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Abstract

Background and aims While our understanding
of seed microbiota has lagged far behind that of the
rhizosphere and phyllosphere, many advances are
now being made, particularly based on metagenom-
ics studies. Today, our knowledge of seed microbi-
ome assembly remains incomplete and the connec-
tions between seed and soil microbiomes are not yet
fully understood, especially where hyperaccumulat-
ing plants are concerned. In this work, we assessed
the structure and composition of the Noccaea caer-
ulescens rthizosphere and endosphere-associated
microbiota.

Methods A pot experiment was conducted for
6 months in a growth chamber, using two populations
of the hyperaccumulator Noccaea caerulescens grow-
ing on their original soil (calamine or nonmetallifer-
ous) and vice versa. The diversity of rhizosphere soil
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bacteria and bacterial endophytic communities pre-
sent in the different habitats (initial seed, root, stem,
leaves and new seed generation) was characterized by
high-throughput 16S rRNA amplicon sequencing.
Results Bacterial communities from root endo-
sphere, stem endosphere and leaf endosphere
appeared to be soil-type dependent, contrary to the
bacterial communities associated with seed endo-
sphere habitats (initial seeds and new seed genera-
tion). Moreover, the seed endophytic bacterial com-
munities of Noccaea caerulescens display a strong
heritability across one plant generation. Indeed, a
bacterial endophytic core-genome globally appeared
to be constant between initial seeds and those
obtained after the first generation.

Conclusion Our results suggest that Noccaea caer-
ulescens may carry a selected bacterial community in
its seeds across generations, despite soil environment
changes.

Keywords Bacterial diversity - Hyperaccumulator -
Endophyte - Trace element - High throughput
sequencing - Seed

Introduction
More than 700 plant taxa that hyperaccumulate one or
more heavy metals and metalloids in their aerial parts

have so far been identified (Krdmer 2010; Reeves
et al. 2018). These plants have been described from
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metalliferous soils in disparate geographical regions
(Reeves et al. 2021). Noccaea caerulescens (J. & C.
Presl) F. K. Meyer is a pseudometallophyte species
occurring on non-metalliferous soils, as well as on
serpentine soil which is naturally enriched with nickel
(Ni) or on calamine soil enriched following anthro-
pogenic activities with cadmium (Cd), lead (Pb) and
zinc (Zn) (Reeves et al. 2001). This species is not
only tolerant to Cd, Pb, Ni and Zn, but is also able to
hyperaccumulate these metals (apart from Pb). This
hyperaccumulating plant species, which is a member
of the Brassicaceae family, has been at the forefront
of research concerning hyperaccumulation and recog-
nized as a model species when studying hyperaccu-
mulation (Assung@o et al. 2003; Peer et al. 2003).

Plants have co-evolved with complex microbial
communities. Recently, the holobiont and holog-
enome concepts have become widely used by the
scientific community. In fact, host plant and micro-
organisms could be considered together as plant-
microbiome superorganisms (Bosch and McFall-Ngai
2011; Durand et al. 2021b). The associated micro-
bial part can increase the adaptability of the plant-
microbiome superorganism to its environment and
the microbiota can benefit plant fitness (Herrera Pare-
des and Lebeis 2016). Indeed, the plant microbiota
can influence multiple plant traits such as biomass
by producing phytohormones and enzymes, such as
indoleacetic acid (IAA) (Asaf et al. 2017; Defez et al.
2017; Hamayun et al. 2017) and 1-aminocyclopro-
pane-1-carboxylic acid (ACC) deaminase (Glick et al.
1997; Zhang et al. 2011), by inducing the produc-
tion of particular metabolites, such as salicylic and
jasmonic acids (Badri et al. 2013; Fesel and Zuccaro
2016), by increasing drought and /or metal tolerance
(Rolli et al. 2015; Ma et al. 2017; Wang et al. 2020),
by modifying the flowering time (Panke-Buisse et al.
2015; Dombrowski et al. 2017) and by improving
disease resistance (Busby et al. 2016; Ritpitakphong
et al. 2016).

Seed endophytic bacterial communities have
been little studied to date, particularly in the case of
hyperaccumulating plants. Endophytes refer to those
microbes which inhabit the interior of plant tissues
and form a range of different relationships with the
host plant including symbiotic, mutualistic, and
commensal links, without causing any harm to the
host (Smith 1911; Perotti 1926). In addition, evi-
dence has shown that such endophytes isolated from
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hyperaccumulators possess particular traits (i.e.,
Plant Growth Promoting traits) which promote plant
growth by various mechanisms such as nitrogen fixa-
tion, solubilization of minerals such as phosphate,
production of phytohormones and siderophores, uti-
lization of 1-aminocyclopropane-1-carboxylic acid
as sole nitrogen source (Santoyo et al. 2016; Yadav
2017). Moreover, Wang et al. (2020) showed that the
endophytic bacteria Sphingomonas SaMR12 inocula-
tion could alleviate metal stress of the Zn-hyperaccu-
mulator Sedum alfredii by decreasing shoot hydrogen
peroxide (H,0,) content and inducing a decrease in
the membrane lipid peroxidation. Thus, several stud-
ies have focused on the benefits for the hyperaccumu-
lating plants of endophytic microbes and their role in
metals hyperaccumulation (Lodewyckx et al. 2002b;
Weyens et al. 2009; Visioli et al. 2014; Ma et al.
2015b; Benizri et al. 2021; Durand et al. 2021a).
Concerning endophytic bacteria, colonization of
the internal tissues of plants could confer an eco-
logical advantage over bacteria that can only colo-
nize plants epiphytically (i.e., rhizosphere bacteria),
by providing a more protective environment against
extreme environmental conditions such as high soil
metal concentrations (Lodewyckx et al. 2002b).
Nonetheless, if the interior of plant tissues constitutes
a protective niche for endophytic bacteria, the sur-
vival of those endophytes will require specific adap-
tation. In their study, Ma et al. (2015a) reported that
several bacterial endophytes, isolated from the hyper-
accumulator Sedum plumbizincicola, exhibited metal
resistance and were able to grow in a medium supple-
mented with 100 mg L™! of Cd or Zn. Similarly, high
Cd tolerance was found for the bacterial endophytes
of a Cd-hyperaccumulator (Solanum nigrum) grow-
ing on mine tailings (Luo et al. 2011). Thus, high
metal tolerance is generally associated with bacterial
growth within metal-hyperaccumulating plants. How-
ever, there was some difference in the resistance-level
depending on the plant compartment from which
endophytes were isolated. In their study, Lodewyckx
et al. (2002a) isolated endophytic inhabitants of the
roots and shoots of the Zn-hyperaccumulator Noc-
caea (previously named Thlaspi) caerulescens subsp.
calaminaria. Although similar endophytic species
were isolated from the two compartments, those from
roots showed lower resistance to Zn and Cd than the
endophytic bacteria isolated from the shoots. Further-
more, they showed that some species were exclusively
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abundant in shoots. As these authors pointed out,
these differences might possibly reflect altered metal
speciation in the different plant compartments.

