter-
mine the very specific microbiota that is vertically trans-
mitted to internal seed tissues (Newcombe et al., 2018).
This is a relevant finding for microbiome-assisted breed-
ing; here, seed endophytes should be rather considered
than epiphytes. Despite the large compositional differ-
ences between cultivars, a small (0.1% of total ASVs)
but abundant core microbiota was identified and
assigned to taxa such as Pantoea, Pseudomonas, Rhi-
zobium, Stenotrophomonas, and Burkholderia. Since
those taxa are being reported frequently to colonize
seeds, we support the idea of a symbiotic relationship
and their relevance for plant health in general (Hardoim,
2019; Batista and Singh, 2021). The impact of the field
site was significant for bacterial composition and abun-
dance. Certainly, the microbiota transmitted from paren-
tal lines to seeds are also dependent on the microbial
pool available in the environment. In our dataset, the
field site explained between 31% and 50% of the varia-
tions within cultivars. However, based on our current
dataset, we are unable to determine the impact of a cer-
tain field site, since the 27 seed lots were harvested
from 26 fields, accordingly, only one field was sampled
twice for seed lots of cultivar E and M. Yet, their associ-
ated microbiota did not resemble each other and clus-
tered distinct in ordination plots and dendrograms. The
country of harvest revealed a less important, but signifi-
cant impact on bacterial composition as well. This might
be explained by the close proximity of some field sites,
especially in France and Germany, where regional
parameters, such as temperature and precipitation
regimes, likely affect the microbiota present.
Among all plant-related and external factors tested,

only the year of seed harvest did not correlate to seed
endophyte composition or diversity. This was surprising
and underlines the minor impact of environmental factors
in our study. In addition, we did not observe the
expected decline of seed-associated microbial diversity
after storage (Shade et al., 2017). It should be noted in
this context that our study does not discriminate between
dead and viable bacteria.
We additionally demonstrated a correlation of host

functional characteristics and seed endophytes. Both,
germination rates and resistance against P. brassicae,
showed significant associations with the seed microbiota
composition. Bacterial biomarkers for both factors were
identified, and a functional potential for host health might
be inferred for some of them. Especially Sphingomonas
and Stenotrophomonas, both biomarkers for high germi-
nation rates, are often considered as beneficial for the
host plant, whereas Ralstonia and Burkholderia, both
biomarkers for low germination rates, are rather known
for adverse impact on plants (Hardoim et al., 2015; Com-
pant et al., 2019; Saikkonen et al., 2020). The plant’s

resistance to P. brassicae might also select for function-
ally adapted members of the microbiota, such as Sphin-
gobacterium, Stenotrophomonas, and Pseudomonas; all
of which, but especially the latter, represent important
biofungicides (Berg et al., 2021). Moreover, the corre-
sponding bacterial families (Sphingobacteriaceae, Xan-
thomonadaceae, Pseudomonadaceae) were found to be
significantly more abundant in asymptomatic compared
to symptomatic roots of B. napus plants that were
infected by P. brassicae (Zhao et al., 2017). Thus, a
plant’s resistance to pathogens may not entirely be
attributed to host genetics, which has also been demon-
strated in the two following studies. Matsumoto
et al. (2021) proved that pathogen resistance of rice
plants is conferred by a seed-endophytic, trans-
generationally inherited Sphingomonas strain and Men-
des et al. (2018) observed that pathogen resistance of
common bean correlates to higher abundance of antago-
nistic bacteria in the rhizosphere. The authors proposed
that breeding for resistance may have unintentionally
altered the microbiome, which acts as primary defence
line to protect against pathogen colonization. Also, in our
dataset, P. brassicae resistance is based on plant traits;
however, resilience might be reinforced by the microbial
component of the holobiont. Since seed microbiota likely
take priority over environmental microbiota to colonize
the emerging seedling (Abdelfattah et al., 2021b), their
defence force might even exceed that of the rhizosphere
microbiota.
Our data furthermore suggest that certain functional

characteristics of the holobiont, might be even trans-
ferred to the offspring via microbial hybridization; an idea
that has already been suggested for other plants (Liu
et al., 2013; Adam et al., 2018; Kusstatscher et al.,
2021; Abdelfattah et al., 2021a). We applied a Bayesian
approach on two hybrids (E, D), which were produced
from the same maternal line (M2) but from different
paternal lines (V1, V2), to identify the fraction of endo-
phytes that potentially originated from either parent. The
contribution of the paternal line was generally higher
(24%–74%) than the contribution of the maternal parent
(3%–10%). Interestingly, those estimations correlate also
to functional similarities between paternal lines and their
hybrids: V1 and its hybrid E revealed high germination
rates, whereas V2 and its hybrid D performed weakly.
Moreover, the hybrids´ performance was irrespective of
the field location; each of them was produced on four dif-
ferent field sites. While for plant genetics in general, the
inheritance mode of traits and the transmission of paren-
tal alleles to hybrids is still a matter of debate, a study
on Arabidopsis thaliana showed that the contribution of
maternal and paternal genomes during early plant devel-
opment stages is non-equivalent and that the impact of
paternal gene activity is unexpectedly profound (Del
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Toro-De Le�on et al., 2014). Our observation of such
strong importance of the paternal parent for seed micro-
biome assembly is novel, has application potential and
requires further research.

