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Abstract

Background: Bacteria associated with plants can enhance the plants'growth and resistance against phytopatho-
gens. Today, growers aim to reduce the use of mineral fertilizers and pesticides. Since phytopathogens cause severe
yield losses in crop production systems, biological alternatives gain more attention. Plant and also seed endophytes
have the potential to influence the plant, especially seed-borne bacteria may express their beneficiary impact at initial
plant developmental stages. In the current study, we assessed the endophytic seed microbiome of seven genetically
diverse barley accessions by 16S rRNA gene amplicon sequencing and verified the in vitro plant beneficial potential of
isolated seed endophytes. Furthermore, we investigated the impact of the barley genotype and its seed microbiome
on the rhizosphere microbiome at an early growth stage by 16S rRNA gene amplicon sequencing.

Results: The plant genotype displayed a significant impact on the microbiota in both barley seed and rhizosphere.
Consequently, the microbial alpha- and beta-diversity of the endophytic seed microbiome was highly influenced by
the genotype. Interestingly, no correlation was observed between the endophytic seed microbiome and the single
nucleotide polymorphisms of the seven genotypes. Unclassified members of Enterobacteriaceae were by far most
dominant. Other abundant genera in the seed microbiome belonged to Curtobacterium, Paenibacillus, Pantoea, San-
guibacter and Saccharibacillus. Endophytes isolated from barley seeds were affiliated to dominant genera of the core
seed microbiome, based on their 16S rRNA gene sequence. Most of these endophytic isolates produced in vitro plant
beneficial secondary metabolites known to induce plant resistance.

Conclusion: Although barley accessions representing high genetic diversity displayed a genotype-dependent endo-
phytic seed microbiome, a core seed microbiome with high relative abundances was identified. Endophytic isolates
were affiliated to members of the core seed microbiome and many of them showed plant beneficial properties.

We propose therefore that new breeding strategies should consider genotypes with high abundance of beneficial
microbes.

Keywords: Endophytes, Seed microbiome, Rhizosphere microbiome, Bioassays, PGPR, Hordeum vulgare, Genotypes,
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Background

Seed endophytes gain increased attention due to plant
beneficial characteristics that are of great interest for
crop protection. Yield losses caused by phytopathogens
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bacteria, is an ecologically friendly alternative. Addition-
ally to seed treatments, seed endophytes are expected to
serve as potential source of breeding targets [3]. Plant
seeds harbor a number of different microbes which were
shown to include diverse plant beneficial bacteria [4, 5].

Barley (Hordeum vulgare) is an efficient model crop
plant due to its worldwide distribution [6] and com-
pletely sequenced genomes [7-10]. The yield losses of
barley can reach worldwide up to 30%, mostly caused
by diseases, pests and weeds [11, 12]. Strategies like
defense priming or induced resistance to improve the
plants’ defense response towards phytopathogens already
attracted some research interest [13, 14]. The induction
of resistance (induced systemic resistance; ISR) can occur
by a wide range of biotic or abiotic agents [15]. Antibi-
otics like pyocyanin, or siderophores, N-acyl homoserin
lactones (AHLs), 2,4-diacetylphloroglucinol (2,4-DAPG)
and biosurfactants were already identified as ISR elicitors
for different plants [16, 17]. Beneficial plant-associated
bacteria may also influence the plant immune system,
as shown on multiple occasions [15, 18, 19]. In this con-
text, also plant endophytes could play an important role,
as observed for Acidovorax radicis N35 that was able
to prime barley plants by secretion of AHLs [20]. How-
ever, not much is known of the ISR potential of innate
microbes in barley seeds.

Rahman et al. [5] observed Paenibacillus, Pantoea and
Pseudomonas as major seed endophytes in various barley
genotypes originating from different geographical sites
and harvest years. Some of the obtained isolated endo-
phytes showed plant growth promotion potential in vitro
and in vivo [5]. However, the authors did not investigate
alpha- or beta-diversity of the microbiome and did not
focus on the influence of the genotype [5]. Yang et al. [21]
examined the metabolically active part of the barley seed
microbiome based on total RNA from activated seeds.
Although the authors found that the microbiome in bar-
ley seeds of modern commercially available cultivars was
influenced by its genotype, they also observed a core
microbiome consisting of 21 OTUs belonging to Paeni-
bacillaceae, Enterobacteriaceae and Pseudomonadaceae
[21]. Nevertheless, nothing was known about the genetic
relatedness between the investigated cultivars and the
microbial functions of the seed microbiome.

Induced resistance by chemical elicitors, as well as
by bacterial inoculants, was reported to depend on the
barley genotype in both field and greenhouse experi-
ments [14, 22, 23]. In a previous study, Wehner et al.
[14] identified five barley accessions out of a world-
wide set of 224 diverse spring barley accessions (called
GENOBAR set [24]) and two reference genotypes that
represent the genetic diversity within the GENOBAR
set (barley 7’set). The barley 7’set was analyzed for its
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AHL-priming induction towards Puccinia hordei and
genotype-dependent differences were revealed [14]. Nev-
ertheless, the role of the associated microbiome was not
investigated.

The present study aimed to elucidate whether the plant
genetic diversity influences the seed and rhizosphere
microbiome of the barley 7’set. We hypothesized that
seeds of the barley 7’set harbor a plant genotype-depend-
ent microbiome including beneficial endophytes with
potential resistance enhancing capacities. As 16S rRNA
gene amplicon sequencing provides only limited infor-
mation on the functions of the microbiome, we isolated
endophytes from barley seeds, determined their 16S
rRNA gene sequence and assessed potential plant benefi-
cial activities. Furthermore, we explored the contribution
of plant genotype and its seed microbiome to the rhizos-
phere microbiome of the barley 7’set grown in an agricul-
tural soil.

Material and methods

Plant material

For the present study, we were using the barley refer-
ence genotypes Golden Promise and Morex, since these
are genetically characterized [7, 8], additionally to the
five accessions of barley BCC436, BCC768, BCC1415,
BCC1598 and HOR7985, representing the genetic diver-
sity within the GENOBAR set [14, 24]. The set of acces-
sions is hereinafter called barley 7’set. Untreated seeds
were obtained from all genotypes (Morex, BCC436,
BCC1415, BCC768, BCC1598 and HOR7985) that were
previously grown under the same growth conditions at
the field station of the Julius Kithn Institute in Grof$ Liise-
witz, Germany. Untreated seeds of Golden Promise were
obtained from Simpsons Malt Limited (Berwick-upon-
Tweed, United Kingdom).

