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ABSTRACT

Endophytes with plant growth-promoting activity can
improve the health and development of plants during all life
stages. However, less is known about their stability and
transmission across plant genotypes, habitats, and generations.
By combining community and isolate analyses, we found that each
plant habitat and genotype harbored distinct bacterial communities
and plant growth-promoting bacteria (PGPB). Soil, root
endosphere, and rhizosphere were the habitats with the highest
bacterial diversity, while seeds hosted more selective
communities. Seeds generated under field conditions showed
traces of a bacterial community composition connected to the
suppression of plant pathogens. In contrast, seeds of the
successive generation grown in a pathogen-free and low-nutrient

environment showed a predominance of bacteria that facilitate the
uptake of nutrients. These modifications of the microbiome can be
explained by an adaptation to prevalent environmental conditions.
Cultivation approaches revealed microhabitat-specific PGPB that
were assigned to various species of Bacillus, Stenotrophomonas,
and Ralstonia. Tracking down these bacteria among the whole
tomato plant allowed us to identify the seed as a primary vehicle of
PGPB transmission. This previously undescribed vertical
transmission of PGPB represents a strategy to maintain plant
beneficial bacteria over generations and has an impact for the
design of seed treatments.

Additional keywords: seed microbiota, Solanum lycopersicum.

The plant microbiota has been known to be one of the key de-
terminants of plant health and productivity for more than a cen-
tury (Philippot et al. 2013; Yan et al. 2017). It has the ability to
contribute to multiple aspects in the functioning of the plant holobiont
(Vandenkoornhuyse et al. 2015), such as (i) seed germination and
growth support, (ii) nutrient supply, (iii) resistance against biotic
stress factors (pathogen defense), (iv) resistance against abiotic
factors, and (v) production of bioactivemetabolites (Berg et al. 2015).
Due to this importance, the factors that shaped the plant microbiota
have been studied for a long time. Following a long debate, it is
accepted that the plant genotype and soil quality are the crucial factors
influencing the composition of the rhizosphere microbiota (Berg and

Smalla 2009). Both have an impact, but the extent depends on many
factors (plant’s morphology and secondary metabolism and soil type)
and is triggered by plant root exudates and signaling (Badri and
Vivanco 2009; Doornbos et al. 2012). The same question, namely
whether the soil quality or the plant genotype determines the
microbiota composition of the seeds, arose. For a long time, it was
assumed that the emerging seedling is colonized by microorganisms
from its surrounding environment, with soil being the main source,
controlled by the plant through different strategies, such as the
specific profile of root exudates and its immune system (Sánchez-
Cañizares et al. 2017; Shade et al. 2017; Truyens et al. 2014). Re-
cently, an impact of the plant genotype on the microbial seed
composition was identified (Adam et al. 2018; Rezki et al. 2018;
Rybakova et al. 2017). This indicates that possibly both factors are
involved, which was also used as a first hypothesis for this study.
Moreover, there are many knowledge gaps; especially regarding the
transmission and stability of the seed microbiota (Berg and
Raaijmakers 2018). Vertical transmission would thus permit a
“continuity of partnership” between the plant and its beneficial
bacteria (Vannier et al. 2018), which leads us to our second hy-
pothesis that the beneficial partners are transmitted from seed to seed.
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To evaluate our hypotheses, we have selected tomato as a model
plant. Tomato (Solanum lycopersicum L.) is one of the most im-
portant vegetables; 177 million tons are harvested each year
(FAOSTAT 2016). Tomato and other vegetables are an important
part of a healthy diet, they can lower blood pressure, reduce risk of
heart disease and stroke, prevent some types of cancer, lower risk of
eye and digestive problems, and have a positive effect upon blood
sugar (He et al. 2006). Although new findings recommend an in-
creased intake of fruits and vegetables, the production and pro-
cessing is associated with enormous losses up to 45% (FAO 2015).
Soilborne pathogens, e.g., Fusarium, Rhizoctonia, and Verticillium,
are one of the major factors that significantly limit crop yields
(Oerke 2006). They are difficult to suppress, but recent advances in
our understanding of the plant microbiota and of the mechanisms
responsible for plant growth promotion and biological control of
pathogens are opening the way to control them biologically
(Mendes et al. 2011; Scherwinski et al. 2008). The microbiome of
tomato has been widely characterized in its below ground com-
partment, mainly focusing on its capability to host beneficial
bacterial endophytes conferring resistance to biotic and abiotic
stresses (Liu et al. 2017; Upreti and Thomas 2015; Yan et al. 2003).
What these approaches are missing, is the characterization of the
microbiome of the aboveground plant parts, where the microbiota is
less exposed to the effect of the soil (Ottesen et al. 2013) and thus
the plant plays a stronger role in the selection of bacteria (Truyens
et al. 2014), as well as a link to the seed microbiome.
The objective of this work was to unlock the tomato microbiome