Conclusion

In conclusion, we demonstrated that the cultivar is a main
driver of bacterial diversity in B. napus seeds, and that
hybridization of the maternal and especially the paternal
microbiota might play an important role during the assem-
bly, with potential impact on the offspring’s health. We
identified microbial biomarkers for germination perfor-
mance and resistance towards plant pathogens, which
are not yet available and can be used for combined bio-
control and microbiome management strategies. Thereby,
our results contribute to plant microbiome research in
general and have substantial implications for microbiome-
assisted breeding approaches for oilseed rape.

Experimental procedures

Seed origin and metadata

Seeds of 10 oilseed rape cultivars (A, B, C1, C2, C3,
C4, D, E, M, V) harvested between 2013 and 2017, from
26 fields in four European countries, were obtained from
NPZ (Norddeutsche Pflanzenzucht Hans-Georg Lembke
KG). General information and sample origins are outlined
in Fig. 6, while detailed metadata are provided in Table
S1. Each cultivar was obtained from one to a maximum
of five different seed lots, where a seed lot denotes for
seeds of one cultivar, sampled from one field. Seeds for
each seed lot were sampled in three biological repli-
cates. We investigated the impact of ‘cultivar’, ‘seed lot’,
‘country of harvest’, ‘year of harvest’, ‘resistance’ and
‘germination rate’ on seed endophytes. ‘Resistance’
refers to inbred resistance against Plasmodiophora bras-
sicae, which differentiates the cultivars C1, C2, C3 and
C4, from the remaining cultivars. ‘Germination rate’ was
evaluated under standardized controlled deterioration
(CD) vigour test protocol according to the ISTA Rules,
Chapter 15.8.3. CD germination rates, ranging from 13%
to 96% in seed lots, were grouped into ‘high CD’ (CD
rate ≥ 85%) and ‘low CD’ (CD rate < 85%). Specific
seed lots of the parental lines M and V, harvested in
2013, were planted in 2017 on eight different fields to
produce the hybrids D and E. In detail, cultivar D (low
CD) is a hybrid of M2 (high CD) and V2 (low CD), and
cultivar E (high CD) is a hybrid of M2 (high CD) and V1
(high CD); hence, both hybrids are half-siblings sharing
the same maternal line, but having different paternal
lines. The fraction of the vertically transmitted micro-
biome from each parent was assessed for those
samples.

DNA extraction and library generation

The total DNA was extracted from all seed samples. For
each sample, 20 seeds per replicate were surface steril-
ized by incubating them in sodium hypochloride (2%) for
5 min under agitation, following by six washing steps in
sterile water. Seeds were mortared under sterile condi-
tions and the homogenized solution was pelleted and fur-
ther used for DNA extraction. Utilizing the FastDNA SPIN
Kit for Soil and the FastPrep Instrument (MP Biomedicals,
Santa Ana, CA, USA), the total DNA was extracted follow-
ing the manufacturer’s protocol. DNA was quality checked
using a Nanodrop 2000 (Thermo Scientific, Wilmington,
DE, USA) and stored at �20°C for PCR reactions.
Isolated DNA was used for amplification of the 16S

rRNA gene V4 hypervariable region with the 515f/806r pri-
mer pair (515f: 50-GTGYCAGCMGCCGCGGTAA-30; 806r:
50-GGACTACNVGGGTWTCTAAT-30) (Caporaso et al.,
2011; Parada et al., 2016). All PCR reactions were per-
formed in triplicates. The PCR mix was amplified in 35 cy-
cles at 94°C denaturation for 45 s, 50°C annealing for
60 s and 72°C elongation for 90 s. Additionally, peptide
nucleic acid PCR clamps (PNA) were used to block the
amplification of plastid and mitochondrial 16S rRNA gene
sequences of plants during the PCR amplification. The
amplicons were purified using the Wizard SV Gel and
PCR Clean-Up System (Promega, Madison, WI) and
pooled in equimolar concentrations. The paired-end Illu-
mina MiSeq sequencing of the barcoded Illumina library
was performed by GATC Biotech (Berlin, Germany).

