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Abstract

Background: The grasses in adverse environment such as Qinghai-Tibet Plateau are hypothesized to
survive the harsh climate in part upon their seed-borne microorganisms, and yet the characteristics of the
grass seed microbial communities remain undetermined. Here, we assessed the seed microbial
communities of three native gramineous grass species (Avena sativa, Elymus sibiricus and Elymus
dahuricus) and four candidate legumes (Vicia villosa, Trifolium repens, Trifolium pretense and Medicago
sativa) on the Qinghai-Tibet Plateau by high-throughput sequencing.

Results: A total of 1,013 bacterial operational taxonomic units (OTUs) and 922 fungal OTUs were
observed. The OTUs that shared in all the samples were in high abundance but with different relative
abundances. The majority of bacterial sequences were assigned to Proteobacteria (54~90%) and
Firmicutes (5~41%), and the fungal communities were mainly composed of Ascomycota (23~96%) and
Basidiomycota (2~11%). The fungal communities were more affected by host genetic distance than
bacteria. The three gramineous grasses were speculated to survive the adversity partly due to their high
abundance of beneficial bacteria like Pantoea or Bacillus, and non-pathogenic fungi like Candida or
unclassified Helotiaceae. Also enriched with these potential beneficial taxa, the four leguminous grasses
may be competent to adapt the Qinghai-Tibet Plateau stress. Furthermore, the higher tolerance grasses
(Elymus sibiricus and Elymus dahuricus) possessed a greater number of growth-promoting and tolerance
bacterial and non-pathogenic fungi. Conversely, the less tolerance grass Medicago sativa contained lower
levels of such microorganisms, and showed higher abundance of pathogenic taxa. Furthermore, the
isolated Bacillus subtilis or Pantoea agglomerans could more probably promote seeding growth of hosts
with lower abundance of them, while inhibit if the endo-abundance of was high.

Conclusions: Seed-resident microbiome structure of the four cold-tolerance legumes and three Qinghai-
Tibet Plateau gramineae is host dependent and related to stress resistance. It also has a strong influence
on the response of seedlings to biological seed treatments. This study provides valuable data for
studying plant resilience, identifying more biocontrol strains, maximizing microbial functions in ‘smart
farming’ practices.

Background

In an era of climate change, maximizing microbial functions in plant growth has become a prerequisite
for the sustainability of global agriculture [1].The interiors of plants are usually inhabited by a variety of
microbial communities [2]. High diversity of bacteria and fungi have been isolated or sequenced from
plant seeds [3], roots [4], shoots [5] and leaves [6]. Some of the microorganisms are typed as commensals
with unknown or yet unknown functions in plants, whereas other endophytes confer beneficial effects or
latent pathogens to the plants [2]. Whatever, the endophyte communities as a whole have been reported
to act important role promote plant growth [7] and improve plant stress resistance to biotic and abiotic
stresses [8, 9]. The mechanism mainly involves facilitation of acquisition of essential nutrients including
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phosphorous, nitrogen, iron [10] or modulation of plant hormones such as auxin, cytokinin, and ethylene
as well as polyamines (Poly-NH2), secondary metabolites (SMs) [2].

The plant seeds are the starting point for the next generation, and also evolved along with diverse
microorganisms [3, 11]. Seed endophytes were reported to beneficial the plants starting from seed
preservation and germination [12-15] to seedling growth and stress tolerance [16, 17]. In plant microbial
assembly, small differences in early colonization processes may lead to large differences in community
of later stages of life (that is, priority effects) [18]. Given the importance of priority effects in plant
microbiomes, a comprehensive study of seed bacterial and fungal community and managing microbial
assembly in seeds and seedlings should be a research priority [1]. However, the study of the seed’s
microbiota was largely based on culture-dependent investigations in the past [11, 19] and lagged behind
the studies of microbiome in leaf and root [20—-22]. Seeds from ecologically and geographically diverse
were reported to harbor characteristic microbiota [23—25]. The comprehensive study of seed microbiome
by means of ribosomal amplicon-based approaches have mostly focused in some field-crop plants like
Maize [26], Rice [27], Bean [25] and and Barley [28]. However, the comprehensive understand of endophyte
microbiome in grass seeds remains enigma.