and understand (i) which are the main drivers of the microbiome
composition, (ii) what is the impact of soil quality on the seed
microbiome, and (iii) how the transmission of PGPB in the seed
across generations works. The experimental design was based on
greenhouse experiments and included samples analyzed from bulk
soil, rhizosphere, root endosphere, seeds (first generation) as well as
seeds harvested from the grown tomato plants at maturity (second
generation) from two cultivars (Moneymaker and Hildares F1). An
integrative approach based on amplicon sequencing and a bacterial
strain collection was linked with bioinformatic analyses. It allowed
the reconstruction of the tomato plant system’s bacteriome and the
location of beneficial bacteria among plant microhabitats.

MATERIALS AND METHODS

Experimental design. Microbiome-related analyses were per-
formed using the tomato (Solanum lycopersicum) cultivars Mon-
eymaker (Austrosaat AG, Austria) and Hildares F1 (Hild Samen
GmbH, Germany) grown under greenhouse conditions (approxi-
mately 24/20�C day/night temperature) at Graz Botanical Garden
(Graz, Austria). Surface-sterilized seeds (first generation) were
sown in pots (one seed per pot; 8 liters), filled with a mixture of
sterile quartz-sand and diluvial sand (Rühlmann and Ruppel 2005)
or commercial loamy soil (Ökohum GmbH, Herbertingen, Swit-
zerland) in a proportion of 10:1. The substrate mixtures are con-
sidered as nutrient poor systems. Each tomato cultivar included 50
plants arranged in a randomized design. The seedlings were watered
and fertilized once a week with a nutrient solution (100 ml/plant, the
complete composition of the solution is reported in Supplementary
Table S1) (Hoagland and Arnon 1950). For the analysis of the
bacterial community in each quartz sand/soil mixture, eight pots
without plants were watered and maintained under the same nutrient
and greenhouse conditions as planted pots.
Sample collection and DNA isolation. Sampling of soil and

plants was carried out 85 days after sowing (late flowering stage)
followed by a second sampling at the ripening of fruits of Money-
maker plants (Supplementary Table S2). Soil samples were obtained

from pots containing soil-sand mixture only. After removing the top
layer (2 to 3 cm) of soil with sterile tools, soil samples from the central
section of each pot was collected and stored in sterile bags. Rhi-
zospheric soil was obtained by shaking the root compartment and
collecting the falling off material. Root and soil samples from each pot
were stored in separated sterile polyethylene bags at 4�C until further
processing on the following day. Tomato seeds from the second plant
generation were extracted from the ripened fruits. Seeds of the sec-
ond generation were harvested from 10 Moneymaker plants. For
extracting the total microbial community DNA, both soil and rhi-
zosphere material were initially suspended in 0.85% sodium chloride
solution (NaCl) and shaken for 30 min. Root material was surface
sterilized and processed according to the protocol described by
Bragina et al. 2012). Briefly, 5 g of roots was washed, surface
sterilized in a 3% sodium hypochlorite solution (NaClO) for 5 min
(manual shaking) and then again washed in sterile water three times.
The plant material was imprinted on NA agar plates as a sterility
check. Similarly, seeds ofMoneymaker and Hildares F1 were washed
in sterile water, divided in plastic vials (20 seeds per vial) with 4 ml of
0.85% NaCl and gently shaken for 4 h. All plant samples (root and
seed) were homogenized with mortar and pestle and suspended in
0.85% NaCl. Bacteria-containing pellets from both plant and soil
specimens were collected by centrifugation (20 min at 16.750 g) and
stored at _70�C.
DNA isolation, 16S rDNA PCR amplification, and sequenc-