Bioinformatic pipeline

Paired-end reads were quality checked and demulti-
plexed using cutadapt (Martin, 2011). Bioinformatic anal-
ysis for amplicon sequencing analysis was performed
using the open-source QIIME2 version 2018.4.0 pipeline
(https://qiime2.org). Primer sequences were removed.
Using the DADA2 algorithm in QIIME2 the reads were
quality filtered and denoised, forward and reversed reads
were joined, chimera were filtered, and feature table and
representative sequences (amplicon sequences variants
(ASVs)) were generated (Callahan et al., 2016). The
generated ASVs were classified using the vsearch algo-
rithm and the SILVA v132 database as a reference
(Quast et al., 2012; Rognes et al., 2016). All taxonomy-
related results (bar charts, OTU networks and results
generated by LEfSe (linear discriminant analysis effect
size)) were produced from the merged core microbiome
of each cultivar, which was generated by keeping ASVs
that were present in at least 75% of a cultivar’s repli-
cates. A network showing unique, shared and core bac-
terial ASVs of oilseed rape cultivars was constructed
using CYTOSCAPE v3.8.2 (Shannon, 2003).
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Statistical analyses

To calculate bacterial diversity, based on number of
observed species and Shannon H0 index, the dataset
was rarefied to 10 000 reads per sample using the rar-
efy_even_depth function of R package PHYLOSEQ v.1.32.0.
MetagenomeSeq’s cumulative sum scaling (CSS) (Paul-
son et al., 2013) was applied to correct uneven sequenc-
ing depth for beta diversity calculations, including Bray–
Curtis dissimilarity, permutational multivariate analysis
(PERMANOVA) and hierarchical clustering analysis. Each
‘seed lot’ represents seeds of one cultivar from a unique
field, except one field in Germany from which two culti-
vars were sampled. Additionally, five of the cultivars were
sampled from only one country. Thus, to evaluate the
impact of the factors ‘seed lot’ and ‘country of harvest’ on
the seed microbiome richness, diversity, abundance and

composition, we modelled those variables as a function
of the fixed effect ‘cultivar’, using the function aov in R
Package STATS v.4.0.1 in R v.3.6.2 (R Core Team,
2020). Means of factor groups were compared using
Tukey multiple comparisons. Differences in the micro-
biome communities were tested using the function adon-
is2 (PERMANOVA) in the package VEGAN (Oksanen
et al., 2007). Pairwise comparisons were done using R
package PAIRWISEADONIS (Arbizu, 2019). Differences
between seed lots within one cultivar were tested by
applying adonis test on subsets for each cultivar.
Bacterial genera correlating significantly to host func-

tional parameters ‘germination rate’ and ‘resistance’ were
identified by LEfSe as implemented in MicrobiomeAna-
lyst (Segata et al., 2011; Kassambara and Mundt, 2017;
Chong et al., 2020). Only features with a minimum count
of 100 and a prevalence in 10% of the samples were

Fig. 6. Overview of the oilseed rape seed samples investigated.
A. Illustration of the 26 field sites in four European countries.
B. General metadata of cultivars A, B, C1, C2, C3, C4, D, E, M and V. Cultivars are represented by one to five seed lots, where each seed lot
represents seeds of one cultivar sampled from a different field. Black arrows pointing up and red arrows pointing down, next to seed lot IDs,
denote for high (≥ 85%) and low (< 85%) germination rates, evaluated in CD vigour tests (nd = not detected). C1 to C4 are to be differentiated
from remaining cultivars by an inbred resistance against P. brassicae. Arrows pointing from M2 (maternal line) and from V1 and V2 (paternal
lines) to D and E (hybrids) seed lots indicate parental lines and their half-sib hybrid offspring.
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included, and a threshold of 2 and a P-value of 0.05
were set for the linear discriminant analysis (LDA).
Hierarchical clustering of the seed microbiome is

based on Bray–Curtis dissimilarity. We used hclust in R
package STATS v.4.0.1 with ‘average’ as clustering
method, and visualized results with fviz_dend function in
R package FACTOEXTRA v.1.0.7 (Kassambara and Mundt,
2017). The phylogenetic tree representing genetic relat-
edness of cultivars is based on calculating Modified
Rogers Distance using marker information from the Illu-
mina Infinium 15 K-Chip (Brassica).
To evaluate the potential of the seed microbiota to be

inherited from parental lines, SOURCETRACKER2 (Knights
et al., 2011) was applied on a subset of the data. The sub-
set contained all samples of parental lines M and V,
including the actual seed lots M2, V1 and V2, as well as
seed lots which were not used to produce hybrid seeds
(M1, M3, V3). M and V samples were set as sources and
the hybrid samples D1, D2, E3 and E4 were set as sink.