Cultivation-independent analysis of the barley seed
microbiome

DNA for the analysis of the endophytic seed microbiome
was extracted from four replicates per genotype, each
consisting of six seeds. Barley seeds were first surface-
sterilized modified after [25] using one time 2% sodium
hypochlorite and no ethanol and swelling. Seeds were
dried over night at room temperature. Surface-steri-
lized seeds were ground in a sterile mortar using liquid
nitrogen. DNA from the seed powder was extracted as
described in [26].

Determination of the rhizosphere microbiome
composition of the barley 7'set

The barley 7’set (four replicates each) was planted under
greenhouse conditions into two soil variants of a long-
term field experiment located in Bernburg, Germany,
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where two contrasting tillage practices were previously
applied: conventional mouldboard plough (MP, 20-30 cm
depth) and conservation cultivator tillage (CT; 12-15 cm
depth), both additionally fertilized with 220 kg/ha N and
fungicide application [27]. The barley 7’set was grown in
approx. 100 g soil (one plant per pot) at 18 °C and 16/8 h
(day/night) photoperiod. The plants were watered with
tap water according to demand. Unplanted pots (four
replicates each) served as bulk soil control. Rhizosphere
and bulk soil samples were taken at the three-leaf growth
stage (BBCH13, [28]) as described in [29]. DNA of rhizo-
sphere and bulk soil samples was extracted using the
FastDNA™ Spin Kit for Soil (MP Biomedicals, Eschwege,
Germany) according to the manufacturer’s instructions.

Preparation of 16S rRNA gene amplicon libraries

Amplicon sequencing libraries of seed and rhizosphere
samples were prepared using a two-step PCR, target-
ing the 16S rRNA gene’s V4 region, with primers listed
in Additional file 1: Table S1. First PCR was performed
using the primers 515F and 806R modified from [30]
and flanked with Illumina adapter priming sequences.
To limit amplification of plant DNA in seed samples,
additional mitochondrial and chloroplast blocking prim-
ers based on a C3 Spacer at the 3’-end were used, as it
was previously proposed [31, 32] and adopted from [30]
with additional reverse primer 802R. The PCR reaction
was performed as follows: the reaction volume of 25 pL
included 0.5 u Phusion HF DNA Polymerase, 1 x Phusion
HF Buffer, 200 uM of each dNTP, 3% dimethyl sulfox-
ide (DMSO), 0.1 mg/mL bovine serum albumin (BSA),
0.25 uM of each 16S rRNA gene primer, 2.5 puM of each
blocking primer and 1 pL of the respective DNA. The
thermocycler program was set at 98 °C for 30 s, 30 cycles
of 10 s at 98 °C, 15 s at 61 °C, 30 s at 72 °C, and a final
elongation step for 5 min at 72 °C. PCR products were
verified by agarose gel electrophoresis. One replicate of
Golden Promise seed samples was discarded due to a
low amount of amplicons. First PCR amplification prod-
ucts were purified using HighPrep PCR clean-up (Mag-
Bio Genomics, Gaithersburg, MD, USA) using a 0.65:1
(beads:PCR reaction) volumetric ratio.

A second PCR reaction was performed priming Illu-
mina sequencing adapters and adding sample-specific
dual indices (Nextera XT Index Kit v2 Set D, Illumina,
San Diego, CA, USA) using PCRBIO HiFi (PCR Biosys-
tems Ltd., London, UK) for 15 amplification cycles. The
products of the second PCR were purified with High-
Prep PCR Clean Up System, as described for the first
PCR. Sample concentrations were normalized using
the SequalPrep Normalization Plate (96) Kit (Thermo
Fisher Scientific, Waltham, MA, USA), following manu-
facturer’s instructions. The libraries were pooled and
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concentrated using DNA Clean and Concentrator-5 Kit
(Zymo Research, Irvine, CA, USA). Library pool’s con-
centration was determined using the Quant-iT High-
Sensitivity DNA Assay Kit (Life Technologies, Carlsbad,
CA, USA) and diluted to 4 nM. The library was dena-
tured, diluted to 9 pM and sequenced following manu-
facturer’s instructions, on an Illumina MiSeq platform at
the Section of Microbiology, University of Copenhagen
(Denmark) using Reagent Kit v3 [2 x 300 cycles] (Illu-
mina, San Diego, CA, USA) and including 1st and 2nd
PCR negative controls, as well as a mock control.

Generation of amplicon sequence variants

Cutadapt v.2.3 [33] was used to remove primer sequences
of the first PCR (515F, 802R and 806R), both on the 5’
and the reverse complement on 3’ ends, also discard-
ing read pairs for which none of the forward or reverse
primers could be detected. Reads were further processed
for error correction, merging and amplicon sequence
variants (ASVs) generation using DADA2 version 1.10.0
[34] plugin for QIIME2 [35] with the following param-
eters: truncL=270, truncR=95; trimL=38, trimR=38
and maxEE of 2, based on the Qiime2 run quality plot.
Each ASV sequence was taxonomically annotated using
q2-feature-classifier classify-sklearn module trained with
SILVA SSU rel. 132 database [36], trimmed for V4 region
only.

The ASV dataset was further cleaned using RStudio
(RStudio, Boston, MA, USA) version R3.6.3 with the
package phyloseq [37] resulting in removal of 25% of
ASVs considered as spurious while retaining more than
85% of the reads. Further, ASVs assigned to unassigned
kingdom and phylum (374 ASVs representing 0.28% of
the reads in total) were removed, as well as chloroplast
sequences (152 ASVs representing 0.66, 0.48 and 36.09%
of the reads in bulk soil, rhizosphere and seed samples,
respectively) and mitochondria sequences (116 ASVs
representing 0.09, 0.16 and 46.40% of the reads in bulk
soil, rhizosphere and seed samples, respectively). Decon-
tam [38] was used to remove potential contaminants as
determined by the prevalence of ASVs in the negative
controls (from first and second PCRs, 11 ASVs represent-
ing 0.12% of the reads in real samples). ASVs were also
filtered based on 16S rRNA V4 region size, retaining
only sequences of a length between 260 and 280 bp after
adapters and primers trimming (removing 2 ASVs=5
reads).

Amplicon sequencing data analysis

Alpha-diversity indices for the seed and rhizosphere
microbiome were calculated based on read count data
100 times randomly subsampled to the lowest num-
ber of sequences (seed microbiota: 1475; rhizosphere
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microbiota: 6203) using RStudio R3.6.3 packages mult-
comp [39] and vegan [40]. Analysis of variance (ANOVA),
permutational analysis of variance (PERMANOVA), non-
metric multidimensional scaling (NMDS) and analysis of
similarities (ANOSIM) were performed with vegan pack-
age and based on read count data. PERMANOVA was
conducted based on Bray—Curtis dissimilarity indices
(10,000 permutations). Venn diagrams were conducted
using the packages VennDiagram [41] and venn [42].
Tukey’s test was performed with SAS 9.4 (SAS Institute,
Cary, NC, USA), p <0.05 was assumed as different.