ing. The aforementioned pellets were used for the total commu-
nity DNA isolations. DNA was isolated with the FastDNA SPIN
Kit for Soil and the FastPrep Instrument (MP Biomedicals, Santa
Ana, CA) according to the manufacturer’s protocol. Final ali-
quots of the total community DNA were further quantified and
used as template for PCR amplifications (thermal cycler by Bio-
metra GmbH, Jena, Germany) using Taq-&GO Ready-to-use PCR
Mix (MP Biomedicals) and the universal bacterial primer set 515f/
806r (515f: 59-GTGYCAGCMGCCGCGGTAA-39; 806r: 59-
GGACTACNVGGGTWTCTAAT-39) targeting the 16S rDNA
hypervariable region 4 with the suggested PCR program (94�C for
3 min to denature the DNA, 35 cycles at 94�C for 45 s, 50�C for 60 s,
and 72�C for 90 s; 10 min at 72�C for final extension) (Caporaso
et al. 2011). Barcode sequences for multiplexing of the data were
used as provided by the earth microbiome project (earth-
microbiome.org/). In addition, peptide nucleic acid PCR clamps
were used to block the amplification of plastid and mitochondrial
16S rRNA gene sequences of plants during the PCR amplification.
The amplicons were purified by using the Wizard SV Gel and PCR
Clean-Up System (Promega, Madison, WI). A total of 86 barcoded
samples were pooled equimolarly and sent for paired-end Illumina
MiSeq sequencing (GATC Biotech, Germany) performed in two
sequential batches. The 16S rRNA Illumina libraries obtained from
the sequencing company were deposited at the European Nucle-
otide Archive (ENA) under the project number PRJEB27033.
Data analysis of 16S rDNA amplicons for determination of

microbial community structure. Acquired 16S rRNA gene se-
quences went through an initial quality check. Only forward reads
were selected for further analyses due to substantially higher read
quality when compared with reverse reads. Demultiplexing fol-
lowed by quality filtering with QIIME (Quantitative Insights into
Microbial Ecology, version 1.9.0; Caporaso et al. 2010) default
parameters (Bokulich et al. 2013) was conducted for the whole
dataset. High quality reads were dereplicated and clustered with a
similarity threshold of 97% via VSEARCH (version 2.4.3). After
creating a set of representative sequences, chimeras were filtered via
both de novo reference-based approaches while mapping high
quality sequences (vsearch) (Rognes et al. 2016). The taxonomical
assignment was obtained by employing QIIME environment RDP
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(default parameters) in combination with the SILVA 16S data-
base (release 128) (Pruesse et al. 2007). Unassigned operational
taxonomic units (OTUs) and nonbacterial contaminants were fil-
tered from the resulting OTU table. OTUs abundances have been
rarefied via subsampling in QIIME environment to allow com-
parisons between samples. A consensus-table was obtained by
averaging the subsampled tables. The description of the bacterial
community structure was performed using a QIIME summarized
table at phylum and family levels with samples belonging to the
same microhabitat merged together. Graphical rendering of the
community structure at phylum level was done with the open-
source software Circos (Krzywinski et al. 2009) (Fig. 1). A more

detailed description at family level was rendered with bar charts; the
employment of analysis of variance (ANOVA) with false discovery
rate correction allowed to identify bacterial families with signifi-
cantly different abundances among tested sample groups. Alpha
diversity was calculated and rendered at OTU level in the R en-
vironment with the Phyloseq package (McMurdie and Holmes
2013) using observed species, Chao 1, Shannon, and inverse
Simpson measures. The PCoA plot was also generated with
Phyloseq on an OTU table summarized at family level in QIIME.
Selected OTUs were studied at more resolved taxonomic levels
with the online nucleotide BLAST tool (https://blast.ncbi.nlm.nih.
gov/).