Endophytes colonize plant tissues in several ways
(Frank et al. 2017), roots being the primary site.
This might explain similarities between endophytic
and rhizosphere-colonizing bacteria, as many fac-
ultative endophytic bacteria can survive as rhizos-
phere bacteria. Concerning the root compartment,
the main entrance for endophytic bacteria appears to
be through wounds that occur naturally during plant
growth, or through root hairs and at epidermal junc-
tions (Kandel et al. 2017). In addition, some of the
epiphytic microorganisms can become endophytes of
plant aerial parts through leaf stomata, lenticel and
hydathode penetration (Hardoim 2011). Endophytes
can also be carried by various living vectors, such
as phloem-feeding insects (Lopez-Fernandez et al.
2017), or herbivorous mammals (Frank et al. 2017).
Once inside the plant, endophytes either reside in
specific plant tissues like root cortex and xylem or
colonize the plant systematically by transport through
the vascular system or the apoplast. The endophytes
acquired from both aboveground and underground
plant environments, living within the plant tissues
for only one part of their life cycle, are said to be
transmitted horizontally, whereas those acquired by
seeds, inhabiting plant tissues at all stage of the plant
life cycle, are said to be transmitted vertically (Tan-
nenbaum et al. 2020). Endophytes transmitted verti-
cally in the seeds could have co-evolved with their
host plant and shared a symbiotic relationship with
it across generations (Wani et al. 2015; Berg et al.
2020).

Recently, microbiome research has revolutionized
our understanding of plants as coevolved holobionts
but also of indigenous microbiome-inoculant interac-
tions and their potential for sustainable agriculture
(Berg et al. 2021). Still, our knowledge of seed micro-
biome assembly remains incomplete and the connec-
tions between the seed and soil microbiomes are not
yet fully understood, especially for hyperaccumulat-
ing plants (Nelson 2017; Nelson et al. 2018). Stud-
ies have indicated that bacteria may be recruited from
the soils on which plants are grown (Klaedtke et al.
2016), but that neither environmental conditions nor
host genotypes fully explain the assembly of the bac-
terial seed microbiota (Johnston-Monje et al. 2016).
Nevertheless, it has been shown for several plants that

the seed microbiome was plant dependent and was
stable across sites and plant generations (Sanchez-
Loépez et al. 2018b; Walitang et al. 2018). This bring
evidence that, at least in some cases, a part of the
endophytic community is conserved across plant gen-
erations and originates from a seed stock. The study
of 14 populations of seeds belonging to three genetic
subunits of the hyperaccumulator Nemoria caerules-
cens and recovered across France from calamine and
non-metalliferous sites, showed that the composition
of the seed endophytic bacterial communities were
very similar for all plant populations, whatever the
edaphic characteristics and soil properties (Durand
et al. 2021b). Moreover, 89% of the characterized
seed OTUs were shared between all seed populations.

In this study, we used seeds belonging to two
French populations of N. caerulescens and recovered
from their native ecosystems, i.e., from a population
growing on a non-metalliferous soil (Pic de Chena-
vari, France) and from another one on calamine soil
(Largentiere, France). The aim of this study was to
characterize the endophytic bacterial communities
in different plant parts (seed, root, shoot, leaf and the
new seed generation) of the hyperaccumulator pseu-
dometallophyte N. caerulescens by high-throughput
16S rRNA amplicon sequencing. The seeds of each
population were sown on their original soil, but also
on the original soil of the other population with the
hypothesis that, an endophytic core microbiome in
the new seed generation will be shared between the
two populations and with the native seeds, whatever
the soil type.

Materials and methods
Soil characteristics and experimental design

Seeds of the hyperaccumulating plant N. caerulescens
(Brassicaceae) were collected from two plant popula-
tions from two sites in Ardeéche in France (Gonneau
et al. 2017). The first plant population develops on
a non-metalliferous soil from the Chenavari site
(abbreviated ‘C’, 44°35'58.80”N 04°41'04.20"E)
and the second population on a calamine soil from
the Largentiere site (abbreviated ‘L, 44°32'26.33”N
04°18'18.44"E). These two plant populations belong
to the same genetic subunit (Gonneau et al. 2017).
A pot experiment (1 L) was conducted for 6 months
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in a growth chamber. The soils used for the experi-
ment were collected from the top layer (1040 cm)
of the two sites around plant specimens. These soils
were sieved to <5 mm and stored at 4 °C until analy-
ses were carried out. Soil physicochemical properties
(pH NF ISO 10390, organic carbon NF ISO 10694,
total nitrogen NF ISO 13878, soil total trace ele-
ment concentrations after hydrofluoric acid extraction
NF ISO 22036 and NF EN ISO 1729-2, exchange-
able cation concentrations using a hexammine cobalt
trichloride solution NF ISO 23470 and exchange-
able trace element concentrations using DTPA solu-
tion NF ISO 14870:2001) were determined by the
Soil Analysis Laboratory of INRAE (Arras, France),
(Tables 1, 2 and 3). The treatments were as follows:
seeds of N. caerulescens originating from ‘C’ soil
were sown in pots containing ‘C’ (518 g dry weight
of soil) or ‘L’ (790 g dry weight of soil) soils and
seeds of N. caerulescens originating from ‘L’ soil
were also sown on both ‘C’ and ‘L’ ones. Thus, four
treatments were considered: SCGC (initial soil from
Chenavari site with initial seeds from Chenavari),
SCGL (initial soil from Chenavari site with initial
seeds from Largentiere), SLGC (initial soil from Lar-
gentiere site with initial seeds from Chenavari) and

SLGL (initial soil from Largentiere site with initial
seeds from Largentiere). For each treatment, only one
plant per pot was grown, without any supply of nitro-
gen fertilizer. The experiment had a completely ran-
domized block design with initially seven replicates
of the four treatments, but some mesocosms failed
to reach growth expectation and were consequently
excluded from sampling, (Table 4). The growth con-
ditions were: photoperiod 16 h, temperature 15 °C
night and 20 °C day, relative humidity 70%, photo-
synthetic photon flux density: 350 mmol m~2 s~!. The
pots were watered daily with distilled water to 80% of
soil water holding capacity.

Harvest, surface sterilization of plant organs and
grinding of plant parts

Bacterial communities were analyzed in initial bulk
soil (iS) and initial seed endosphere (iSE) samples
from both sites (C and L). In addition, for the four
treatments (SCGC, SCGL, SLGC, and SLGL), bac-
terial communities were analyzed in rhizosphere soil
(RS), root endosphere (RE), stem endosphere (StE),
leaf endosphere (LE) and seed endosphere (SE)
samples by 16S rRNA gene amplicon sequencing.

Table 1 Altitude, soil pH, organic carbon (g kg™, total nitrogen (g kg™"), C/N and total concentrations (mg kg~') of micro and
macro elements for each site where seeds and soils were collected

Site Altitude  pH orgaC totN C/N Al Fe Cr Cu Zn Co Pb Cd
Chenavari 460 639 674 5.94 11.3 86,000 94,600 196 42.1 114 427  56.6 0.259
Largentiere 264 6.8 18.8 0.64 248 31,900 7400 12 118 6670 553 39,600 379

Table 2 CEC (cmol+ kg_l) and exchangeable concentrations with CEC (cmol+ kg‘l) of micro and macro elements for each site
where seeds and soils were collected

Site Ca Mg Na K Fe Mn Al
Chenavari 21.9 5.69 0.133 0.331 0.0069 0.0084 0.0369
Largentiere 2.94 0.489 0.0076 0.0981 0.0144 0.006 0.0614

Table 3 Exchangeable elements with DTPA (mg kg™!) of micro and macro elements for each site where seeds and soils were col-
lected

Site Cd Cu Ni Pb Zn Cr Fe Mn
Chenavari 0.0732 1.02 1.02 4.07 2.57 <0.2 186 4.66
Largentiere 7.52 10.5 0.16 984 601 <02 5.16 0.677
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Table 4 Number of samples per modality. Compared to the
initial design (7 replicates for the four treatments) some meso-
cosms did not reach growth expectation and were consequently
not sampled. Three replicates were sampled for the initial
soils and initial seeds. Negative numbers between brackets
correspond to samples that were discarded during bioinfor-

matic treatments, when data were subsampled at 3000 reads.
Abbreviation for the four treatments are, SC: initial Soil from
Chenavari site, SL: initial Soil from Largenti¢re site, GC: ini-
tial « Graines » from Chenavari site (Seeds are translated into
“Graines” in French), GL: initial « Graines » from Largenti¢re
site

Habitats SCGC SCGL SLGC SLGL Total
Initial bulk soil (iS) 3 6

Initial seed endosphere (iSE) 8
Rhizosphere soil (RS) 7 7(-1) 7 7 28

Root endosphere (RE) 7 4 4 (-1 22

Stem endosphere (StE) 7 7 4 4 22

Leaf endosphere (LE) 7 7 4 4 22

Seed endosphere (SE) 4 4 3 3 14

122 (-2)

Recovery of the bacterial DNA used to determine the
composition of endophyte communities from those
habitats is described below.