Some stress tolerant plants like Agave and Quinoa are reported to have distinguishable microbiome
which plays a crucial role in the adverse resilience and productivity of hosts [22, 29]. The Qinghai-Tibet
Plateau is the highest altitude plateau in the world, and is called the “Roof of the World” and the “Third
Pole”. Due to the harsh climate, the pastures in the Plateau are mainly occupied by some gramineous
grasses, but the vulnerable legumes are shortage, and only a few leguminous seeds could be harvested.
The balance of leguminous and gramineous forges is important to ensure the forage quality and the
sustainable development in this area. Thus, it is urgent to introduce high-quality adaptable legumes. We
hypothesize that the grasses in Qinghai-Tibet Plateau could survive the harsh climate in part upon their
special seed-associated microbial assemblages and some microorganisms that were more enriched in
stress-tolerant grasses have the potential to promote plant growth and stress tolerance. The cultivars of
Avena sativa, Elymus sibiricus and Elymus dahuricus used in our study are three economically important
gramineous grasses in Qinghai-Tibet Plateau. And the selected four candidate leguminous grass seeds
(Vicia villosa, Trifolium repens, Trifolium pretense and Medicago sativa) are all with high tolerance for the
stress environment and prepared to introduce planting in the area. The structure of the bacterial and
fungal communities associated with the seven seeds was investigated using 16S rRNA gene and ITS
amplicon sequencing.

The plant microorganisms isolated from plants grown in semi-arid environments can promote the growth
and improve stress tolerance of a variety of crops [30-32]. Although a number of plant-growth-promoting
microorganisms have been reported, they may occasionally outcompete resident microbiomes,
potentially having unexpected effects on the hosts [33]. Thus, an understanding of mutual

interactions between inoculants and resident microbiome is also required. We were additionally isolated
two abundant beneficial microorganisms and their influence on seed germination and seeding growth of
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different hosts were also examined, and their interactions with seed-resident microbiomes were
discussed.

Material And Methods

Seeds sources

For the microbiome analyses, seven different grass were detected in this study (Tablel).
The gramineous seeds including Avena sativa, Elymus sibiricus and Elymus dahuricus were
collected from Hongyuan County, Sichuan Province, China (elevation 3500~3600 m,
31°50'033°22'°N, 101°51'0103°23'°W), which was located in the eastern Qinghai-Tibet
Plateau. The leguminous seeds including Vicia villosa, Trifolium repens, Trifolium pretense
and Medicago sativa were purchased from Beijing Baxter Grass Company, and produced
from different countries like China, Australia, and USA (Table 1). All of the seeds were
collected in the summer of 2017 and stored separately in plastic bags at -20°C until
analysis. Host phylogenetic analysis of the seven grass seeds were determined through the
analysis of sequence of genes rbcL. (Rubisco large subunit) and matK (tRNA-Lys) intron
that were downloaded from NCBI [20]. The seeds of Vicia villosa and Avena sativa have
higher seed weight and clustered far from other seeds of same family (Table 1; Additional
file 1: Figure S1 and Figure S2a).

Table 1 Seed samples analyzed in this study.

Samples Family Geographical origin Thousand Kernel Weight/g
Vicia villosa Leguminosae Yunnan, China 62.49

Trifolium repens  Leguminosae Unknown, Australia 0.67

Trifolium pratense Leguminosae Oregon, USA 1.89

Medicago sativa Leguminosae Oregon, USA 1.98

Avena sativa Poaceae Sichuan, China 32.1

Elymus sibiricus Poaceae Sichuan, China 4.22

Elymus dahuricus Poaceae Sichuan, China 4.18

Sample preparation

Ten grams of each grass seed sample were Surface-sterilized with 4% Sodium
percarbonate (Na,CO51.5H,0,, aladdin®) 15 or 30 minutes based on differences in the

texture of the seed coat (30 min for Elymus sibiricus and Elymus dahuricus seeds, and 15
min for other seeds), then the bleach was drained. The surface-sterilization was done at

30°C in an orbital shaker (180 rpm). Then each sort of seeds was rinsed with autoclaved
distilled water three times. After draining the water, the seeds were physically Grind into
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powder with 75% ethanol-sterilized grinding machine (Royalstar GR150A) for 1-3 minutes.
The seed powder was separately packed in a 2 ml centrifuge tube and stored in -20°C for
later use.