Fig. 1.Circular representation of the bacterial community structure (at phylum level) in different microhabitats associated with the tomato plant. Taxa with
a proportion lower than 1% in all habitats are summarized as ‘Others’. Values in the inner circle indicate the normalized number of reads assigned to the
respective phylum. The visualization was rendered using the open-source software Circos (Krzywinski et al. 2009).
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Bacterial community structure and plant beneficial bacteria.
To analyze and visualize how OTUs are partitioned between
microhabitat an OTU network was generated in QIIME and sub-
sequently rendered with the software Cytoscape v. 3.5.1 (Shannon
et al. 2003). The network was constructed using an OTU table
rarefied at 7,000 reads per sample after removal of singletons and
doubletons. In order to increase the representativeness of the subset
table, random subsampling was repeated 10 times and average
values have been considered. In the resulting network, lines connect
OTUs (circles) to the microhabitats they are related to. Each OTU
circle was rendered with a radius correlated to the OTU abundance
among all studied samples. OTUs with taxonomical assignments
matching with the characterized isolates were as well subjected to
manual BLAST searches (representative sequences) in order to
identify overlaps (using the same algorithm and parameters). OTUs
were represented with a circle proportional to the abundance and
those found to be beneficial in the conducted assays were noted with
their respective taxonomical identification.
Isolation and characterization of bacteria with plant growth-

promoting traits. Bacterial strains were isolated from the tomato

plant system (soil, rhizosphere, root endosphere, and seeds of both
generations) using the protocol published by Bragina et al. (2012).
The obtained homogeneous sample suspensions were plated on
10% tryptic soy agar (pH = 7.3 ± 0.2, Sigma-Aldrich; Taufkirchen,
Germany), water agar (pH = 6.8 ± 0.2), and R2A (pH = 7.2 ± 0.2,
Sifin; Berlin, Germany). The selection of bacterial endophytes was
carried out with a systematically randomized approach: solid media
plates were divided in six equal parts and colonies of one of the six
parts were collected, purified, and preserved. The ability of isolated
strains to produce metabolites that, in other strains, have been
associated with plant growth promoting abilities was assessed by
the production of indol-3-acetic acid, siderophores as described in
Berg et al. (2002), ACC-deaminase (Dworkin and Foster 1958), and
acetoin (Murray and Baron 2007). Their ability to inhibit the growth
of plant-pathogenic fungi was indirectly assessed based on chitinase
production (Nagpure and Gupta 2013), and in dual-culture ex-
periments using the pathogenic Fusarium oxysporum Fol 007 strain
(Berg et al. 2002). In addition to classic antagonism tests, isolates
were screened for the emission of growth-inhibiting bioactive
volatile compounds (Cernava et al. 2015) with F. oxysporum Fol

Fig. 2. Diversity assessment across all included samples and four different diversity measures: observed Species, Chao1, Shannon, and inverse
Simpson. The combination of measures sensitive to rare operational taxonomic units (OTUs) (observed species and Chao1) and to dominant OTUs
(inverse Simpson’s index) provides a comprehensive assessment of bacterial diversity in the plant system. Samples are colored according to the soil type
employed while the shape refers to the respective tomato cultivar.
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007 as model pathogen. Moreover, salt/drought tolerance and
phosphate-solubilization capacity were assessed in additional
experiments (Naik et al. 2008; Pikovskaya 1948) together with in
planta assays for plant growth promotion (climate chamber con-
ditions: temperature (day/night) = 25/20�C, photoperiod: 16 h, light
intensity: 400 mmol m

_2 s
_1, humidity 70%). Isolates with plant

growth-promoting traits and other beneficial functions underwent
taxonomical identification by 16S rRNA gene sequencing and
manual BLAST searches (https://blast.ncbi.nlm.nih.gov/) (Sup-
plementary Table S3).