Correlation between seed microbiome and genetic
relatedness

The barley 7’set was analyzed with the barley 9 k iSelect
single nucleotide polymorphisms (SNP) chip [43] by
SGS—Trait Genetics (Gatersleben, Germany) [14]. Addi-
tionally, genotyping by sequencing (GBS) data for the
respective genotypes were used [44]. After filtering by
5% minor allele frequency, 12.5% heterozygosity and 10%
missing values, 23,418 SNPs were used for the following
analyses.

A distance matrix of SNPs from the different geno-
types was prepared using adegenet [45] and poppr [46]
in RStudio R3.6.3. The distance matrix of the microbiota
based on averaged ASVs of each genotype was created
with vegan [40] package. A Mantel test based on Spear-
man’s rank correlation with 10,000 permutations was
conducted using geosphere [47].

Cultivation-dependent isolation of barley seed endophytes
Barley seeds (four replicates per genotype, each con-
sisting of 12 seeds corresponding to circa 0.5 g) were
surface-sterilized as described above. Surface-sterilized
seeds were ground in a sterile mortar under sterile con-
ditions and the seed paste was transferred to a 50 mL
tube. 4.5 mL sterile double-distilled water was added
and a dilution series of up to 107> was plated on R2A
supplemented with 100 pg/mL cycloheximide to reduce
fungal growth. The plates were incubated at 28 °C and
colony forming units (CFUs) were determined after 24 h,
48 h and seven days. Seed paste of the genotype Golden
Promise was additionally incubated as liquid culture
with 4.5 mL buffered peptone water (BPW) at 28 °C over
night. Afterwards, a dilution series was plated up to 107°
on R2A supplemented with 100 pug/mL cycloheximide
and incubated at 28 °C for 24 h.

Identification of barley seed endophytes

Ten bacterial isolates were chosen randomly for each
plant genotype and were further cultivated on R2A.
For BCC768, only seven bacterial colonies were avail-
able. Genomic DNA of bacterial isolates was extracted
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using the Genomic DNA Extraction Kit (Qiagen, Hilden,
Germany) and the Silica Bead DNA Gel Extraction Kit
(Thermo Fisher Scientific, Waltham, MA, USA). BOX-
PCR fingerprints were generated for all endophytic iso-
lates [48]. Further analysis of the endophytes based on a
sample selection, which depended on the respective BOX
fingerprint: for each identical BOX fingerprint, one rep-
resentative per barley genotype was chosen and the 16S
rRNA gene PCR [49] product was sequenced (Macro-
gen Europe B.V.,, Amsterdam, Netherlands). The result-
ing sequences were trimmed and assembled using CLC
MainWorkbench 20.0.3 (Qiagen, Aarhus, Denmark). The
obtained consensus sequence was blasted to the NCBI
database (NCBI, Bethesda, MD, USA). Best NCBI blast
hits, endophytic isolate consensus sequences, as well as
ASVs from unclassified Enterobacteriaceae were trun-
cated to the common region (V4) using Qiime2 feature-
classifier extract-reads and Cutadapt [33]. Truncated
sequences were aligned using MAFFT [50] on the local
Galaxy [51] server at Julius Kiihn Institute in Braunsch-
weig, Germany. A phylogenetic tree based on distance
matrices of Enterobacteriaceae-related ASVs, consen-
sus sequences of Enterobacteriaceae-related isolates and
NCBI reference sequences was conducted in RStudio
using the packages seqinr [52], phangorn [53] and ape
[54]. The visualization of the phylogenetic tree was per-
formed with iTOL [55].

Isolate consensus sequences were compared to
ASV sequences obtained by 16S rRNA gene amplicon
sequencing (see also Table 3) using NCBI BLAST + blastn
megablast tool [56, 57] on the local Galaxy server.

Screening of endophytic isolates for potential plant
beneficial activities

Each isolate obtained from seeds of the barley 7’set was
tested for potential plant beneficial activities and resist-
ance enhancing capacities. Protease, [(-1,3-glucanase
and cellulase activity was tested according to [58]. Chi-
tinolytic activity was determined after [59]. Furthermore,
the isolates were tested for phosphate solubilization [60],
ACC deaminase activity and indole-3-acetic acid (IAA)
production [61], as well as the secretion of siderophores
[62]. The presence of AHLs were determined in a cross-
streak assay using Chromobacterium violaceum cv026 for
short chain detection of C4-C8 AHLs and C. violaceum
VIRO? for long chain detection of C10-C16 AHLs [63].

Results

Microbial diversity of barley seeds is influenced

by the genotype

To test our hypothesis that the genetic diversity of the
barley 7’set influences its seed microbiome, we employed
sequencing of 16S rRNA gene amplicons from DNA
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extracted from powder of surface-sterilized seeds. A
total of 208,241 reads were obtained and assembled to
475 ASVs. The median read number was 7807 reads per
sample. The rarefaction curves (Additional file 1: Fig. S1)
showed that the sequence library size was sufficient to
cover the microbial diversity in each sample except for
one sample of BCC1415 which was not considered in the
evaluation due to low amount of reads.

The influence of the genotype on the endophytic seed
microbiome was revealed by one-way ANOVA of the
alpha-diversity indices Species richness (p <0.001) and
Shannon index (p <0.01). There was only low effect on
Pielou’s evenness (p <0.05). Excitingly, Golden Promise
and HOR7985 showed the highest microbial alpha-diver-
sity and BCC1589 displayed the lowest microbial alpha-
diversity (Fig. 1a, b; Additional file 1: Table S2). However,
a pairwise comparison of alpha diversity indices was
only significant for few genotypes due to high variability
among replicates of the same cultivar.

In order to visualize the beta-diversity of the endophytic
seed microbiome, we performed an NMDS (Fig. 1c)
revealing a significant grouping of samples belonging to
the different genotypes (ANOSIM p <0.001). The geno-
type BCC1415 showed a clear distinct grouping apart
from all other genotypes. Within the closer clustering
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genotypes, clear patterns emerged for e.g. Golden Prom-
ise and HOR7985 compared to BCC1589, whereas
BCC436, BCC768 and Morex grouped together.

The significant influence of the genotype on the micro-
biome composition in barley seeds was supported by
PERMANOVA (R*=0.39; p<0.001; Table 1). Testing
every genotype in a single analysis against each other
disclosed a clearer pattern (Table 1). BCC1415 which
showed a separate clustering apart from the other gen-
otypes in the NMDS, was significantly different from
all other genotypes, except for Golden Promise. Other
significant differences were observed for Golden Prom-
ise versus HOR7985, BCC436 and BCC768 and for
HOR7985 versus BCC1589 and Morex. To exclude a
potential influence of the harvest side, a PERMANOVA
without samples of Golden Promise was performed.
Although all genotypes were grown at the same field
site and under the same growth conditions, their seed
microbiome was still significantly influenced by the geno-
type (PERMANOVA R?>=0.37; p <0.01; for NMDS see
Additional file 1: Fig. S2).