After the flowering stage (29 weeks after sowing)
and the formation of the new seed generation, seeds
were collected and the whole plants were carefully
taken out of the pot and cut at the root/shoot bound-
ary, then roots were shaken to discard the non-adher-
ing soil. Moreover, rhizosphere soil, defined as the
soil closely attached to each root system was also
recovered. The root/shoot parts were washed clean
of soil under tap water and gently blotted. Then the
leaves were separated from the stems. Roots, stems
and leaves were placed in separate 50 mL tubes.
Seeds were recovered from the plants just before fall-
ing, the pods were opened, and undamaged seeds
were selected for surface sterilization and transferred
to 2 mL tubes.

Fresh tissues (50 mg of seeds, approximately 5 g
for roots, stems and leaves), were immersed for 30 s
in 1% NaClO solution supplemented with Triton
100X 0.1%, then washed for 30 s with EtOH (96%)
and rinsed five times with sterile deionized water.
Tissue sterilization was confirmed by plating 100 pL
of the final rinsing water on 10% TSA medium (Tryp-
tone Soy Agar) and by running a PCR on the last
rinsing water (Sanchez-Lopez et al. 2018a). PCR
was design to amplify the bacterial 16S rRNA gene
using the following primers: 27f (5- AGA GTT TGA
TCA TGG CTC A-3") and 1492r (5'- TAC GGT
TAC CTT GTT ACG ACT T-3’) (Eurofins Genom-
ics, Paris, France) and by using the thermoscientific

DreamTaq™ Green PCR Master Mix (2X) kit
(Thermo Fisher Scientific, Carlsbad, California). For
each PCR mix, 25 pL. of Dream Taq Green master
mix were used, each universal primer was adjusted
to 0.5 pM, 5 pL of the last rinsing water were added
and final volume was adjusted to 50 pL. with nucle-
ase-free water. DNA amplification was carried out in
a thermocycler (Mastercycler gradient, Eppendorf,
Hamburg, Germany) under the following conditions:
95 °C 2 min, 30 cycles 95 °C 30 s, 53 °C 30 s, and
72 °C 1 min, with an additional 10 min at 72 °C.
Bacterial DNA from a previously isolated strain was
used as positive control. Plant parts (seeds, roots,
stems and leaves) and rhizosphere soil were stored at
—80 °C. Plant parts that were successfully sterilized
were then lyophilized, and ground in sterile condi-
tions into a homogenous powder using a Mixer Mill
for 30s at 30 Hz (model MM400; Retsch Inc., New-
town, Pennsylvania, USA). Grinding was carried out
in 2 mL tubes with 0.5 mm zirconium beads previ-
ously rinsed with EtOH (96%). After removal of the
beads, these homogenous powders and the previously
recovered soil were used for the following steps.

DNA extraction and metabarcoding of endophytic
bacterial communities

The DNA was obtained using precisely 250 mg dry
weight of soils or plant tissues (50 mg for seeds).
Total DNA was extracted with a modified hexade-
cyltrimethylammonium bromide (CTAB) chloro-
form alcohol protocol (Healey et al. 2014). Briefly,
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the extraction protocol required 1 h at 65 °C with
multiple agitations in the CTAB buffer (2 g CTAB,
4 mL EDTA 0.5 M, 10 mL TrisHCI 1 M and 86 mL
NaCl 1.4 M in 100 mL), a heat shock (—80 °C to
65 °C) and enzymatic digestions with proteinase K,
o-amylase from Aspergillus oryzae and RNAse A.
The DNA precipitation was obtained firstly with iso-
propanol (at ambient temperature, 15 min) and next
with ethanol 70% (at 4 °C, 30 min). A purification
step was added using a QIAquick® PCR Purifica-
tion Kit (Qiagen, Germany). The quantity and qual-
ity of the purified DNA were assessed using elec-
trophoresis migration on a 1% agarose gel and with
a NanoDrop 2000c spectrophotometer (Thermo
Fisher Scientific, made in USA). The PCR targeted
the V5-V6 hypervariable regions of the 16S rRNA
gene with chloroplast DNA excluding 799f (5'- AAC-
MGGATTAGATACCCKG - 3') and 1115r (5'- AGG
GTT GCG CTC GTT G - 3’) primers, resulting in an
amplicon of a small size (~316 bp), appropriate for
Illumina sequencing (Kembel et al. 2014). The result-
ing amplicons were purified with AMpure magnetic
beads (Agencourt) and pooled in equimolar concen-
trations before the sequencing performed with an Illu-
mina MiSeq platform (ADNid, France). These librar-
ies were mixed with Illumina-generated PhiX control
libraries (5%) and sequenced with the MiSeq Reagent
Kit V3-600 cycles (Illumina Inc., San Diego, USA).

Bioinformatic and statistical analysis of bacterial
diversity

Reads were assigned to each of the 122 samples
(Table 4) according to a unique barcode, and contigs
were then assigned using the MOTHUR v.1.40.5 (last
update 06/19/2018) (Schloss et al. 2009). Raw reads
were joined then filtered by quality. Good quality
sequences were then conserved if corresponding to
the 16S rRNA gene, if long enough, if non-chimeri-
cal, and if at least 8 reads per sequence were found.
OTUs were derived using Needleman distance and
average neighbor clustering at a distance of 0.03.
Taxonomic assignments were made with the SILVA
ribosomal RNA databases v1.3.8 (Dec 16, 2019)
(Quast et al. 2013).

The following analyses were performed based on
a dataset in which the number of reads per sample
were rarefied to 3000. OTU-based analysis of alpha
diversity was performed with the following functions
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using Mothur calculators: ‘sobs’, “chao”, “ace” ‘shan-
noneven’, ‘shannon’, ‘invsimpson’, and °‘coverage’.
These estimates included: observed OTU richness,
Chao estimation of OTUs richness (Chao 1949), ACE
(Abundance-based Coverage Estimator) estimation
of OTU richness, Shannon diversity index, inverse
Simpson diversity index, a measurement of evenness
based on the Shannon index and coverage. The cover-
age calculator returned a Good’s coverage for an OTU
definition (Good 1953). Coverage was calculated
using the following equation: C=[1-—(n/N)]*100
(%), where ‘n’ is the number of OTUs and ‘N’ the
number of sequences. For the following analyses, we
used the R version 3.6.3 (latest update 02/29/2020)
(R Core Team 2019). A 2-dimensional non-metric
multi-dimensional scaling (NMDS) plot was calcu-
lated using the Bray Curtis method (k=3) based on
the standardized (Wisconsin double) and square root
transformation of OTU abundance using the ‘meta-
MDS’ function in the ‘vegan’ package. We used the
‘anosim’ function in the ‘vegan’ package to perform
an ANalysis Of SIMilarities (ANOSIM) to obtain P
(i.e., significance levels) and R (i.e., the strength of
the factors on the samples) values. A heatmap of
Spearman’s correlations between the most abundant
phyla in each modality was created with ‘heatmap.2’
from the ‘gplots’ package. The numbers of OTUs that
were shared between modalities were visualized using
Venn diagrams implemented in Mothur with the
function ‘venn’. A network analysis was performed
using the software QIIME (Quantitative Insights Into
Microbial Ecology, version 1.8.0, (Caporaso et al.
2010) and was built with Cytoscape software version
3.8.2, (Shannon et al. 2003).