DNA extraction, PCR and sequencing

Total genomic DNA from 150 mg seed samples described above was extracted according to
the descriptions of kit (Quick-DNA Plant/Seed Miniprep Kit of Zymo, Catalog No. D6020).
DNA concentration and quality were checked using a NanoDrop Spectrophotometer. All
seeds were performed in three biological replicates and three technical replicates. The V4
region of 16S rRNA gene and the ribosomal internal transcribed spacer 2 (ITS2) were PCR-
amplified to assess bacterial and fungal diversity, respectively [34, 35]. For 16S rRNA gene
amplification, the PLNAM (GTCGAACGTTGTTTTCGGp/ CTTCACCCCAGTCGAAGAp) and
PLNAP (GTCGAACGGGAAGTGGTp/ CTTCACTCCAGTCGCAAGCp) primer pairs
(phosphorylation at the 3’ end) were used to block amplification of host plant plastid and
mitochondrial sequences and increased the proportion of prokaryotic reads for the seed
endosphere. Primer: 515F (GTGYCAGCMGCCGCGGTAA) and 806R
(GGACTACHVGGGTWTCTAAT) were used to amplify the V4 region of 16S rRNA gene and
Primer: ITS3_KYO2 (GATGAAGAACGYAGYRAA) and ITS4 (TCCTCCGCTTATTGATATGC)
were used to amplify the ITS2 region. Each seed sample was amplified using the specific
primer with 12 nt unique barcode.

The PCR mixture (50 pL) contained 2x PCR buffer, 1.5 mM MgCl2, each
deoxynucleoside triphosphate at 0.4 pM, each primer at 1.0 uM, 0.5 U of KOD-Plus-Neo
(TOYOBO) and 10 ng template DNA. The PCR amplification program consists of initial
denaturation at 94°C for 1 min, followed by 30 cycles of denaturation at 94°C for 20 s,
annealing at 55°C (16S rRNA gene) or 48°C (ITS) for 30 s, elongation at 72°C for 30 s, and
a final extension at 72°C for 5 min. PCR products from different samples were pooled with
equal molar amount and the library was applied to paired-end sequencing (2x250 bp) with
the Illumina Hiseq apparatus at Rhonin Biosciences Co., Ltd. All quality sequence files
supporting the findings of this article are available in the NCBI Sequence Read Archive
(SRA) under the BioProject IDs PRJNA578890 and PRJNA578958.

Data processing and statistical analyses

The sequences were analyzed according to Usearch (http://drive5.com/uparse/) and
QIIMEDS pipeline. Paired-end reads from the original DNA fragments were merged using
FLASHA4. Then sequences were assigned to each sample according to the unique barcode.
Sequences were clustered into operational taxonomic units (OTUs) at 97% identity
threshold using UPARSE algorithms8 [36]. To obtain the taxonomic information of the
OTUs, representative sequences of each OTU were generated and aligned against the

SILVA and UNITE databases using the uclust classifier in QIIME for 16S rRNA gene and
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ITS2, respectively. We picked representative sequences and removed potential chimeras
using Uchime algorithm. In case of the influences of sequencing depth on community
diversity, the OTUs table was sub-sampled to the lowest number of read counts for further
analysis. All data analyses were performed using R7 or Python (https://www.python.org/).
Weighted and Unweighted Unifrac distances were calculated in GUniFrac. Calculation of
community parameters including Chaol richness, Simpson’s index D and the Shannon-
Weiner index H’ was performed using mothur. Principal Coordinate Analysis (PCoA) was
performed to assess the beta diversity based on Bray-Curtis distance. Possible functions of
the bacterial communities were predicted with Tax4Fun [37] and the genes related to plant
growth-promoting (PGP) and sporation were selected based on study of grassland soils and
Grapevine rootstocks [38, 39]. Kruskal-Wallis rank sum test was performed to show the
significance of the difference on alpha diversity and taxa among different groups. To
determine if there were significant distincts among different groups, permutational
multivariate analysis of variance (PERMANOVA) was performed based on the dissimilarity
matrix. Differences in the relative abundances of genera between samples were determined
using Student’s two-sample t-tests.

Isolation and identification of bacteria from grass seeds

About 0.2g of the seven seeds powder described above was added in a triangular flask, with
20ml of sterile water, 5g of sterile glass beads (3.5mm diameter). The seed microbiota was
enriched at 28°C in an orbital shaker (180 rpm) for 4h. Ten-fold serial dilutions of these
powder seed suspension (10X and 100X) were streaked on LB solid plates (10 g/L tryptone,
5 g/L, yeast extract and 10 g/L NaCl, pH 7.2, 15g/L agar ), followed by incubation for 3
days at 28°C. Morphologically unique bacterial colonies from each plate were selected, and
streaked on fresh plates to purify and finally cultured in LB broth for glycerol stocks and
DNA extraction. Genomic DNA of each isolates was extracted and PCR was amplified using
the primers 27F/1492R of 16s rRNA gene [40](Delong, 1992). Sanger sequencing of the
PCR product was carried out in sequencer ABI 3730XL. The obtained 16S rRNA gene
sequences were aligned and the affiliations deduced using both BLAST analysis in the
EzTaxon server (https://www.ezbiocloud. net/) [41] and NCBI BLAST Resources
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The 16S rRNA genes nucleotide sequences of the
two isolates used in our study were deposited to the GenBank® database under accession
numbers MN595066 and MN595067.