RESULTS

General structure of tomato-associated bacterial communi-
ties and diversity analyses. The DNA sequencing of marker genes
from bacterial communities of two tomato cultivars (Moneymaker
and Hildares F1) grown in two mixtures of quartz sand with two
different soils (diluvial sand and loamy soil) resulted in a total of
32,411,312 high quality reads. After discarding chimeras, single-
tons, chloroplast and non-bacterial reads, 21,369,607 reads remained
with an average abundance of 318,949 reads per sample and a
standard deviation of 276,419 reads. The bioinformatic recon-
struction of the bacterial community identified a total of 13,928
distinct OTUs.
Proteobacteria were predominant in all microhabitats (Fig. 1). In

the first-generation seeds, second-generation seeds, root endo-
sphere, and rhizosphere (64, 71, 69, and 60%, respectively) this
phylum covered more than half of the bacterial community while in
soil it was less representative (40%). Other representative phyla
were Firmicutes (up to 19% in the endosphere), Actinobacteria,
and Bacteroidetes. All three were equally distributed among mi-
crohabitats, averaging 9, 8, and 7%, respectively. Chloroflexi,

Acidobacteria, and Planctomycetes were mostly found in soil
samples (respectively 12, 8, and 6% in soil). Among all plant
compartments (seeds of both first and second generation and root
endosphere), Pseudomonadaceae and Comamonadaceae were the
most occurring bacterial families. Considering both cultivars, the
seeds of the first generation were characterized by a selective
bacterial community, where only few taxa were dominant: Bur-
kholderiaceae (19%), Pseudomonadaceae (7%), and Comamo-
nadaceae (6%). Conversely, the soil was characterized by the high
abundance of Anaerolineaceae (6%) and Planctomycetaceae (5%).
In the rhizosphere, Comamonadaceae (8%), Pseudomonadaceae
(7%), and Flavobacteriaceae (5%) represented the most abundant
families, while the root endosphere was dominated by the family
Pseudomonadaceae (18%) followed by Comamonadaceae (6%),
Bacillaceae (6%), and Rhizobiaceae (6%). Even if decreased, the
family Burkholderiaceae was assigned almost exclusively to seed
specimens (19% in the first-generation seeds and 3% in the second-
generation seeds).
The diversity among microhabitats was evaluated with alpha

diversity metrics (Fig. 2). To better describe the bacterial com-
munity composition, we selected four different measures sensitive
to rare OTUs (observed species and Chao1), to dominant OTUs
(inverse Simpson’s index) and incorporating both richness and
evenness (Shannon). Values for observed species varied between
7,505 and 13,725, while Chao1 values between 8,662 and 13,785
were observed and inverse Simpson indices between 72 and 1,070
(Supplementary Table S4). Soil, rhizosphere, and root endosphere
were the microhabitats with the highest diversity while seeds hosted
more selective communities in both generations. Soil diver-
sity varied among loamy and sandy soil: the loamy soil was
characterized by a higher number of rare OTUs and lower of
dominant OTUs when compared with sandy soil. Conversely,

Fig. 3. Bacterial community composition of the tomato seeds across two generations.A, Bar charts represent the composition of the bacterial community
(only key taxa were included, >0.5%) among two generations: seeds employed for generating the plants (left) and harvested seeds (right). B, Horizontal
plots represent the relative variation of key taxa among generation types (statistically significant differences are marked with an asterisk (*) and
corresponding taxa names are underlined).
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rhizosphere and root endosphere hosted a comparable number of
rare OTUs, but a lower number of dominant OTUs in plants grown
on sandy soil.
Bacterial community structure of tomato seeds across

generations. After harvesting root tissues and soil, a total of 10
Moneymaker plants were left in the nonacclimated greenhouse
environment to harvest their seeds upon ripening. The comparison
between all bacterial communities analyzed saw a similar pattern in
key taxa composition (Fig. 3A). Significant differences were at-
tributable to taxa that dominated the community of this cultivar:
the family Burkholderiaceae dominated the first generation (25%)
and drastically decreased in the second generation (3%) with
Pseudomonadaceae also decreasing at the same time (from 6 to
2%). Conversely, families Comamonadaceae (14%), Rhizobiaceae
(8%), and Oxalobacteraceae (7%) dominated the bacterial com-
munity of the second generation after a substantial increment over
the studied generation span (these taxa represented, respectively, 6,
2, and 0.5% of the bacterial community of the first generation) (Fig.
3B). The variation in the abundance of nine bacterial families was
found to be significant by ANOVA after false discovery rate
correction. Manual BLAST of the 10 single OTUs assigned to the
family Burkholderiaceae resulted in the identification of 19