Results
Soil properties

Noccaea caerulescens seeds were collected from cal-
amine and non-metalliferous sites. Soil pH was neu-
tral to slightly acidic, which moderately promote the
availability of trace elements (Table 1). The results
showed that the two soils were clearly differentiated,
with higher organic carbon concentration associated
with lower C/N ratio for the non-metalliferous site
than for the calamine one (Table 1). The higher C/N
ratio observed for the calamine site could be related to
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a decrease in the rate of degradation of organic matter
due to higher trace elements concentrations (McEn-
roe and Helmisaari 2001). This trend was confirmed
by the meta-analysis done by Zhou et al. (2016) sug-
gesting that the larger C/N ratio in metal-polluted soil
than in control soil might arise from changes in the
rate of degradation of plant residues. HF-total (hydro-
fluoric extraction) and DTPA-exchangeable concen-
trations of Cd, Cu, Pb and Zn were much higher in
the calamine soil than in the non-metalliferous one
(Tables 1 and 3). Higher levels of Cd, Zn and Pb
are characteristic of calamine edaphic conditions
(Baker and Brooks 1989). Furthermore the Ca, Mg,
K and Na exchangeable concentrations were lower
for the calamine soil compared to non-metalliferous
one (Table 2), this lower nutritional status perhaps
enhancing the toxicity of divalent heavy metal cations
(Preite et al. 2019). This distinction between edaphic
types could be linked to the history of the two sites:
previous industrial activities (mining/smelting) for
Largentiere and natural conditions for Chenavari.

Sequencing results and driving factors of the
bacterial diversity

At the end of the experiment, a total of 122 samples
were obtained (Table 4). Illumina sequencing of
the V5-V6 hypervariable regions of the 16S rRNA
gene targeted resulted in a total of 2,450,251 reads.
After pre-processing, quality filtering, and subsam-
pling, we reached 3000 effective sequences for each
sample, except for two of them that were discarded
(Table 4). One hundred and twenty samples and
360,000 effective sequences shared between a total
of 2247 OTUs remained. To identify the major fac-
tors influencing bacterial diversity and community
composition of the dataset, an analysis of similari-
ties (ANOSIM) was performed to test the effect of
initial soil, initial seed, habitats, as well as their
interactions (initial soil: initial seed, initial soil:
habitat, initial seed: habitat, initial soil: initial seed:
habitat) (Table 5). The ANOSIM of 14 modalities
considering the combination of initial soil (Chena-
vari or Largentiere) and habitats (bulk soils, rhizos-
phere soils, roots, stems, leaves and both initial and
new seeds) provided the best explanatory results
(Table 5). In this study, ‘habitats’ were considered
as the biotopes that hosted microbial life (e.g. rhizo-
sphere, stem endosphere or seed endosphere) while

Table 5 ANalysis Of SIMilarities (ANOSIM) is similar to an ANOVA hypothesis test, but it uses a dissimilarity matrix (OTU’s table) as input instead of raw data. It shows p

value (i.e., significance levels of clustering) and R2 (i.e., the level of dissimilarities between clusters, where 1 is maximum dissimilarity). This ANOSIM was performed on three

factors (initial soil, initial seed, and habitat) and their interactions to determine which groups were the most relevant to comparison. There is 14 modalities considered for the fol-

lowing analyses: C-iS (Chenavari initial bulk soil), L-iS (Largentiére initial bulk soil), C-iSE (Chenavari initial seed endosphere), L-iSE (Largentiere initial seed endosphere),

C-RS (Chenavari rhizosphere soil), L-RS (Largentiere rhizosphere soil), C-RE (Chenavari root endosphere), L-RE (Largentiére root endosphere), C-StE (Chenavari stem endo-

sphere), L-StE (Largentiére stem endosphere), C-LE (Chenavari leaf endosphere), L-LE (Largentiere leaf endosphere), C-SE (Chenavari seed endosphere), and L-SE (Largenti¢re

seed endosphere)

p value

R2

Factors and interactions between factors

1.107*

0.004

0.32
0.07
0.21
0.25
0.55
0.16
0.54

Initial soil

Initial seed
Habitat

1.107*
1.107*
1.107*
1.107*
1.107*

Initial soil: Initial seed

Initial soil: Habitat
Initial seed: Habitat

Initial soil: Initial seed: Habitat
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‘modalities’ corresponded to habitat x initial soil
(e.g. C-RS, L-RS, C-StE or L-StE). This ANOSIM
showed that the interaction between initial soil (Lar-
gentiere and Chenavari) and habitats (bulk soils,
rhizosphere soil, root endosphere, stem endosphere,
leaf endosphere and seed endosphere) significantly
affected the bacterial communities, as shown by the
R-value of 0.55 (P<0.0001). Meanwhile, variation
in bacterial communities due to the initial seed,
alone or in interaction with other factors, resulted in
low R-values, falling between 0.07 and 0.25.

Diversity indices associated with bacterial
communities

Coverage (Good’s coverage) of the microbial commu-
nities from the various modalities ranged from 86.2
to 95.8% (Table 6). Analysis of the alpha diversity of
the dataset revealed that there were no significant dif-
ference in species richness indices (Observed OTUs,
Chaos1 index, and ACE index) and Shannon diver-
sity index when comparing pairs of the same micro-
bial habitats of the two soil types (i.e., C-RS vs L-RS,
or C-StE vs L-StE) (Table 6). The only exceptions
were for the comparison of observed OTUs in L-iS
(272 +£8), which was significantly lower than C-iS
(471 £7) and for the comparison of Shannon index of
L-iS (2.96 +0.04), which was also clearly lower than
for C-iS (5.27+0.02). Inverse Simpson index and
Shannon evenness followed the same trend, yet addi-
tionally, these two diversity indices were higher in
the stem endospheres and leaf endospheres of plants
developed on Largentiere soil (L-StE and L-LE) than
in those developed on Chenavari soil (C-StE and
C-LE). For both soil types, bacterial diversity indices
and species richness were globally lower in the root
endosphere (RE) than in other plant-related microbial
habitats.