Quantitative real-time PCR (qPCR)

To quantify bacteria in seed samples, a qPCR approach
based on fluorescence detection was performed in a
Rotor-Gene 6000 real-time rotary analyser (Corbett
Research, Sydney, NSW, Australia). Each sample was
analysed in independent triplicates and reaction mixtures
contained 5 ll KAPA SYBR Green, 0.5 ll (10 lM each)
of each primer (515f–927r (K€oberl et al., 2011)), 1 ll
template DNA, adjusted with PCR-grade water to a final
volume of 10 ll. The following temperature settings were
used: 95°C for 3 min, 30 cycles of 95°C for 5 s, 54°C
for 20 s, 72°C for 5 s and a final melt curve of 72–96°C.
Gene copy numbers that were detected in negative con-
trol samples were subtracted from the respective run.

Acknowledgement

The COMET center: acib: Next Generation Bioproduction
is funded by BMK, BMDW, SFG, Standortagentur Tirol,
Government of Lower Austria und Vienna Business
Agency in the framework of COMET – Competence
Centers for Excellent Technologies. The COMET-
Funding Program is managed by the Austrian Research
Promotion Agency FFG.

Conflict of interest

None declared.

Author contributions

BW analysed data and wrote the manuscript. AAbdelfat-
tah and HM contributed to data analysis and

interpretation of results. PK and WW wrote a first draft of
the manuscript and TC discussed the results. SG, AAb-
badi and SR designed the sampling and performed ger-
mination assays. GB designed the study, contributed to
the interpretation of results and wrote the manuscript.

Data availability

These sequence data have been submitted to the Euro-
pean Nucleotide Archive (ENA) under the project num-
ber PRJEB51924.

References

Abdelfattah, A., Tack, A.J.M., Wasserman, B., Liu, J., Berg,
G., Norelli, J. et al. (2021a) Evidence for host–microbiome
co-evolution in apple. New Phytol. doi:10.1111/nph.17820.

Abdelfattah, A., Wisniewski, M., Schena, L., and Tack,
A.J.M. (2021b) Experimental evidence of microbial inheri-
tance in plants and transmission routes from seed to phyl-
losphere and root. Environ Microbiol 23: 2199–2214.
doi:10.1111/1462-2920.15392.

Adam, E., Bernhart, M., M€uller, H., Winkler, J., and Berg, G.
(2018) The Cucurbita pepo seed microbiome: genotype-
specific composition and implications for breeding. Plant
Soil 422: 35–49. doi:10.1007/s11104-016-3113-9.

Arbizu, M. (2019) Pairwise multilevel comparison using Ado-
nis. R Package v. 0.4.

Bakker, P.A.H.M., Berendsen, R.L., Van Pelt, J.A., Vismans,
G., Yu, K., Li, E. et al. (2020) The soil-borne identity and
microbiome-assisted agriculture: looking Back to the
future. Mol Plant 13: 1394–1401. doi:10.1016/j.molp.2020.
09.017.

Batista, B.D., and Singh, B.K. (2021) Realities and hopes in
the application of microbial tools in agriculture. J Microbial
Biotechnol 14: 1258–1268. doi:10.1111/1751-7915.13866.

Bennett, A.J., Bending, G.D., Chandler, D., Hilton, S., and
Mills, P. (2012) Meeting the demand for crop production:
the challenge of yield decline in crops grown in short rota-
tions. Biol Rev 87: 52–71. doi:10.1111/j.1469-185X.2011.
00184.x.

Berg, G., Krechel, A., Ditz, M., Sikora, R.A., Ulrich, A., and
Hallmann, J. (2005) Endophytic and ectophytic potato-
associated bacterial communities differ in structure and
antagonistic function against plant pathogenic fungi.
FEMS Microbiol Ecol 51: 215–229. doi:10.1016/j.femsec.
2004.08.006.

Berg, G., Kusstatscher, P., Abdelfattah, A., Cernava, T.,
and Smalla, K. (2021) Microbiome modulation—toward a
better understanding of plant microbiome response to
microbial inoculants. Front Microbiol 12: 650610. doi:10.
3389/fmicb.2021.650610.

Berg, G., and Raaijmakers, J.M. (2018) Saving seed micro-
biomes. ISME J 12: 1167–1170. doi:10.1038/s41396-017-
0028-2.