potential taxonomical assignments at species level (best-hit results
are shown in Supplementary Table S5). Additionally, the OTU
composition of the family Oxalobacteraceae was similarly in-
vestigated by manual BLAST of representative sequences and
revealed Massilia sp. to be the most frequent assignment.
Cultivar-driven variations in the bacterial communities of

tomato microhabitats. Different plant compartments hosted dis-
tinctive bacterial communities depending on the cultivar or soil
employed. Among different seed cultivars, even if characterized by
a comparable diversity, prevailing bacteria (abundance >0.5% in
each considered microhabitat) were demarked by a higher presence
of taxa belonging to Rhodobacteraceae in Hildares F1 seeds (from
0.5 to 1%) and of Cyanobacteria ML635J-21, Staphylococcaceae,
and Burkholderiaceae in Moneymaker first-generation seeds
(Supplementary Fig. S1). In a similar way, root endosphere bac-
terial communities showed an increment of Streptomycetaceae,
Bacillaceae, Cellvibrionaceae in Hildares F1, and of Xantho-
monadaceae, Rhizobiales, and Nocardioidaceae in Moneymaker
(Supplementary Fig. S2). PCoA plotting of the beta diversity
(pairwise sample dissimilarity; Fig. 4) showed dissimilarities
among analyzed samples. Major variations were visible among the
two generations of Moneymaker seeds: while in the first generation

Fig. 4. PCoA plot with distances among samples based on the bacterial community composition. Samples are colored according to the different
microhabitats. The soil types that were used to grow the tomato plants are denotedwith different shapes. Seed bacteriome analyseswith the second plant
generation were only conducted with tomato cultivar Moneymaker.
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the community resulted similar to other plant compartments (ad-
jacent in the plot), the shift induced in the second generation showed a
substantial modification in the community. Differences among soil
sources were also visible in the plot: loamy and sandy bulk soils
clearly hosted different communities as rhizosphere and, to a lower
extent, root endosphere (Supplementary Fig. S3).
Tracking down beneficial bacteria inside plant compartments

and across seed generations. To understand which PGPB are
distributed across the plant system, an OTU network was created by
graphically linking OTUs to the corresponding habitat (Fig. 5).
With the organization of OTUs in compartments-specific clusters,

the abundance and taxonomical diversity of shared and exclusive
OTUs was assessed.
The bacterial community of soil was characterized by the highest

taxonomical diversity and number of OTUs exclusive for a single
compartment. Accounting the whole plant system, OTUs attributed
to Acidobacteria were present almost exclusively in soil and
rhizosphere-connected clusters but with a detectable presence in
seeds. OTUs assigned to Proteobacteria composed the majority in
clusters linked to plant compartments. Firmicutes OTUs were
specifically allocated in root endosphere as peculiar for this habitat
or as shared with the soil.

Fig. 5. Operational taxonomic unit (OTU) network of the tomato plant bacterial community structure. Dots represent single OTUs while labeled squares
represent samples. Edges connecting samples with OTUs are colored to discern between soil (brown) and plant (green) habitats. Nodes are colored
according to taxonomic assignments (phylum level). OTUs that correspond to isolated bacteria are highlighted with a node size proportional to their
abundance. Labels highlight all plant growth-promoting bacteria in the network.
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A total number of 5,153 bacteria was isolated from the tomato
plant system. Isolates were characterized and selected for PGP
properties and antagonistic effects against F. oxysporum. Following
the screening, 19 isolates showed multiple positive traits and were
thus considered for further analyses (Supplementary Table S6).
Most of these bacterial strains showed the ability to produce
siderophores, ACC-deaminase, and salt/drought tolerance. More-
over, in vivo tests showed the ability of Bacillus aryabhattai C6b
and Microbacterium flavescens C7 to promote plant growth in
tomato plant in absence of stressors.
Five of these beneficial phenotypes were also found in the