Although the barley endophytic seed microbiome was
found to be influenced by the genotype for both micro-
bial alpha- and beta-diversity supporting our hypoth-
esis of different microbial communities of the seven
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Fig. 1 Microbial diversity of the endophytic seed microbiome varied between seven different barley genotypes. Golden Promise and Morex were
chosen as reference genotypes. HOR7985, BCC1415, BCC436, BCC768 and BCC1589 represent the genetic diversity within a 224 spring barley
accession set [14, 24]. The microbial alpha-diversity indices Species richness (a) and Shannon diversity index (b) varied depending on the plant
genotype (ANOVA for Species richness p <0.001 and Shannon index p <0.01). Values of alpha-diversity indices including statistics can be seen in
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Table 1 PERMANOVA of barley seed microbiome

PERMANOVA R? p<
Genotype 0.39 0.001
Golden Promise versus Morex 0.28 0.14
Golden Promise versus HOR7985 0.35 0.05
Golden Promise versus BCC1415 048 0.1
Golden Promise versus BCC436 0.29 0.05
Golden Promise versus BCC768 0.26 0.05
Golden Pomise versus BCC1589 0.28 0.14
Morex versus HOR7985 0.28 0.05
Morex versus BCC1415 043 0.05
Morex versus BCC436 0.08 0.80
Morex versus BCC768 0.18 0.23
Morex versus BCC1589 0.12 0.39
HOR7985 versus BCC1415 040 0.05
HOR7985 versus BCC436 0.28 0.06
HOR7985 versus BCC768 0.19 0.14
HOR7985 versus BCC1589 0.34 0.05
BCC1415 versus BCC436 0.39 0.05
BCC1415 versus BCC768 0.32 0.05
BCC1415 versus BCC1589 042 0.05
BCC436 versus BCC768 0.10 0.80
BCC436 versus BCC1589 0.12 0.61
BCC768 versus BCC1589 0.14 046

genetically diverse barley accessions, no correlation
between microbial ASVs and the genetic variation in
SNPs of all seven barley genotypes was observed with
r=—0.04 and p=0.41.

Taxonomic composition of the seed microbiome differs
among barley genotypes

In order to verify our hypothesis that host plant genetic
background can influence the composition of the endo-
phytic seed microbiome, we analyzed the taxonomic
community composition of the barley seed microbiome.
Proteobacteria, Actinobacteria and Firmicutes were
revealed as the dominant phyla in the seed microbiome
(Fig. 2; Additional file 1: Table S3). Several significant dif-
ferences between the genotypes were observed for Actin-
obacteria and the less abundant Bacteroidetes, although
a certain variability was displayed by the different repli-
cates of each genotype. For instance, BCC1415 showed a
higher relative abundance of Actinobacteria compared to
BCC1589 (49.5% vs. 11.2%).

Enterobacteriaceae-related taxa were by far the most
abundant genera in all genotypes (up to 57.2%; Table 2).
We assigned all observed 13 unclassified Enterobac-
teriaceae ASVs to taxonomic groups using the NCBI
database to better understand the role of these highly
abundant Enterobacteriaceae in barley seeds. The two
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Fig. 2 Proteobacteria, Actinobacteria and Firmicutes were dominant
phyla in the barley seed microbiome of all genotypes. Four replicates
for each genotype, except for Golden Promise (three replicates),
were averaged. Values and statistics can be seen in Additional file 1:
Table S3

ASV sequences with the highest relative abundance
(approx. 66%) were taxonomically affiliated to Pantoea
agglomerans (99.64—-100% sequence identity), whereas
the other ASVs revealed a taxonomic affiliation for
Enterobacter (100% sequence identity) or uncultured
Enterobacteriaceae.

Besides the unclassified Enterobacteriaceae and Pan-
toea, highly abundant genera for all barley genotypes
were Curtobacterium, Paenibacillus, Saccharibacil-
lus and Pseudomonas with similar relative abundances.
Excitingly, the relative abundances of some other genera
differed between the genotypes. For instance, Sangui-
bacter was about six times more abundant in HOR7985
compared to the other genotypes. Further genera with
varying relative abundance were Rhizobium, Stenotropho-
monas, Sphingomonas, Chryseobacterium and Pedobacter
(Table 2).

In total, 475 ASVs belonging to 78 genera were found
in the barley seed microbiome. Out of those ASVs, 12
were shared by all genotypes (Fig. 3) and taxonomically
affiliated to Enterobacteriaceae, Microbacteriaceae, San-
guibacteriaceae, Curtobacterium, Pantoea, Pseudomonas,
Sanguibacter and Ralstonia, and, with about 44% of the
reads represented the most abundant genera of all geno-
types (Table 2). Every genotype had also 19-45% unique
ASVs.
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Taken together, the taxonomic composition of the seed
microbiome was influenced by the barley genotype. The
most abundant genera were shared by the different gen-
otypes indicating a core microbiome, but their relative
abundances often differed among the genotypes. Moreo-
ver, unique taxa were detected for each genotype as well.

Prevalence of isolated endophytic bacteria in the barley
seed microbiome

In order to provide insights into the functions of the
endophytic seed microbiome, we aimed to assign func-
tions to core members of the barley seed microbiome.
Therefore, we isolated endophytic bacteria from surface-
sterilized seeds of each genotype of the barley 7’set on
R2A. The number of CFUs depended on the genotype
(Additional file 1: Fig. S2) and ranged from 2*10* for
BCC1415 to 4*10* for BCC1589 CFU per g seed. From
BCC768 seeds only seven, and from Morex seeds only 10
isolates were obtained. Thus, the colonies picked for fur-
ther characterization originated from different dilutions.

The isolated endophytes were grouped according to
their BOX fingerprint and a partial sequence of the 16S
rRNA gene of one representative was blasted to NCBI
database for determination of taxonomic affiliation
(Table 3). Paenibacillus (21%), Curtobacterium (22%) and
Sanguibacter (24%) were isolated from five of seven gen-
otypes (Fig. 4; Table 3). Additionally, Pantoea, Kosakonia
and Saccharibacillus were detected in three of seven gen-
otypes. Other isolates were less frequently obtained. Cur-
tobacterium isolates revealed diverse BOX fingerprints
independently of the plant genotype from which they
were isolated (Additional file 1: Fig. S3). Interestingly,
Paenibacillus isolates revealed BOX fingerprints differing
depending on the genotype (Additional file 1: Fig. S4).