Berg, G., Rybakova, D., Fischer, D., Cernava, T., Verg�es,
M.-C.C., Charles, T. et al. (2020) Microbiome definition
re-visited: old concepts and new challenges. Microbiome
8: 103. doi:10.1186/s40168-020-00875-0.

© 2022 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial
Biotechnology, 15, 2379–2390

2388 B. Wassermann et al.

https://doi.org/10.1111/nph.17820
https://doi.org/10.1111/1462-2920.15392
https://doi.org/10.1007/s11104-016-3113-9
https://doi.org/10.1016/j.molp.2020.09.017
https://doi.org/10.1016/j.molp.2020.09.017
https://doi.org/10.1111/1751-7915.13866
https://doi.org/10.1111/j.1469-185X.2011.00184.x
https://doi.org/10.1111/j.1469-185X.2011.00184.x
https://doi.org/10.1016/j.femsec.2004.08.006
https://doi.org/10.1016/j.femsec.2004.08.006
https://doi.org/10.3389/fmicb.2021.650610
https://doi.org/10.3389/fmicb.2021.650610
https://doi.org/10.1038/s41396-017-0028-2
https://doi.org/10.1038/s41396-017-0028-2
https://doi.org/10.1186/s40168-020-00875-0


Bergna, A., Cernava, T., R€andler, M., Grosch, R., Zachow,
C., and Berg, G. (2018) Tomato seeds preferably transmit
plant beneficial endophytes. Phytobiomes J. 2: 183–193.
doi:10.1094/PBIOMES-06-18-0029-R.

Brucker, R.M., and Bordenstein, S.R. (2013) The hologe-
nomic basis of speciation: gut bacteria cause hybrid
lethality in the genus Nasonia. Science 341: 667–669.
doi:10.1126/science.1240659.

Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W.,
Johnson, A.J.A., and Holmes, S.P. (2016) DADA2: high-
resolution sample inference from Illumina amplicon data.
Nat Methods 13: 581–583. doi:10.1038/nmeth.3869.

Caporaso, J.G., Lauber, C.L., Walters, W.A., Berg-Lyons,
D., Lozupone, C.A., Turnbaugh, P.J. et al. (2011) Global
patterns of 16S rRNA diversity at a depth of millions of
sequences per sample. Proc Natl Acad Sci USA 108:
4516–4522. doi:10.1073/pnas.1000080107.

Chong, J., Liu, P., Zhou, G., and Xia, J. (2020) Using Micro-
biomeAnalyst for comprehensive statistical, functional,
and meta-analysis of microbiome data. Nat Protoc 15:
799–821.

Compant, S., Samad, A., Faist, H., and Sessitsch, A. (2019)
A review on the plant microbiome: ecology, functions, and
emerging trends in microbial application. J Adv Res 19:
29–37. doi:10.1016/j.jare.2019.03.004.

Dai, Y., Li, X., Wang, Y., Li, C.-X., He, Y., Lin, H.-H. et al.
(2020) The differences and overlaps in the seed-resident
microbiome of four leguminous and three gramineous for-
ages. J Microbial Biotechnol 13: 1461–1476. doi:10.1111/
1751-7915.13618.

Del Toro-De Le�on, G., Garc�ıa-Aguilar, M., and Gillmor, C.S.
(2014) Non-equivalent contributions of maternal and
paternal genomes to early plant embryogenesis. Nature
514: 624–627. doi:10.1038/nature13620.

FAO (2020) Global production quantity of rapeseed. Food
Agric. Organ. United Nations. FAO STATS. [WWW docu-
ment]. URL https://www.fao.org/faostat/en/#data/QCL.

Hardoim, P. (2019) The ecology of seed microbiota. In Seed
Endophytes. Verma, S.K., and White James Francis, J.
(eds). Cham: Springer International Publishing, pp. 103–125.

Hardoim, P.R., van Overbeek, L.S., Berg, G., Pirttil€a, A.M.,
Compant, S., Campisano, A. et al. (2015) The hidden
world within plants: ecological and evolutionary considera-
tions for defining functioning of microbial endophytes.
Microbiol Mol Biol Rev 79: 293–320. doi:10.1128/MMBR.
00050-14.

Jim�enez-G�omez, A., Saati-Santamar�ıa, Z., Kostovcik, M.,
Rivas, R., Vel�azquez, E., Mateos, P.F. et al. (2020)
Selection of the root endophyte Pseudomonas brassi-
cacearum CDVBN10 as plant growth promoter for Bras-
sica napus L. Crops Agronomy 10: 1788. doi:10.3390/
agronomy10111788.

Kassambara, A., Mundt, F. (2017) Factoextra: extract and
visualize the results of multivariate data analyses. R
Package. version 1, 337–354.