Description of the composition of the microbial
communities

At the phylum level, there were 9 bacterial taxa with
more than 1% relative abundance present within
modalities (Fig. 1). There were 16 identified phyla
that had a relative abundance inferior to 1% each (rare
phyla on the Fig. 1), that when grouped together, rep-
resented 3.01% of the effective sequences. Moreover,
3.56% of sequences were unclassified at the phylum
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taxonomic level (unclassified phyla on the Fig. 1). In
the entire dataset, the bacterial phyla (and the sub-
phyla Alphaproteobacteria and Gammaproteobac-
teria) with a mean relative abundance greater than
1% were: Actinobacteriota (39.32%), Chloroflexi
(15.82%), Alphaproteobacteria (13.03%), Patesci-
bacteria (9.02%), Bacteroidota (6.20%), Gammapro-
teobacteria (5.79%), Gemmatimonadota (1.48%),
Deinococcota (1.45%) and Acidobacteriota (1.32%).
The bacterial community from L-iS was significantly
enriched with Patescibacteria when compared to all
other modalities, with a relative abundance of 63.77%
of the sequences dispatched in 23 Patescibacteria
OTUs (Fig. 1). This illustrated the low diversity in
this modality, as previously revealed with alpha-
diversity indices. The compositions of the bacterial
communities of the initial bulk soils from the both
sites (C-1S and L-iS) were very different, while endo-
phyte communities associated to initial seeds recov-
ered from both sites (C-iSE and L-iSE) were very
similar (Fig. 1). Indeed, L-iS, compared to C-iS, was
significantly enriched with Patescibacteria (63.77%
vs 0.87%), while C-iS, was significantly enriched
with rare phyla (9.53% vs 4.26%), Actinobacteriota
(25.20% vs 1.90%), Bacteroidota (26.07% vs 6.00%),
and Gammaproteobacteria (14.23% vs 3.60%). In
contrast, relative abundances of the phyla that com-
posed L-iSE and C-iSE endophyte bacterial com-
munities showed no significant difference. When
comparing pairs of below-ground habitats (RS and
RE) from C and L soils, the bacterial diversity, at the
phylum level, was very different (C-RS vs L-RS and
C-RE vs L-RE).

In contrast, habitats from above-ground showed a
very similar bacterial diversity at the phyla taxonomi-
cal level (C-StE vs L-StE and C-LE vs L-LE), espe-
cially in the seed endosphere (C-SE vs L-SE) (Fig. 1).
In the rhizosphere, C-RS, compared to L-RS, was sig-
nificantly enriched with rare phyla (2.57% vs 1.53%),
Actinobacteriota (57.87% vs 24.77%) and Alphapro-
teobacteria (18.47% vs 11.67%), while L-RS was
significantly enriched with unclassified phyla (6.10%
vs 1.87%), Chloroflexi (30.10% vs 6.87%), Deinococ-
cota (4.40% vs 0.03%), Gemmatimonadota (2.07% vs
0.80%), and Patescibacteria (8.87% vs 2.33%). The
root endosphere C-RE, compared to L-RE, was sig-
nificantly enriched with rare phyla (2.10% vs 1.13%),
Bacteroidota (6.43% vs 3.97%), Deinococcota (2.07%
vs 0.67%), Alphaproteobacteria (16.93% vs 10.93%),
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Fig. 1 Mean relative abundances (%) of bacterial phyla from
the various modalities. Different letters correspond to signifi-
cant differences (Kruskal-Wallis test. P<0.05). All phyla cor-
responding to less than 1% relative abundance are grouped
together as ‘Rare Phyla’ corresponding to the 16 follow-
ing phyla: Abditibacteriota, Armatimonadota, Bdellovibri-

and Gammaproteobacteria (0.70% vs 0.30%), while
L-RE was significantly enriched with Patescibacte-
ria (15.63% vs 3.33%). The stem endosphere, C-StE,
compared to L-StE, was significantly enriched with
Actinobacteria (49.93% vs 30.90%) and Deinococ-
cota (3.53% vs 0.87%), while L-StE was significantly
enriched with unclassified phyla (5.90% vs 3.27%),
and Chloroflexi (29.20% vs 13.00%). Similarly, the
leaf endosphere C-LE, compared to L-LE, was sig-
nificantly enriched with Actinobacteria (55.17% vs
36.20%) and Deinococcota (3.03% vs 0.63%), while
L-LE was significantly enriched with unclassified
phyla (4.70% vs 2.30%), and Chloroflexi (26.57% Vs
11.33%). Finally, the relative abundance of the phyla
that composed L-SE and C-SE endophytic bacte-
rial communities showed no significant difference.
Moreover, comparing bacterial endophytic communi-
ties of the two seed generations associated with the
same soil type (C-iSE vs C-SE and L-iSE vs L-SE)
revealed few differences. The initial seeds (iSE),
compared to the new seeds (SE) were significantly
enriched with rare phyla (4.83% vs 1.87%), unclas-
sified phyla (5.65% vs 2.93%), Bacteroidota (8.53%
vs 3.22%), and Gammaproteobacteria (8.98% vs
4.03%). Overall, the same tendencies were revealed at
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onota, Desulfobacterota, Elusimicrobiota, Entotheonellaeota,
FCPU426, Firmicutes, Latescibacterota, Myxococcota, Nitro-
spirota, Unclassified Proteobacteria, RCP2-54, SAR324_
clade(Marine_group_B), Spirochaetota, and Verrucomicrobi-
ota. Modality names are given in Table 5

the taxonomical level of the class and can be found in
the supplementary data (Supplementary Fig. 1).

Analyses of similarities and dissimilarities of the
bacterial communities

A heatmap (Fig. 2), comparing the relative abun-
dance of phyla in the bacterial communities of the
14 modalities corroborate previous findings. The
high relative abundance of Patescibacteria in L-iS
bacterial community discriminated it from the com-
munities of all other modalities. The higher relative
abundance of Bacteroidota and Gammaproteobacte-
ria in endophytic bacterial communities from initial
seeds (C-iSE and L-iSE) set them apart from com-
munities in new seeds (C-SE and L-SE). The relative
abundances of Actinobacteria, Chloroflexi, and Alp-
haproteoacteria were variable between all modalities
and globally, Actinobacteria and Alphaproteoacteria
relative abundances were higher in habitats related
to the ‘C’ site, while Chloroflexi relative abundances
were higher in habitats related to the ‘L’ one. Conse-
quently, the hierarchical clustering of the modalities
based on the phyla compositions of the endophytic
bacterial communities showed a clear dichotomy
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Fig. 2 Heat map and hierarchical cluster analysis of the rela-
tive abundance of bacterial phyla (and subphyla for Proteobac-
teria) from the various modalities. The dendrogram represents

between L-RS, L-StE and L-LE on the one hand and
C-RS, C-StE and C-LE on the other hand (Fig. 2).
It also revealed that all seed endosphere bacterial
communities (C-iSE, C-SE, L-iSE and L-SE) are
clustered together. Nonetheless, the root endosphere
bacterial communities from Largentiere (L-RE) were
more closely clustered with communities associated
to Chenavari: C-RE, C-RS, C-StE and C-LE.

The graphical representation NMDS (Non-metric
MultiDimensional Scaling) allowed dissimilarities to
be observe between all the initial bulk soils, rhizos-
phere soils and endophytic bacterial communities
studied (Fig. 3). The stress value was 0.11, which
makes it possible to exploit these results (Clarke
and Ainsworth 1993). This visualization revealed a
clear clustering of the bacterial diversity in samples
depending on soil types and habitats, with most of the
samples attached to the Chenavari soil in the lower
left half (61/70 circular dots) and most of the samples

linkage clustering using Euclidean distance measurements.
Modality names are given in Table 5

attached to the Largentiére one in the upper right half
(36/50 triangle dots) of the bidimensional represen-
tation (NMDS1xNMDS?2). In fact, the clustering of
samples appeared soil-type-dependent, apart from
bacterial communities associated with seed endo-
sphere modalities (C-iSE, C-SE, L-iSE and L-SE).
Indeed, the clustering was especially strong for bacte-
rial communities from below-ground habitats (iS, RS
and RE), with 30/30 samples associated with those
habitats attached to the Chenavari soil in the lower
left half and 23/24 samples to the Largenti¢re one in
the upper right half. Albeit less clear, the soil-type
dependent clustering was also observed for bacte-
rial communities of above-ground habitats StE and
LE, with 20/24 samples associated to those habitats
attached to Chenavari soil in the lower left half and
12/16 samples to Largentiére one in the upper right
half. Concerning bacterial communities associated to
the seed endosphere modalities (C-iSE, L-iSE, C-SE

@ Springer
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Fig. 3 Non-metric multidimensional scaling (NMDS) plot of
bacterial communities. Each point coordinate depends on the
diversity the bacterial community described in each sample,
for a total of 120 samples (see Table 1). The shape of each
point is based on the initial soil on which plants have grown

and L-SE), replicates were very close for each habitat
and were positioned on the median part of this plan,
especially for C-SE and L-SE (dotted line). Thus, the
clustering of samples from seed endosphere habitats
appeared less soil-type dependent than all other habi-
tats. However, new seed bacterial endophytic com-
munities (SE) formed a clustered together which was
different from a second cluster formed by bacterial
endophytic communities from initial seeds (iSE).