The 16S rRNA gene sequences of the endophytic iso-
lates were further compared with ASV sequences by mul-
tiple alignment. Most of the isolate consensus sequences
were well presented in ASV sequences.

For endophytic isolates belonging to the family Entero-
bacteriaceae, the comparison between ASV sequences
and isolate consensus sequences resulted in mainly two
ASV sequences of unclassified Enterobacteriaceae: one
ASV sequence with high sequence identity to Erwinia
and Pantoea isolates and one for Kosakonia according
to NCBI. A phylogenetic tree (Fig. 5) including consen-
sus sequences from endophytic isolates, ASVs of the
eight most abundant unclassified Enterobacteriaceae
and NCBI reference strains of Pantoea, Erwinia, Kosa-
konia and Enterobacter was performed due to the high
relative abundance of unclassified Enterobacteriaceae
in barley seeds (Table 2). The phylogenetic tree clarified
the taxonomic affiliation of Enterobacteriaceae-related
isolate and ASV sequences towards two main clusters:
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one cluster affiliated to Pantoea and Erwinia reference
sequences, and one cluster affiliated to Kosakonia and
Enterobacter reference sequences.

The reference genotype Golden Promise was chosen to
identify endophytic isolates that can be easily enriched
in non-selective media. After overnight enrichment of
seed paste, only isolates affiliated to two different species,
namely Pantoea and Paenibacillus were enriched.

In vitro functional characterization of barley seed
endophytes for potential plant beneficial activities

We hypothesized that barley endophytes produce sec-
ondary metabolites that may influence plant physiology,
e.g. the capacity of enhancing plant defense. These plant
beneficial activities can be of importance for improving
alternative agricultural practices. Therefore we assessed
lytic enzyme activity and secondary metabolites with
potential plant defense enhancing capacity via different
bioassays (Table 3). Our results revealed that all Curto-
bacterium isolates (15) displayed protease activity. Cellu-
lase activity and IAA production were detected in most
of these isolates (13 and 13, respectively). The [-1,3-
glucanase activity varied in its appearance and intensity
among the Curtobacterium isolates.

All 15 Paenibacillus isolates from different plant geno-
types displayed protease, -1,3-glucanase and cellulase
activity. Chitinase activity varied between the different
isolates. All Paenibacillus isolates were able to produce
IAA.

Most of the Sanguibacter isolates (6) showed [-1,3-
glucanase activity. One of the isolates was able to degrade
cellulose and another one chitin. Four Sanguibacter iso-
lates were shown to be able to use ACC as alternative
nitrogen source.

All five Saccharibacillus isolates displayed cellulase
activity, but only four isolates displayed p-1,3-glucanase
activity and three ACC deaminase activity.

All isolates of Pantoea (3), Erwinia (3) and Kosakonia
(3) produced siderophores and IAA and were able to sol-
ubilize phosphate. The only isolates that produced AHLs
belonged to Pantoea (3) and Erwinia (2).

In summary, our results supported that barley seed
endophytes possessed several characteristics with poten-
tial plant beneficial or plant resistance inducing potential.

Rhizosphere microbiota of the barley 7’set in early growth
stage

We aimed to investigate how the barley genotype and
its seed microbiome influence the rhizosphere micro-
biome. The composition of the early rhizosphere
microbiome of the barley 7’set was investigated in an
agricultural soil with contrasting tillage practice. We
chose a soil managed with the two different tillage
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Table 2 Twenty most abundant genera in the barley seed microbiome of the barley 7'set

Phylum/class Family Genus Golden Promise Morex HOR7985 BCC1415 BCC436 BCC768 BCC1589
Gammaproteobac-  Enterobacteriaceae  Uncl. Enterobacte- 18.39b 50.62ab 22.54b 21.26b 4555ab  36.73ab  57.20a
teria riaceae
Actinobacteria Microbacteriaceae Curtobacterium* 6.29a 14.14a 9.84a 10.90a 12.71a 5.80a 9.72a
Firmicutes Paenibacillaceae Paenibacillus* 21.65a 8.59a 1.69a 0.00a 4.02a 396a 14253
Gammaproteobac-  Enterobacteriaceae  Pantoea* 4.49a 8.12a 2.82a 5.84a 7.76a 583a 10.58a
teria
Actinobacteria Microbacteriaceae Uncl. Microbacte- 9.20b 493b  544b 2361a 451b 2.84b 044b
riaceae*
Firmicutes Paenibacillaceae Saccharibacillus* 1.54a 0.46a 3.78a 743a 4412 1033a 1.25a
Actinobacteria Sanguibacteraceae  Sanguibacter® 2.11b 265b  13.14a 2.06b 1.71b 4.35b 031b
Gammaproteobac-  Pseudomonadaceae  Pseudomonas 247a 1.6%9a 4.40a 339 6.80a 1.25a 4.17a
teria
Firmicutes Bacillaceae Bacillus 0.48a 0.00a 1.28a 348a 001a 13.07a 0.00a
Alphaproteobacteria Rhizobiaceae Rhizobium 6.54a 072b  698a 0.00b 037b 2.12b 0.16b
Actinobacteria Sanguibacteraceae  Uncl. Sanguibacte-  0.94b 1.07b  596a 141b 1.06b 1490 0.26b
raceae
Firmicutes Family Xl Exiguobacterium 0.00a 0.00a 0.37a 0.00a 751a 2.88a 0.00a
Gammaproteobac-  Xanthomonadaceae  Stenotrophomonas*  1.88ab 030b  501a 0.49ab 0.14b 245ab  0.26b
teria
Alphaproteobacteria  Sphingomona- Sphingomonas 2.79a 0.73ab  1.51ab 1.46ab 035ab  0.79ab  0.00b
daceae
Betaproteobacteria  Burkholderiaceae Uncl. Burkholde- 3.69a 0.35b 2.22ab 0.20b 0.34b 0.62b 0.04b
riaceae
Actinobacteria Microbacteriaceae Pseudoclavibacter 0.76b 000b  0.17b 7.25a 0.00b 0.00b 0.00b
Actinobacteria Nocardiaceae Rhodococcus 1.90a 0.83a 1.13a 240a 0.33a 0.28a 0.08a
Actinobacteria Microbacteriaceae Plantibacter 3.09 1.27a 041a 1.19a 0.08a 0.25a 0.13a
Bacteroidetes Weeksellaceae Chryseobacterium 2.12a 0.13b 1.50ab 0.00b 0.8%9ab  0.50ab  0.00b
Bacteroidetes Sphingobacteriaceae  Pedobacter 1.64ab 0.23bc  1.69a 0.00bc 0.13bc  0.48abc  0.00c

Letters indicate significant differences (Tukey’s test p < 0.05). Stars indicate genera that were also isolated from seeds

practices mouldboard plough (MP) and cultivator till-
age (CT) as model to analyze if the usage of different
genotypes of barley would have any effect in different
agricultural backgrounds. 16S rRNA gene amplicon
sequencing obtained 1,487,732 reads assigned to 14,460
ASVs. The median read number was 21,737.5 reads per
sample. The rarefaction curves (Additional file 1: Fig.
S5) showed that the sequence library size was sufficient
to cover the microbial diversity in each sample.