Kim, H., Lee, K.K., Jeon, J., Harris, W.A., and Lee, Y.-H.
(2020) Domestication of Oryza species eco-evolutionarily
shapes bacterial and fungal communities in rice seed.
Microbiome 8: 20. doi:10.1186/s40168-020-00805-0.

Knights, D., Kuczynski, J., Charlson, E.S., Zaneveld, J.,
Mozer, M.C., Collman, R.G. et al. (2011) Bayesian

community-wide culture-independent microbial source
tracking. Nat Methods 8: 761–763.

K€oberl, M., M€uller, H., Ramadan, E.M., and Berg, G. (2011)
Desert farming benefits from microbial potential in arid
soils and promotes diversity and plant health. PLoS One
6: e24452. doi:10.1371/journal.pone.0024452.

Kusstatscher, P., Adam, E., Wicaksono, W.A., Bernhart, M.,
Olimi, E., M€uller, H., and Berg, G. (2021) Microbiome-
assisted breeding to understand cultivar-dependent
assembly in Cucurbita pepo. Front Plant Sci 12: 642027.
doi:10.3389/fpls.2021.642027.

Liu, Y., Zuo, S., Zou, Y., Wang, J., and Song, W. (2013)
Investigation on diversity and population succession
dynamics of endophytic bacteria from seeds of maize (Zea
mays L., Nongda108) at different growth stages. Ann
Microbiol 63: 71–79. doi:10.1007/s13213-012-0446-3.

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

Matsumoto, H., Fan, X., Wang, Y., Kusstatscher, P., Duan,
J., Wu, S. et al. (2021) Bacterial seed endophyte shapes
disease resistance in rice. Nat Plants 7: 60–72. doi:10.
1038/s41477-020-00826-5.

Mazel, F., Davis, K.M., Loudon, A., Kwong, W.K., Groussin,
M., and Parfrey, L.W. (2018) Is host filtering the Main dri-
ver of Phylosymbiosis across the tree of life? mSystems
3: e00097-18. doi:10.1128/mSystems.00097-18.

Mendes, L.W., Raaijmakers, J.M., de Hollander, M., Men-
des, R., and Tsai, S.M. (2018) Influence of resistance
breeding in common bean on rhizosphere microbiome
composition and function. ISME J 12: 212–224. doi:10.
1038/ismej.2017.158.

Morales Moreira, Z.P., Helgason, B.L., and Germida, J.J.
(2021) Environment has a stronger effect than host plant
genotype in shaping spring Brassica napus seed micro-
biomes. Phytobiomes J. 5: 220–230. doi:10.1094/
PBIOMES-08-20-0059-R.

Newcombe, G., Harding, A., Ridout, M., and Busby, P.E.
(2018) A hypothetical bottleneck in the plant microbiome.
Front Microbiol 9: 1645. doi:10.3389/fmicb.2018.01645.

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Min-
chin, P.R. (2007) The vegan package: community ecology
package. R package version 2.0-2.

Parada, A.E., Needham, D.M., and Fuhrman, J.A. (2016)
Every base matters: assessing small subunit rRNA pri-
mers for marine microbiomes with mock communities,
time series and global field samples. Environ Microbiol
18: 1403–1414. doi:10.1111/1462-2920.13023.

Paulson, J.N., Stine, O.C., Bravo, H.C., and Pop, M. (2013) Dif-
ferential abundance analysis for microbial marker-gene sur-
veys. Nat Methods 10: 1200–1202. doi:10.1038/nmeth.2658.

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T.,
Yarza, P. et al. (2012) The SILVA ribosomal RNA gene
database project: improved data processing and web-
based tools. Nucleic Acids Res 41: D590–D596. doi:10.
1093/nar/gks1219.

R Core Team (2020) R: A Language and Environment for
Statistical Computing. Vienna, Austria: R Foundation for
Statistical Computing.

Rochefort, A., Briand, M., Marais, C., Wagner, M.-H.,
Laperche, A., Vall�ee, P. et al. (2019) Influence of

© 2022 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial
Biotechnology, 15, 2379–2390