amplicon data reconstruction of the tomato plant bacterial com-
munity by 16S rRNA gene comparison (Bacillus aryabhattai,
Bacillus nakamurai, Ralstonia pickettii, Stenotrophomonas mal-
tophilia, and Stenotrophomonas pavanii). OTUs belonging to these
five plant beneficial taxa have been highlighted in the network
analysis (Fig. 5). Both members of Bacillus spp. were found, in the
core of the studied plant microbial communities with a single in-
stance of OTU assigned to Bacillus nakamurai being shared among
the root endosphere and second-generation seeds. Ralstonia pick-
ettii was in both soil and first-generation seeds and has been found
in the endosphere and in the seeds of the second generation (Fig. 6).
While Stenotrophomonas pavanii was detected only in the root
endosphere, Stenotrophomonas maltophilia was present in the
seeds of the first generation and colonized the endosphere, the seeds
of the second generation, and the rhizosphere.

DISCUSSION

Our results showed that soil bacterial community composition
has a high impact on the bacterial community of below ground
compartments (rhizosphere, root endosphere) in both tomato cul-
tivars. However, the effect is progressively lowering from the
rhizosphere to the root endosphere and finally to the seeds. At the
same time, the seed bacterial community analysis across a gener-
ation identified a continuous turnover of the seed bacterial as-
semblage that might be triggered by environmental conditions.
Interestingly, tracking down beneficial bacteria inside the whole
plant system allowed us to identify plant seeds as a primary vehicle
for transmission of PGPB.
Habitat specificity and key taxa in the tomato plant

bacteriome. Plant seeds constitute the basis for each new plant
generation and thus are essential determinants for the plant’s early
development. In the present study we found that the bacterial
community of each plant habitat showed distinct fingerprints and
harbored different PGPB. However, we found high cross-habitat
similarity at phylum level; Proteobacteria were the most repre-
sentative phylum within the whole plant system confirming pre-
vious findings (Bulgarelli et al. 2013). Soil, rhizosphere, and root
endosphere were the microhabitats with the highest diversity, while
seeds hosted more selective communities in both generations. As
example, Acidobacteria were found to be under the detection
threshold in the root endosphere as already described in a related

Fig. 6. Graphical representation of the plant system including microhabitat associations of analyzed isolates from the tomato endosphere. All identified
bacteria with plant growth-promoting effects were linked to the microhabitats they were found to be associated with by colored dots. Both seed
generations are included in the model.
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study (Santoyo et al. 2016); however, seeds of both generations
have been found enriched with members of this phylum, thus the
plant endosphere creates a bridge between soil and the seeds.
Members of this phylum have been recently described as possessing
growth-promoting effects associated to auxin production (Kielak
et al. 2016) and are therefore connected to the regulation of seed
germination, increment in roots and shoots biomass as well as
morphological changes in root system (Shu et al. 2016). Although
being an aboveground-located structure in tomato plants, the seed is
a quiescent structure designed to be biochemically active only when
in contact with the soil. For this reason, it is in the interest of the
plant to allocate and enrich this compartment with soil-compatible
bacteria using the rhizosphere and the root endosphere as a roadway
inside the plant.
Plant genotype and soil bacterial community–both factors