Barley seed microbiome shared only few genera

with the rhizosphere microbiome

The endophytic seed microbiome shared 39 genera
with both MP and CT rhizosphere (Fig. 6¢). Addi-
tionally, six genera and one genus were shared with
only MP or CT rhizosphere, respectively. The 39
shared genera belonged for instance to unclassified
Enterobacteriaceae, Burkholderiaceae, Microbacte-
riaceae, Paenibacillus, Sphingomonas, Massilia, Pseu-
domonas, Bacillus, Rhizobium and Stenotrophomonas.
Interestingly, the genera Sphingomonas, unclassified

Burkholderiaceae, Massilia and Bacillus had simi-
lar relative abundances in both seed and rhizosphere
microbiome. In contrast, members like the unclassified
Enterobacteriaceae or Stenotrophomonas occurred in
very low abundances in the rhizosphere.

Differences in rhizosphere microbiome diversity

between the barley genotypes

Pronounced differences in microbial alpha-diversity of
the rhizosphere microbiome among the plant genotypes
were revealed for Species richness (p <0.001; Fig. 6a, b).
The values ranged between 659.07 and 1625.07 (Addi-
tional file 1: Tables S4 and S5). The microbial beta-diver-
sity of rhizosphere samples was visualized by NMDS
separately for rhizosphere samples of MP and CT (Addi-
tional file 1: Fig. S7A, B). For both soil variants, the
rhizosphere community composition was significantly
influenced by the plant genotype (ANOSIM p <0.001),
however, the different genotypes appeared in narrow
clusters.
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Golden Promise

BCC1589

BCC768

and Microbacteriaceae

BCC1415

BCC436

Fig. 3 Barley genotypes harbored unique amplicon sequence variants (ASVs), however, they shared a great core microbiome. The numbers of
genotype-specific ASVs are higher (25-46%) compared to shared ASVs, however, the shared ASVs made 44% of the reads. The 12 ASVs shared by all
genotypes were taxonomically affiliated to Curtobacterium, Pantoea, Pseudomonas, Sanguibacter, Ralstonia, Enterobacteriaceae, Sanguibacteraceae

The influence of the plant genotype on the rhizosphere
microbiome was further confirmed by PERMANOVA
(R*=0.33, p<0.001 for MP and R*=0.26, p <0.001 for
CT; Table 4). However, pairwise comparison revealed
only significant differences between some genotypes
(Additional file 1: Tables S6 and S7). The microhabitat
rhizosphere versus bulk soil had only minor influence
(MP: R*=0.06, p <0.01; CT: R*=0.06, p <0.001; Table 4).

Genotype-dependent rhizomicrobiota is also influenced

by the tillage practice

Interestingly, Species richness of the different genotypes
was also depending on the tillage practice (tillage prac-
tice p <0.01; tillage practice: genotype p <0.001). In MP

soil, Golden Promise had the highest value for Species
richness (1625.07; Additional file 1: Table S4), whereas in
CT soil, Golden Promise had a lower value (1068.03) and
the highest value was detected for BCC1589 (1339.95;
Additional file 1: Table S5). The Shannon index showed a
similar trend as observed for Species richness (Additional
file 1: Fig. S6). Comparing the two contrasting tillage
practices, Species richness and Shannon index showed
higher values for CT bulk soil samples compared to MP.
Microbial beta-diversity was influenced by the tillage
practice as well (R*=0.08, p<0.001; Table 4).

Analysis of the taxonomic composition indicated that
the most abundant phyla were Acidobacteria, Actino-
bacteria, Proteobacteria, Planctomycetes, Chloroflexi,
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Stenotrophomonas =
Sanguibacter =
Saccharibacillus =
Pantoea =
Paenibacillus =
Microbacterium =
Leucobacter =

Genus

Kosakonia =
Erwinia =
Epilithonimonas =
Deinococcus =
Curtobacterium =

0

Genotype ll BCC1415

used for affiliation

BCC1589 M BCC436 M BCC768 M Golden Promise M HOR7985

Fig. 4 Isolated endophytes from barley seeds of seven different genotypes. Colors represent the different barley genotypes. Taxonomic affiliation of
barley seed endophytes was determined by alignment of the 16S rRNA gene amplicon consensus sequence to the NCBI database. The first hit was

1 1
10 15
Number of isolates

Morex

Thaumarchaeota, Verrucomicrobia and Bacteroidetes
for barley rhizosphere and bulk soil samples of the two
soil variants MP and CT (Additional file 1: Table S8).
Genotype-dependent differences on phylum level were
observed to depend on the soil variant. Bacteroidetes
had a higher relative abundance in the MP rhizosphere of
Golden Promise (4.05%) compared to BCC1415 (2.06%).
This trend was not visible for CT rhizosphere, but the
proportion of Bacteroidetes in both bulk soils had a simi-
lar level. Actinobacteria reached similar relative abun-
dances in both soil variants for Morex (20.03-20.25%)
and HOR7985 (19.33-20.09%), but compared to those,
they occurred in higher relative abundance in CT com-
pared to MP rhizosphere for BCC768 and BCC1589
(23.68% versus 18.14% and 23.17% versus 17.27%, respec-
tively). Highly abundant genera in rhizosphere and bulk
soil of the two soil variants belonged to Subgroup 6,
Nitrososphaeraceae and Sphingomonas (Additional file 1:
Table S9).

Although the barley rhizosphere microbiome was
highly influenced by the plant genotype as shown by
alpha- and beta-diversity analyses, the taxonomic com-
position and highly abundant genera were also influenced
by the management practice of the agricultural soil. Nev-
ertheless, the seed and rhizosphere microbiota shared
few genera.

Discussion

Managing the plant microbiome to improve plant health
could be a key for a more sustainable agriculture [64].
During the last years more and more research focused
on the indigenous seed microbiome and its potential

beneficial members driving plant’s tolerance to biotic
and abiotic stress factors [65-67]. Seed endophytes that
successfully colonize seedlings have been suggested to
be important research targets for improvement of seed
treatment technologies [68].