To assess the similarity of the bacterial community
composition among the four seed endosphere modali-
ties (L-iSE, L-SE, C-iSE and C-SE), a Venn diagram
was used (Fig. 4). In these four modalities, a total
of 2064 OTUs were identified, with a total of 1686
in C-SE, 1716 in L-iSE, 1343 in C-SE and 1227 in
L-SE. New seed endophytic bacterial communities
presented fewer OTUs than those of initial seeds. The
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NMDS1

and colors correspond to the type of habitat sampled. The con-
fidence area of the ellipse=0.95. Stress of the representation
in reduced dimensions is shown in the bottom right corner.
Modality names are given in Table 5

diagram revealed that 802 OTUs were shared among
the four groups, which represented 38.9% (802/2064)
of the total OTUs. Endophytic bacterial communities
from initial seeds shared a majority of the OTUs that
composed them. Indeed, C-iSE and L-iSE bacterial
communities shared OTUs that represent respectively
73.9% (993/1343) and 80.9% (993/1227) of the OTUs
number. The Venn diagram also showed that in new
seeds most of the OTUs that composed the commu-
nities were already present within the initial seeds.
Indeed, C-SE communities shared 80.9% (1087/1343)
of their OTUs with C-iSE communities, while L-SE
communities shared 83.6% (1026/1227) of their
OTUs with L-iSE communities.

Focusing on the four modalities corresponding
to the initial (C-iSE and L-iSE) and new genera-
tion seeds (C-SE and L-SE), the obtained network
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Fig. 4 Venn diagram showing shared and unique OTUs at 97% identity among the four seed endosphere modalities. Each modality
OTU composition was the result of the sum of the replicates. Modality names are given in Table 5

of seed endosphere bacterial communities was com-
posed by 28 OTUs, which had a relative abundance
greater than 1% (Fig. 5). This network revealed that 4
OTUs were shared between the 4 modalities whatever
the soil type (C or L) and the seed generation (ini-
tial or new). This core of seed endosphere bacteria
contained four OTUs which were OTU0001 Gaiella-
les, OTU0002 Xanthobacteraceae, OTUQ009 Strep-
tomyces, and OTUQ0013 Streptomycetaceae. When
we compared C-iSE and L-iSE bacterial communi-
ties, only 2 OTUs were specific to C-iSE (OTU0044
Modestobacter and OTU0698 Micrococcaceae)
and none to L-iSE. Similarly, comparing C-SE and
L-SE bacterial communities, only 3 OTUs were spe-
cific to C-SE (OTUO007 Deinococcaceae, OTU0024
Saccharimonadales and OTUQ027 Roseiflexaceae)
and 2 were specific to L-SE (OTUO0018 Kribbella
and OTUO0041 Methylobacterium-Methylorubrum).
Moreover, 3 OTUs were shared only by L-iSE and
C-iSE (OTU36 Paenathrobacter, OTU121 Entero-
bactriaceae and OTU258 Enterobactriaceae), while
9 OTUs were shared by L-SE and C-SE (OTU0001
Gaiellales, OTU0002 Xanthobacteraceae, OTU0004

Bradyrhizobium, OTUO0005 Chloroflexia, OTU0006
Lechevalieria, OTU0009 Streptomyces, OTUO0013
Streptomycetaceae, OTU0014 Sphingomonas and
OTUO0016 Streptomyces).

Discussion

In this study, we used seeds belonging to two N.
caerulescens populations recovered from a popula-
tion growing on a non-metalliferous soil (‘C’) and
from a calamine one (‘L’). Seeds of each population
were sown on their soil of origin but also on the soil
of origin of the other plant population. We investi-
gated the structure of bacterial communities asso-
ciated with different habitats during one successive
generation, from initial seeds to the new seed gen-
eration. Because the microbiota can benefit plant
development and fitness, studying the processes that
drive microbiota assemblies from various habitats
(in this study: bulk soil, rhizosphere soil, root endo-
sphere, stem endosphere, leaf endosphere and seed
endosphere), over space (in this study: Largenticre

@ Springer
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Fig. 5 Bacterial network analysis of the major OTUs (> 1%), categorized by the four modalities (C-iSE, L-iSE, C-SE and L-SE). Octagons represent modalities and circles repre-

sent the different OTUs, weighted according to their relative abundance (1.0 to 3.4%). The OTU number is indicated inside the circle and the taxonomic affiliation below. The line

color indicates the presence of an OTU with a relative abundance >1% in a modality. Modality names are given in Table 5

and Chenavari soils) and time (in this study: new
seed generation) may lead to constructive results
(Herrera Paredes and Lebeis 2016). Indeed, deci-
phering whether selection by environment (e.g.
soil physiochemical properties) and selection by
host (e.g. plant genotype) influence the associated
microbiota composition near to and within plant
organs could be crucial questions for a better under-
standing of the interactions between host plants and
microbial symbionts (Wagner et al. 2016; Dom-
browski et al. 2017).

Diversity of endophytic bacterial communities
associated to hyperaccumulating plants

Researchers have investigated the assembly of bacte-
rial communities on and inside various plant organs,
mainly focusing on comparing the rhizosphere soil,
the root endosphere, the phyllosphere and leaf endo-
sphere (Bulgarelli et al. 2013; Miiller et al. 2016).
They have all conclusively demonstrated that the
bacterial plant microbiota is composed of only a few
dominant phyla, mainly Proteobacteria and Actino-
bacteriota, and to a lesser extent Bacteroidota and
Firmicutes. Our analyses partially corroborated these
results, since the Actinobacteriota phylum was domi-
nant in all endosphere habitats followed by Proteo-
bacteria (corresponding here to Alphaproteobacteria
plus Gammaproteobacteria) (Fig. 1). However, in
our study, Bacteroidota, Gemmatimonadota, Deino-
coccota and Acidobacteriota had low relative abun-
dances whatever the habitats considered (between
1.3 to 6.2%). Firmicutes were even rarer with less
than 1% relative abundances in the various habitats.
In contrast, the Chloroflexi phylum appeared in the
various plant organs as a dominant phylum. Indeed,
Chloroflexi was the third most represented phylum in
the whole dataset (15.82%). This phylum is already
known to be abundant in extreme and stressful condi-
tions (Yamada et al. 2005) and was also found to be
dominant in the Odontarrhena chalcidica rhizosphere
when present in their natural habitats (ultramafic soil
rich in nickel) in the Balkans (Lopez et al. 2017).
We can hypothesize that trace elements found both
in the soil from the site ‘C’ and ‘L’ induced stress-
ful conditions not only in the rhizosphere but also
in the plant tissues and finally favored this phylum.
Pseudo-total concentrations of Cd, Cu, Pb and Zn
were higher in the calamine soil (‘L site) than in the
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non-metalliferous one (‘C’ site) and consequently, the
relative abundance of Chloroflexi phylum was higher
in L-RS compared to C-RS (30.10 vs 6.87%). These
results indicated that these microorganisms could
tolerate heavy metals well, can adapt to survive and
reproduce both in these environments and in hyperac-
cumulating plant tissues. The abundance of Chloro-
flexi phylum may explain the low abundance of other
phyla such as Bacteroidota, Gemmatimonadota,
Deinococcota, Acidobacteriota, and Firmicutes com-
pared to studies of non-hyperaccumulating plants
(Bulgarelli et al. 2013; Miiller et al. 2016).