shaped the seed bacteriome. In the rhizosphere we found a strong
impact of the soil microbiota comparable to other studies (De
Ridder-Duine et al. 2005; Inceoǧlu et al. 2012), and even if less
evident, this signature was still visible in root endosphere. In-
terestingly, we found no instance of this phenomenon in the
bacterial community of second-generation seeds grown in different
soil types. Although the underlying mechanisms are currently
unknown, the seed microbiota could be a feature of below ground
plant compartments that is specifically shaped under influence of
the plant. The sequencing data shows that seeds of the first and
second generation hosted a different bacterial community with the
latter also diverging from the other studied plant microhabitats.
Interestingly, the difference among seeds was not ascribable to a
completely different structure of the bacterial community but to the
modification of dominant taxa belonging to Burkholderiaceae in the
first generation and Oxalobacteraceae in the second generation.
Members of Burkholderiaceae are known in biological control
primarily for the outstanding ability to produce various antifungal
compounds (Eberl and Vandamme 2016). Ralstonia piketii, that
was found preeminent among Burkholderiaceae, represents a
niche-competing microorganism that could occupy the ecological
niche of pathogenic Ralstonia spp. For these reasons, the consistent
decrement over a generation of this bacterial species when passing
from field condition (seed producer) to a pathogen-free environment
(controlled greenhouse) could be indicative for the connection of
the seed bacterial assemblage to environmental conditions. In the
same way, we found evidence of environment-driven modifications
in the seed microbiome of the second generation. Massilia (Oxa-
lobacteraceae) has already been described as exhibiting attributes
related to plant growth in vitro (Hrynkiewicz et al. 2010; Weinert
et al. 2010) and as highly variating across medium modification
stages (Ofek et al. 2012). Both these findings support our findings
related to the plant’s transitioning from a nutrient rich substrate
(field) to a nutrient-poor substrate (90% sand). Similarly, also the
plant-beneficial bacterium Stenotrophomonas maltophilia was
found to be increased in the second generation of the seed.
Bacteria belonging to Stenotrophomonas spp. have been exten-
sively used in agriculture as biocontrol agents for their ability to
promote plant growth and produce antimicrobial compounds that
protect plants (Ryan et al. 2009), therefore also confirming our
hypothesis.
The distribution of PGPB across the tomato plant system.Our

reconstruction of the bacterial community included tracing of
beneficial bacteria that were isolated and characterized from tomato
plants. We propose a model (Fig. 6) where, despite the large
bacterial diversity harbored by the soil, the seed represents a major
vehicle of transmission for PGPB. This finding introduces the idea
that new isolation strategies for plant-growth beneficial bacteria
should focus less on the high biodiversity of the soil and more on the

plant with emphasis on the seed. Most of the microorganisms within
seeds are in a dormant stage, therefore it is difficult to isolate them in
a traditional procedure. However, isolation after a certain period
after germination and growth under gnotobiotic conditions is more
promising (Adam et al. 2018) and allows the exploit of this im-
portant bioresource for novel seed treatment strategies.
Cross-kingdom similarities can be suggested for vertical

microbiota transmission.Mendes and Raaijmakers (2015) already
described cross-kingdom similarities in microbiota functions. In the
present study, we found certain parallels between the plant’s seed
microbiome and the human placenta microbiome. Aagaard et al.
(2014) described the placenta’s microbiome as unique in the human
body, with the next closest microhabitat with a similar composition
being the mouth cavity. Both microbiotas harbor a unique microbial
community that substantially differs from that of spatially close
microhabitats. It was also shown that mammals equip their off-
spring with beneficial microorganisms during birth (Blaser 2006).
Likewise, plants can transfer a selected community to the next
generation over their seeds or vegetative organs (Vannier et al.
2018). A similar phenomenon was also observed for mosses as
well as lichens, which equip their propagules with a beneficial,
bacterial community (Aschenbrenner et al. 2014; Bragina et al.
2012). This vertical transmission allows “continuity of partnership”
between the plant and its symbionts within the holobiont concept
(Vandenkoornhuyse et al. 2015; Vannier et al. 2018).
With this study, we intended to understand how PGPB are

distributed across the plant system while studying how they are
influenced by plant genotype and soil quality. We reconstructed the
microbiome of the tomato plant considering four key microenvi-
ronments: the soil, the seeds, the rhizosphere, the root endosphere,
and the seeds harvested at plant maturity. Our results showed that
the plant genotype has no substantial influence on the bacterial
community of below ground plant compartments that are instead
tightly connected to soil quality. Deepening studies of the microbial
composition of seeds across generations provided instances of how
this compartment represents an important vehicle for the trans-
mission of PGPB. The overall findings suggest that plant seeds have
a key role as carriers of PGPB and are hotspots for their isolation.
Detailed mechanisms on how environmental conditions can in-
fluence the selection process for seed endophytes and adjust the
bacterial assemblage to a new, potentially advantageous compo-
sition remain to be explored.
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