In the present study, we demonstrated that the geno-
type of barley had a significant influence on the seed and
rhizosphere microbiome. However, few members of the
seed microbiome were actually detected in the rhizos-
phere. An influence of the genotype on the barley seed
microbiome was already reported in an RNA-based
study by Yang et al. [21]. However, in their study, noth-
ing was known about the genetic relatedness of the dif-
ferent barley cultivars used [21]. In our study, we used
five genotypes of barley that were proposed to present
the genetic diversity within a 224 spring barley accession
set [14]. Although the different seed microbiomes were
influenced by the genotype, no correlation was observed
between the seed microbiome and the genetic variation
in SNPs, suggesting that the seed microbiome is at least
not determined by the SNPs investigated. Future stud-
ies for plant breeding research could explore quantita-
tive trait loci (QTL) related to seed microbial diversity as
already shown for maize leaf epiphytic bacteria [69].

The study of Wehner et al. [14] exploring the same bar-
ley 7’set additionally investigated the priming efficiency
of the different genotypes when primed with Ewusifer
meliloti expR™ against the fungal leaf pathogen Puccinia
hordei. HOR7985 was the best primable genotype [14]
and interestingly, this genotype showed the highest
seed microbiome diversity in the present study (Fig. 1a,
b; Additional file 1: Table S2). High microbial diversity
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romise
ASV_13389 12.86 21.47 5.90 14.93 20.89 14.83 28.44
ASV_13390 5.20 8.65 2.37 5.93 8.32 6.19 10.58
ASV_13396 0.32 0.43 0.19 0.40 051 0.31 0.67
ASV_13391* 0.00 12.88 7.61 0.00 7.44 1.83 6.00
ASV_13392 0.00 0.86 245 0.00 2.98 7.59 4.97
ASV_13393 0.00 4.45 2.38 0.00 2.85 0.92 1.98
ASV_13394 0.00 0.62 1.09 0.00 1.25 2.92 2.27
ASV_13395 0.00 0.14 0.46 0.00 1.20 1.95 2.02
Fig. 5 Phylogenetic analysis of Enterobacteriaceae-related 16S rRNA gene sequences of isolates, ASVs and NCBI reference strains. For the
phylogenetic tree, all Enterobacteriaceae-related consensus sequences of isolated endophytes (nine; pink) and the most abundant unclassified
Enterobacteriaceae ASVs (eight; blue) were used. Additionally, reference strains were chosen from NCBI database (green). The phylogenetic tree
topology was obtained by UPGMA cluster and based on distance methods. Paenibacillus polymyxa DSM 36 T was used as the outgroup organism.
Below the phylogenetic tree, relative abundances of Enterobacteriaceae-related ASVs are shown, the * highlights the ASV that was closely affiliated
to the Kosakonia isolates obtained from HOR7985, BCC436 and BCC768 (see also Table 3)




Bziuk et al. Environmental Microbiome (2021) 16:20

Page 16 of 21

Seed Rhizosphere MP

Rhizosphere CT

Fig. 6 Rhizomicrobiota were influenced by the genotype and shared few genera with the seed microbiota. Species richness of bulk soil and barley
rhizosphere microbiome of seven different genotypes were harvested from the two soil variants MP (mouldboard plough; a) and CT (cultivator
tillage; b). The different genotypes revealed varying Species richness depending on the barley genotype. ANOVA confirmed a significant influence
of the genotype (p <0.001). Values and statistics can be found in Additional file 1: Table S4 and S5. The Venn diagram revealed 39 shared genera
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between the barley seed and both MP and CT rhizosphere microbiota c of all barley genotypes

Table 4 PERMANOVA of barley rhizosphere and bulk soil

samples

PERMANOVA R? p<
Management MP versus CT 0.08 0.001
Bulk soil MP versus CT 0.27 0.05
MP BS versus RS 0.06 0.01
MP RS genotype 0.33 0.001
CT BS versus RS 0.06 0.001
CT RS genotype 0.26 0.001

Rhizosphere (RS) and bulk soil (BS) samples were obtained from seven
different genotypes and an agricultural soil with two diverse tillage practices
(mouldboard plough: MP versus cultivator tillage: CT)

inside seeds may positively shape future interactions with
plant beneficial microorganisms. In accordance with this
assumption, genotype BCC436 that was not primable by
E. meliloti expR™ [14] showed low microbial alpha-diver-
sity (Fig. 1a, b; Additional file 1: Table S2).

The seed microbiome of genotype BCC1415 that was
grown at the same field site in Germany as all other gen-
otypes (except Golden Promise) was most different in
beta-diversity, but surprisingly not the seed microbiome
of Golden Promise grown in the UK (Fig. 1c; Table 1).

The high impact of the genotype on the seed microbi-
ome structure was proven by exclusion of Golden Prom-
ise from the analysis for both alpha- and beta-diversity
(Additional file 1: Fig. S2). Although an influence of the
soil on the establishment of the endophytic seed micro-
biome was reported before [70], it seems that the geno-
type represents higher impact on the seed microbiome.
Previous studies reported similar results for the rice seed
microbiome and the sugar beet seed microbiome show-
ing that the genotype had a higher influence on the seed
microbiome than the geographic location [71, 72].
Although different cultivars and genotypes were
used, the three studies on the barley seed microbi-
ome based on RNA [21] and DNA [5, present study],
found that Pseudomonas and Stenotrophomonas were
prevalent in the seed microbiome, however, in vary-
ing relative abundances. In both DNA-based studies,
Enterobacteriaceae were dominant members in barley
seeds [5, present study], while in the RNA-based study,
Phyllobacteriaceae were highly abundant, possibly due
to the fact that the seed microbiome was activated on
R2A [21]. Despite the different techniques, Paeniba-
cillus and Saccharibacillus were main genera in barley
seeds [21, present study], whereas Sanguibacter and
Curtobacterium were not detected by Yang et al. [21],
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suggesting that these genera might have been metaboli-
cally inactive or of lower relative abundance.

The dominant bacterial phyla, Proteobacteria, Act-
inobacteria and Firmicutes, observed in the barley
endophytic seed microbiome in the present study, were
previously reported from barley seed [5]. These phyla
were also observed to be predominant in the rice seed
microbiome [73, 74], in the wild cabbage seed micro-
biome [75], in pumpkin seed microbiome [76], as well
as in seeds of Brassicaceae [77]. Interestingly, abun-
dant genera in the present study such as Pantoea, Pae-
nibacillus, Kosakonia, Microbacterium, Pseudomonas,
Curtobacterium and Erwinia were also found in rice
seeds [73, 74, 78], while Sanguibacter, Saccharibacillus,
Sphingomonas, Stenotrophomonas and also Microbac-
terium and Paenibacillus were reported from tobacco
seeds [79]. Since those phyla and even genera were
found in seeds of numerous plant species, including
dicots and monocots, we suggest that bacteria affiliated
to these phyla belong to a universal core seed micro-
biome. This core microbiome would be adapted to the
plant compartment and be present in seeds regardless
of the plant species, origin, physiology or metabolism.
The proportion of the members of the core seed micro-
biome seems to vary in relative abundance according to
the plant species and genotype, soil type or geographic
location.