Soil dependent response of the bacterial community
diversity

The two initial soils have contrasting physiochemi-
cal properties with ‘L’ soil enriched with Pb, Zn, and
Cd. It has been shown that Pb contamination implies
a significant increase in Patescibacteria phylum
(Niu et al. 2020). In our study, the concentrations of
available-Pb (DTPA) reached 984 and 4.07 mg.kg™!,
respectively in L and C soils, which can explain the
relatively high abundance of this phylum (63.77%)
in L initial bulk soil (L-iS) in comparison with C-iS
(0.9%). This dominance of a few OTUs from Patesci-
bacteria phylum in L-iS explained the significantly
lower diversity indices compared to C-iS. In addition,
L-RS and L-RE microbial communities were also
significantly enriched with Patescibacteria phylum
compared to C-RS and C-RE, while no significant
differences were found for above-ground habitats.
Given that N. caerulescens does not hyperaccumu-
late Pb, this may be related to a Pb contamination
of below-ground habitats, while above-ground habi-
tats were not. Indeed, it is known that Cd and Zn are
generally more easily translocated and accumulated
than Pb in plants and particularly in N. caerulescens
(Mirecki et al. 2015). Furthermore, Herrmann et al.
(2019) showed that Patescibacteria survived well
under oligotrophic conditions and was adapted to
nutrient-poor ecosystems, which was the case for the
Largentiere soil.

When bacterial community pairs in the same
microbial habitats but of the two different soil types
were compared, the number of abundant phyla (> 1%
relative abundance) with significantly different rela-
tive abundances, decreased following a gradient from
below-ground to above-ground habitats (Fig. 1). In

fact, this comparison revealed a contrast between the
bacterial communities in the initial soils, as well as
for below-ground habitats and to a lesser extent for
above-ground habitats, but the soil type had almost
no influence on phyla relative abundance of the seed
endosphere bacterial communities. Indeed, while 5
of 9 abundant phyla showed a significantly different
relative abundance in the root endosphere commu-
nities, only 3 of 9 were significantly different in the
leaf endosphere or stem endosphere and none were
significantly different in the seed endosphere. These
dissimilarities were also very visible on the NMDS
and followed the same trend. The ability of hyper-
accumulating plants to recruit different endophytes
in their shoot depending on the soil was previously
elucidated for Sedum alfredii on Cd/Zn contaminated
soils (Qiong et al. 2021). However, our results are
the first, to our knowledge to demonstrate a gradient
of influence of the soil on endophytic communities,
from root to shoot endosphere of hyperaccumulators.

The diversity of seed endophytic bacterial
communities across seed generations

In comparison to the phyllosphere (and leaf endo-
sphere) and to the rhizosphere (and root endosphere),
our knowledge of microbial communities associated
to the other plant habitats, such as seeds, is quite lim-
ited. In the past, there have been numerous reports on
indigenous endophytic bacteria in various plant tis-
sues. Few of them included seeds (Mundt and Hinkle
1976) and these studies focused on vegetables, woody
plants or weeds (Truyens et al. 2015). For example,
Rezki et al. (2018) analyzed the structure and diver-
sity of seed-associated microbial communities on
radish seed samples collected from individual plants
during three successive generations grown on the
same experimental site. In their study, Lopez-Velasco
et al. (2013) used pyrosequencing of 16 s rRNA gene
amplicons to examine the bacterial communities of
spinach seeds, while the bacterial community com-
positions in Chenopodium album and Stellaria media
seeds were characterized by van Overbeek et al.
(2011). However, little information is available con-
cerning the structure and diversity of endophytic bac-
terial communities of hyperaccumulating plants. For
example, Mastretta et al. (2009) isolated endophytic
bacteria from Nicotiana tabacum seeds, which is con-
sidered to be a Cd and Zn accumulator. Their results
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highlighted the fact that most of the isolated culti-
vable bacteria belonged to the pseudomonad family.
In the same way, a cultivation-independent approach
depicted the shoot endophytic bacterial populations
of Thlaspi goesingense growing in a serpentine soil
in eastern Austria (Idris et al. 2004). Endophytes
were mainly a-Proteobacteria and high-G+C gram-
positive bacteria. Most isolates (42%) showed close
similarity to Methylobacterium mesophilicum. In
addition, Sphingomonas sp. strains were highly abun-
dant (37%). In their study, all remaining endophytes
showed high homology to the genera Rhodococ-
cus, Curtobacterium, and Plantibacter. Durand et al.
(2021b) compared the bacterial structure and diver-
sity of seed endophytic bacterial (SEB) communities
of the hyperaccumulator pseudometallophyte N. caer-
ulescens through the 16S rRNA profiling of seeds
belonging to 14 European populations of N. caerule-
scens recovered from their native ecosystems across
various edaphic types.

In our study, for each type of site (‘C’ and ‘L), if
we compared the phyla present in initial and new seed
generations, except for rare and unclassified phyla,
overall, the same phyla were shared between these
two habitats (SE and iSE). Indeed, the relative abun-
dances of the different phyla in initial seeds from C
and L (C-iSE and L-iSE), but also for the new seed
generations from ‘C’ and ‘L’ (C-SE and L-SE) were
similar and no statistical difference could be noted
between the relative abundances of all phyla. Thus,
the soil properties of the sites where the seeds were
recovered and of the soils used in this study as sub-
strates for plant growth did not result in seed endo-
phytic bacterial communities changes in N. caerule-
scens. These results corroborate previous studies that
have shown the low impact of soil property varia-
tions on the endophytic bacterial communities found
in hyperaccumulator seeds (Durand et al. 2021b).
Johnston-Monje et al. (2014) also showed the slight
influences of a change of soil on the diversity of the
endophyte community of very young plants (20 days
after germination) of pre-domesticated, ancient, and
modern maize. Nonetheless, in our experiment the
initial seeds (iSE), compared to the new seeds (SE)
were significantly enriched with rare phyla, unclas-
sified phyla, Bacteroidota, and Gammaproteobacte-
ria. The new generation of seeds, no matter the soil,
hosted a seed endophytic bacterial community with
a smaller species richness that the seeds recovered
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from their natural environment. Indeed, C-SE bacte-
rial community hosted a total of 1343 OTUs, while
C-iSE were composed of 1686 OTUs and similarly,
the L-SE bacterial community was composed of 1227
OTUs, while 1716 OTUs constituted the L-iSE bac-
terial community. Moreover, the remaining OTUs,
especially the most abundant, in SE bacterial com-
munities were mostly (around 80%) initially present
in iSE bacterial communities. We could conclude
that the new seeds’ endophytic communities derived
from a reduction of the seeds’ endophyte communi-
ties from the initial seeds communities, although this
decrease in the number of OTUs did not result in a
decrease in the Shannon index. This evolution may
be related to the experiment conducted in controlled
conditions that was not designed to be a simulation of
the fluctuation of weather conditions from the natural
sites. This highlights the fact that experiments con-
ducted in controlled conditions cannot completely
simulate real environmental conditions. Indeed, the
influence of annual fluctuations in local weather
conditions on bacterial communities associated with
radish (Raphanus sativus var. Flamboyant5) seeds
was previously revealed in a study where geographic
distance was not involved (Rezki et al. 2018). In their
study, fluctuations in microbial community profiles
were observed relating to changes in community
membership and composition across plant (and seed)
generations. This observation was made across years
of culture and were correlated to weather fluctuations.
Note that these seeds were not surface-sterilized.