The Brassica napus seed microbiome 2389

https://doi.org/10.1094/PBIOMES-06-18-0029-R
https://doi.org/10.1126/science.1240659
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1016/j.jare.2019.03.004
https://doi.org/10.1111/1751-7915.13618
https://doi.org/10.1111/1751-7915.13618
https://doi.org/10.1038/nature13620
https://www.fao.org/faostat/en/#data/QCL
https://doi.org/10.1128/MMBR.00050-14
https://doi.org/10.1128/MMBR.00050-14
https://doi.org/10.3390/agronomy10111788
https://doi.org/10.3390/agronomy10111788
https://doi.org/10.1186/s40168-020-00805-0
https://doi.org/10.1371/journal.pone.0024452
https://doi.org/10.3389/fpls.2021.642027
https://doi.org/10.1007/s13213-012-0446-3
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/s41477-020-00826-5
https://doi.org/10.1038/s41477-020-00826-5
https://doi.org/10.1128/mSystems.00097-18
https://doi.org/10.1038/ismej.2017.158
https://doi.org/10.1038/ismej.2017.158
https://doi.org/10.1094/PBIOMES-08-20-0059-R
https://doi.org/10.1094/PBIOMES-08-20-0059-R
https://doi.org/10.3389/fmicb.2018.01645
https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.1038/nmeth.2658
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219


environment and host plant genotype on the structure
and diversity of the Brassica napus seed microbiota.
Phytobiomes J 3: 326–336. doi:10.1094/PBIOMES-06-19-
0031-R.

Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mah�e, F.
(2016) VSEARCH: a versatile open source tool for
metagenomics. PeerJ 4: e2584. doi:10.7717/peerj.2584.

Rybakova, D., Mancinelli, R., Wikstr€om, M., Birch-Jensen,
A.-S., Postma, J., Ehlers, R.-U. et al. (2017) The structure of
the Brassica napus seed microbiome is cultivar-dependent
and affects the interactions of symbionts and pathogens.
Microbiome 5: 104. doi:10.1186/s40168-017-0310-6.

Rybakova, D., Wikstr€om, M., Birch-Jensen, F., Postma, J.,
Ehlers, R.U., Schmuck, M. et al. (2020) Verticillium wilt in
oilseed rape—the microbiome is crucial for disease out-
breaks as well as for efficient suppression. Plan Theory
9: 866. doi:10.3390/plants9070866.

Saikkonen, K., Nissinen, R., and Helander, M. (2020)
Toward comprehensive plant microbiome research. Front
Ecol Evol 8: 61. doi:10.3389/fevo.2020.00061.

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky,
L., Garrett, W.S., and Huttenhower, C. (2011) Metage-
nomic biomarker discovery and explanation. Genome Biol
12: R60. doi:10.1186/gb-2011-12-6-r60.

Shade, A., Jacques, M.A., and Barret, M. (2017) Ecological
patterns of seed microbiome diversity, transmission, and
assembly. Curr Opin Microbiol 37: 15–22. doi:10.1016/j.
mib.2017.03.010.

Shannon, P. (2003) Cytoscape: a software environment for
integrated models of biomolecular interaction networks.
Genome Res 13: 2498–2504. doi:10.1101/gr.1239303.

Simonin, M., Briand, M., Chesneau, G., Rochefort, A., Mar-
ais, C., Sarniguet, A., and Barret, M. (2022) Seed micro-
biota revealed by a large-scale meta-analysis including 50
plant species. New Phytol 234: 1448–1463. doi:10.1111/
nph.18037.

Singh, B.K., and Trivedi, P. (2017) Microbiome and the
future for food and nutrient security. J Microbial Biotech-
nol 10: 50–53. doi:10.1111/1751-7915.12592.

Theis, K.R., Dheilly, N.M., Klassen, J.L., Brucker, R.M.,
Baines, J.F., Bosch, T.C.G. et al. (2016) Getting the Holo-

genome concept right: an eco-evolutionary framework for
hosts and their microbiomes. mSystems 1: 1–6. doi:10.
1128/mSystems.00028-16.

Truyens, S., Weyens, N., Cuypers, A., and Vangronsveld, J.
(2015) Bacterial seed endophytes: genera, vertical trans-
mission and interaction with plants. Environ Microbiol Rep
7: 40–50. doi:10.1111/1758-2229.12181.

Walsh, C.M., Becker-Uncapher, I., Carlson, M., and Fierer,
N. (2021) Variable influences of soil and seed-associated
bacterial communities on the assembly of seedling micro-
biomes. ISME J 15: 2748–2762. doi:10.1038/s41396-021-
00967-1.

Wassermann, B., Cernava, T., M€uller, H., Berg, C., and Berg,
G. (2019) Seeds of native alpine plants host unique micro-
bial communities embedded in cross-kingdom networks.
Microbiome 7: 108. doi:10.1186/s40168-019-0723-5.

Zhao, Y., Gao, Z., Tian, B., Bi, K., Chen, T., Liu, H. et al.
(2017) Endosphere microbiome comparison between
symptomatic and asymptomatic roots of Brassica napus
infected with Plasmodiophora brassicae. PLoS One 12:
e0185907. doi:10.1371/journal.pone.0185907.