Although the most dominant ASVs in the present
study were affiliated to unclassified Enterobacteriaceae,
the taxonomic affiliation of highly abundant Enterobac-
teriaceae-related ASVs was resolved by comparative
16S rRNA gene sequence analysis with reference strains
and endophytic isolates (Fig. 5). A high proportion of
the respective ASVs shared high sequence identity with
different plant beneficial strains of Pantoea agglomer-
ans [80]. Other ASVs were affiliated to Enterobacter and
strains belonging to this genus were previously reported
to harbor plant beneficial isolates [72, 81, 82]. Enterobac-
teriaceae were also found to be highly abundant in seeds
of other plant species [76, 79] and we assume that they
might contribute to their relative high abundance in the
phyllosphere [83].

Excitingly, endophytes isolated from barley seeds in the
present study shared high 16S rRNA gene sequence iden-
tity with dominant members of the core seed microbiome
(Table 3) thus allowing insights into the potential func-
tions of the respective members of the core seed microbi-
ome. The diversity of isolates obtained from seeds of each
plant genotype did not mirror the Species richness deter-
mined for the respective seed microbiome. Unexpectedly,
Pseudomonas and Rhizobium being abundant members
in the seed microbiome were missing in our isolate col-
lection. This might be due to the cultivation method used
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while also a reduced cultivability due to environmental
stress may play a role.

The plant beneficial traits tested in the present study
(cell wall-degrading enzymes, ACC deaminase, phyto-
hormone synthesis, siderophores and AHL production)
were proposed to be common functions in the plant
endophytic community [82, 84]. Isolates affiliated to
Paenibacillus might be good candidates for biocontrol
of phytopathogens or as plant growth promoting bacte-
ria [85], as these isolates showed many beneficial activi-
ties (Table 3). Only isolates affiliated to Pantoea, Erwinia
and Kosakonia showed siderophore production and
phosphate solubilization. Isolates affiliated to these gen-
era are well-known plant beneficial bacteria. In a previ-
ous study, the relative abundance of the plant pathogen
Xanthomonas campestris pv. vitians was found to be
negatively correlated with the appearance of Pantoea and
Erwinia in lettuce phyllosphere, suggesting an important
role for plant protection [86]. In the current study, most
of the Curtobacterium isolates were affiliated to the spe-
cies C. flaccumfaciens and only one isolate was affiliated
to the species C. herbarum. The latter strain displayed a
functional profile distinct from the other Curtobacterium
isolates (Table 3). Previously, the genus Curtobacterium
was reported as endophyte in various plant species [87—
89]. Different C. flaccumfaciens strains were reported for
their biocontrol activity [90-93]. Additionally, C. herba-
rum CS10 showed siderophore and IAA production and
plant growth promoting activity [94]. The knowledge of
plant beneficial traits of Sanguibacter species is scarce,
but this genus was reported as endophyte before [89, 93].
Sanguibacter isolates from barley seeds in the present
study were capable of ACC deaminase and £3-1,3-glu-
canase. Isolates affiliated to Saccharibacillus were pre-
viously obtained from barley seed [5] and other plant
species [95-97], but only in the present study the poten-
tially plant beneficial functions of Saccharibacillus iso-
lates (B-1,3-glucanase, cellulase, ACC deaminase, IAA)
were determined. Seed endophytes belonging to these
genera offer the potential to study their plant beneficial
traits and the ability to induce resistance.

The indigenous seed microbiome harbors endophytes
that are proposed as synergetic components of the innate
plant immunity, as the rice seed endophyte Sphingo-
monas was able to confer resistance against Burkholderia
plantarii in later plant development [74]. Ubiquitous taxa
in wheat seedlings were found to derive from the seed
microbiome, but also the soil microbiome had an impor-
tant but variable influence [68]. A previous study on the
barley seed microbiome observed that the contribution
of the seed microbiome to the endophytic root micro-
biome changed with increasing plant development and
seed endophytes became less dominant in the endophytic
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root microbiome [21]. In the present study, we observed
that the soil had a high influence on the barley rhizos-
phere microbiome composition, as the observed taxo-
nomic composition and the relative abundances of genera
did not show pronounced differences between the seven
genotypes and were similar to soil and rhizosphere sam-
ples of previous studies focusing on the same field soils
[29, 98]. Most of the highly abundant seed endophytes
were low in relative abundance (Stenotrophomonas) or
not detected (Curtobacterium, Pantoea, Sanguibacter) in
barley rhizosphere samples. Nevertheless, some genera
such as Paenibacillus, Pseudomonas or Sphingomonas
were shared between seed and rhizosphere microbi-
ome, but their relative abundances differed between the
microhabitats.

Interestingly, the influence of the plant genotype on
the rhizosphere microbiome was dependent on the pre-
vious soil management, as displayed by the alpha-diver-
sity indices (Additional file 1: Tables S4, S5 and Fig S4).
The soil with two different tillage histories (mouldboard
plough versus cultivator tillage) had different physico-
chemical characteristics [29] suggesting that the interplay
between soil nutrients and the plant might be important
for the rhizosphere microbiome assembly.

Conclusion

Although a plant genotype-dependent endophytic seed
microbiome was found in the present study, no clear
correlation was observed between the seed microbiome
and the genetic variation among the different geno-
types. Nevertheless, a core microbiome common for
all genotypes was observed. Endophytic bacteria that
were shown to induce plant resistance in previous stud-
ies, belonged to genera that were highly abundant in
the seeds. Excitingly, isolates affiliated to these genera
were obtained from barley seeds in the present study.
Most of the isolated endophytes showed diverse plant
beneficial characteristics in vitro. Our endophytic iso-
lates belonged to genera such as Paenibacillus, Pantoea
and Curtobacterium that contain isolates influencing
plant physiology, but also to genera such as Sangui-
bacter or Saccharibacillus not known for plant benefi-
cial traits. Whether these strains have a plant beneficial
influence in vivo still needs to be elucidated. Although
a plant genotype-dependent rhizosphere microbiome
composition was detected, the contribution of the seed
microbiome was only minor, but some members of the
seed microbiome were also detected in the rhizosphere
microbiome. As seed endophytes may play an impor-
tant role in defense priming, we propose that future
breeding strategies should consider genotypes with high
abundance and diversity of plant beneficial microbes.
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