In our study, we observed that development of the
host plant appeared to be the major driver of rhizos-
phere bacterial community assembly, regardless soil
characteristics. Indeed, while the bacterial diversity
differed between the two bulk soils considered (C-iS
and L-iS), bacterial communities seemed more simi-
lar in rhizosphere soil (C-RS and L-RS). A second
selection was related to the soil type which follows a
gradient from below-ground habitats where its influ-
ence was strong, to above-ground habitats where
the influence of this driver decreased and seemed to
have almost no influence on seed endosphere micro-
bial communities. The hierarchical cluster analy-
sis of the bacterial community similarity (Fig. 2)
showed that samples associated to seed endosphere
habitats (L-iSE, C-iSE, L-SE and C-SE) were clearly
separated from others, indicating that soil type (‘C’
and ‘L) did not influence the bacterial diversity in
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seeds despite differences in soil physicochemical
parameters.

The resulting seed endosphere bacterial network
(Fig. 5) consisted of 28 nodes corresponding to
abundant OTUs with relative abundance greater than
>1%. The network analysis corroborated previous
findings of this study; the soil had a low effect on
the composition of the seed endosphere bacterial
communities. Indeed, there were few abundant OTUs
(> 1%) specific to C-iSE compared to L-iSE and
vice versa, and few abundant specific OTUs in C-SE
bacterial community compared to L-SE and vice versa.
In addition, this network revealed the most common
OTUs that composed a core of seed endosphere bacteria
present whatever the soil type and the seed generation
(OTU0001 Gaiellales, OTU0002 Xanthobacteraceae,
OTU0009 Streptomyces, and OTU0013
Streptomycetaceae). The OTUO001 Gaiellales (mean
relative abundance in the seed endosphere 3.43%)
belongs to a clad that was found in seeds of sugar beet
and that was colonizing rhizosphere of Rhizoctonia-
tolerant cultivars (Wolfgang et al. 2020). In another
study, an enrichment in Gaiellales was observed in the
potato periderm of the potato cultivar Kariera, which
was resistant to common scab (Kopecky et al. 2019).
In both cases, Gaiellales were considered as potential
disease-suppressive agents. Previous studies have shown
that Streptomyces bacteria were specifically recruited to
the endosphere of the model plant Arabidopsis thaliana
and that some could confer growth-promoting benefits
on A. thaliana including production of indole-3-acetic
acid (IAA), siderophores, and aminocyclopropane-
1-carboxylate (ACC) deaminase while others might
be exploited to protect crops against disease (Worsley
et al. 2020). Moreover, Streptomycetaceae (e.g.
Streptomycetes) have been identified as the common
metabolically active bacteria in metal-contaminated
soils (Gremion et al. 2003), which could also produce
many metabolic products affecting host physiology and
growth (e.g. phytohormones, bacterial siderophores,
and ACC deaminase) (Nimnoi et al. 2010). In their
study, Luo et al. (2019) showed that of the vertically
transmitted endophytes, Streptomycetaceae was one
of the most abundant taxa, and that a majority of
members (particularly the Streptomyces genus) are
known to secrete substantial amounts of antimicrobial
compounds which provide favorable environments for
their producers by inhibiting pathogens or other taxa
competing for the habitat space. These authors also

underlined that, members of the Streptomycetaceae
family were able to affect both growth and Cd/Zn
accumulation of Sedum alfredii stronger than other
enriched bacterial taxa. In agreement with previous
reports (Luo et al. 2019), the seed endosphere bacterial
community we observed was also largely dominated
by members of Xanthobacteraceae family. This taxa
is known to contain a range of metal resistance and
tolerance mechanisms and previously, it was revealed
that Xanthobacteraceae bacteria are among the marker
families in the root microbiome of Juncus acutus
growing in soil enriched with Cd, Ni, Zn (Syranidou
et al. 2018).

Among the nine OTUs only shared by L-SE and
C-SE and not found in the initial seed generations
(L-iSE and C-iSE), OTUs belonging to Chloroflexi
phylum and Mycobacterium and Nocardioides genera
were found with a relative abundance higher than 1%.
In our study, the phyla to which these OTUs belong
(Chloroflexi and Actinobacteriota) were present in
the initial bulk (iS) and rhizosphere (RS) soils what-
ever the site (C and L), but considering OTUs with
a relative abundance greater than 1%, we only found
OTUs belonging to these phyla in the new genera-
tion seeds. This result supported the concept that soil
rhizosphere bacteria are the prime source of endo-
phytic bacteria, as mentioned by Seghers et al. (2004)
and Peng et al. (2015). Indeed, previous studies have
shown that endophytic bacteria are mainly derived
from soil bacteria because the latter can pass into the
plants through root fractures (McCully 2001), natu-
ral openings or wounds (Kluepfel 1993) and seeds
(Lodewyckx et al. 2002a). Moreover, among these
OTUs only present in new seed generation, endo-
phytic Actinobacteriota are known for their potential
to affect plant growth and nutrient uptake (Rajkumar
et al. 2006). They are reported as plant growth pro-
moters in various plants (Nimaichand et al. 2016), but
were also reported to release metal binding secondary
metabolites that mobilize Zn and Cd from the soil,
enhancing their accumulation in the plants (Dimkpa
et al. 2009; Kuffner et al. 2010).

Conclusion

The seed-associated microbial communities are eco-
logically interesting because they represent both an
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endpoint and a starting point for community assembly
of the plant microbiota (Shade et al. 2017). Moreover
seed-associated microorganisms contribute to seed
preservation (Chee-Sanford et al. 2006). Hyperaccu-
mulators generally evolve in stress-full conditions and
we can hypothesize that if a seed endophytic bacterial
core-genome appeared to be constant between seed
generations, that these bacterial communities play an
important role in the fitness of these particular plants.

In contrast with other plants (Lopez-Velasco et al.
2013; Barret et al. 2015; Klaedtke et al. 2016; Rezki
et al. 2018), this study underlines that some OTUs
were consistently present in the consecutive genera-
tions of N. caerulescens seeds growing on metal-rich
soils and constituted a core members of the seed
endophyte bacteria. Nonetheless, there were varia-
tions between the composition of the initial and new
seed endophytic communities. Certain OTUs were
recruited from the soil and were only present in the
new generation seeds. All these OTUs were known to
produce many metabolic products affecting host phys-
iology and growth and to favor metal accumulation
in plants. Therefore, these bacteria could provide net
benefits to the hosts and were thus maintained in the
consecutive seed generations and/or recruited from
soil. Thus, it is conceivable that bacteria trans-gen-
erationally preserved can contribute to the establish-
ment and further growth of new generations of plants
(Sanchez-Lopez et al. 2018b; Walitang et al. 2018).
Metatranscriptomic approaches can help to elucidate
evidence about the possible roles of the members of
the core seed endophyte bacterial community.
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