Zilber-Rosenberg, I., and Rosenberg, E. (2008) Role of
microorganisms in the evolution of animals and plants:
the hologenome theory of evolution. FEMS Microbiol Rev
32: 723–735. doi:10.1111/j.1574-6976.2008.00123.x.

Supporting information

Additional supporting information may be found online in
the Supporting Information section at the end of the
article.
Fig. S1. Taxonomic composition of oilseed rape seed endo-
phytes. Barcharts in (a) and (b) represent the 18 most abun-
dant bacterial families, and the 25 most abundant genera
across the dataset, respectively; remaining genera are sum-
marized as others.
Table S1. Detailed metadata for the different seed lots.
Table S2. Diversity and abundance dissimilarities between
seeds for host-related and external factors.

© 2022 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial
Biotechnology, 15, 2379–2390

2390 B. Wassermann et al.

https://doi.org/10.1094/PBIOMES-06-19-0031-R
https://doi.org/10.1094/PBIOMES-06-19-0031-R
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1186/s40168-017-0310-6
https://doi.org/10.3390/plants9070866
https://doi.org/10.3389/fevo.2020.00061
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1016/j.mib.2017.03.010
https://doi.org/10.1016/j.mib.2017.03.010
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1111/nph.18037
https://doi.org/10.1111/nph.18037
https://doi.org/10.1111/1751-7915.12592
https://doi.org/10.1128/mSystems.00028-16
https://doi.org/10.1128/mSystems.00028-16
https://doi.org/10.1111/1758-2229.12181
https://doi.org/10.1038/s41396-021-00967-1
https://doi.org/10.1038/s41396-021-00967-1
https://doi.org/10.1186/s40168-019-0723-5
https://doi.org/10.1371/journal.pone.0185907
https://doi.org/10.1111/j.1574-6976.2008.00123.x

	 Sum�mary
	 The gen�eral struc�ture of the oilseed rape seed micro�biota
	 Host-re�lated and exter�nal fac�tors influ�enc�ing the oilseed rape seed micro�biota
	 Tax�o�nomic vari�a�tions and core micro�biota of oilseed rape seeds
	mbt214077-fig-0001
	 Link�ing the host&apos;s func�tional char�ac�ter�is�tics to the seed micro�biota
	mbt214077-fig-0002
	 Link�ing host phy�logeny to the seed micro�biota and esti�ma�tions for micro�bial inher�i�tance
	mbt214077-fig-0003
	mbt214077-fig-0004
	mbt214077-fig-0005
	 Seed origin and meta�data
	 DNA extrac�tion and library gen�er�a�tion
	 Bioin�for�matic pipeline
	 Sta�tis�ti�cal anal�y�ses
	mbt214077-fig-0006
	 Quan�ti�ta�tive real-time PCR (qPCR)

	 Ref�er�ences
	mbt214077-bib-0001
	mbt214077-bib-0002
	mbt214077-bib-0003
	mbt214077-bib-0004
	mbt214077-bib-0005
	mbt214077-bib-0006
	mbt214077-bib-0007
	mbt214077-bib-0008
	mbt214077-bib-0009
	mbt214077-bib-0010
	mbt214077-bib-0011
	mbt214077-bib-0012
	mbt214077-bib-0013
	mbt214077-bib-0014
	mbt214077-bib-0015
	mbt214077-bib-0016
	mbt214077-bib-0017
	mbt214077-bib-0018
	mbt214077-bib-0019
	mbt214077-bib-0020
	mbt214077-bib-0021
	mbt214077-bib-0022
	mbt214077-bib-0023
	mbt214077-bib-0024
	mbt214077-bib-0025
	mbt214077-bib-0026
	mbt214077-bib-0027
	mbt214077-bib-0028
	mbt214077-bib-0029
	mbt214077-bib-0030
	mbt214077-bib-0031
	mbt214077-bib-0032
	mbt214077-bib-0033
	mbt214077-bib-0034
	mbt214077-bib-0035
	mbt214077-bib-0036
	mbt214077-bib-0037
	mbt214077-bib-0038
	mbt214077-bib-0039
	mbt214077-bib-0040
	mbt214077-bib-0041
	mbt214077-bib-0042
	mbt214077-bib-0043
	mbt214077-bib-0044
	mbt214077-bib-0045
	mbt214077-bib-0046
	mbt214077-bib-0047
	mbt214077-bib-0048
	mbt214077-bib-0049
	mbt214077-bib-0050
	mbt214077-bib-0051
	mbt214077-bib-0052
	mbt214077-bib-0053
	mbt214077-bib-0054
	mbt214077-bib-0055
	mbt214077-bib-0056