Plant growth promotion assay

The microbiome structure-dependent effect of the selected bacterial strains on germination
of seeds and the growth of grass seedlings were assayed by seed inoculation experiments
[42]. The grass seeds of Vicia villosa, Medicago sativa, Elymus sibiricus and Elymus
dahuricus were Surface-sterilized as above descript. The bacterial strains were grown in
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LB medium for 24h at 28°C and the density determined by colony forming unit (CFU)
analysis. Bacterial inoculation was performed through soaking seeds in water containing

107 bacteria ml~! for 4h at 28°C while control seeds were soaked in sterile water.
Incubated seeds were Transferred to Petri dish with two layers of filter paper and 5ml of
sterile water, the germination rate of seeds were calculated after 4 days, the seeding of
Medicago sativa, Elymus sibiricus and Elymus dahuricus could rooted in the filter paper
and growing in the Petri dish without cover, while the seedlings of Vicia villosa was larger
and cannot be fixed on filter paper, so we transferred the Vicia villosa seedings to seed
germination pouch (PHYTOTCTM, Size: 140mm*125mm) when it germinated. The fresh
weights of the seedlings of the Vicia villosa and Medicago sativa (7-day-old) or Elymus
dahuricus and Elymus sibiricus (14-day-old) were weighed. The experiment was carried out
in 3 replicates for each strain with 100 bio-primed seeds from each grass. Plant growth
promoting effects of the microorganisms were statistically analyzed using the SPSS
program version 20.0. The significance of the differences in the germination rate and fresh
weights between the control and treatment groups was calculated using a pairwise t test
with independent samples.

Results

The Sequencing Data Sets

A total of 720,608 and 721,979 clean reads was generated from 16S rRNA gene and ITS
sequencing data, respectively. Sequence numbers per sample varied from 30,034 to 39,839
reads (median 34,259) for bacteria and 30,347 to 38,215 reads (median 35,007) for fungi.
These reads were assembled into 1,013 distinct bacterial operational taxonomic units
(OTUs) (measured at 97% identity) and 922 fungal OTUs. All of the grass seeds had a total
67 common bacterial OTUs, accounting for 74.9% in all sequence reads. OTUs that were
unique to each community ranged from 43 to 146, but occupied in low abundance (0.2% to
1.5%) (Fig. 1a). There were 115 fungal OTUs overlapped in the all species seeds, which
represented a large fraction (95.5%) of all fungal sequence reads, and the OTUs unique to
each grass were also in low abundance (Fig 1b). Thus, the difference of bacterial and
fungal community among the seven grass seeds was mainly come from the relative
abundance of the shared OTUs rather than the presence or absence of specific OTUs.

(Fig. 1)

Fig. 1 Venn plot of bacterial (a) and fungal (b) communities of seven seed groups. Venn
diagrams show absolute number of operational taxonomic units (OTUs) and the relative
sequence percentage in the total number of OTUs.

Microbial community diversity of each grass seed
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Comparing the bacterial and fungal communities associated with Leguminosae (sample
numbers n=12) and Poaceae (n=9), no significant differences were detected through
Chaol, Simpson’s index and the Shannon index by independent-sample T Test. The bacterial
community diversity was significantly higher in seeds of Vicia villosa and Trifolium repens
and lower in Medicago sativa and Avena sativa, while the fungal community diversity was
most highly in seeds of Avena sativa and lower in Elymus sibiricus and Elymus dahuricus
(Fig. 2a). Beta diversity analysis based on weighted UniFrac distances (Bray-Curtis) was
performed (Fig. 2b). It was shown that the fungal communities of the seven seeds were
more distinctively clustered by the host genetic background than bacterial (Additional file
1: Figure S2). Unexpectedly, the bacterial and fungal community of gramineous seeds
Avena sativa clustered far from Elymus sibiricus and Elymus dahuricus while closer to
leguminous seeds. Especially, the bacterial communities of Avena sativa clustered together
with the Trifolium repens and Medicago sativa.

(Fig. 2)

Fig. 2 The Alpha (a) and Beta (b) diversity of the seed bacterial and fungal communities.
The four legqumes (Vicia villosa, Trifolium repens, Trifolium pretense Medicago sativa) and
three gramineous grass species (Avena sativa, Elymus sibiricus and Elymus dahuricus)
were abbreviated in the figures. The beta diversity was based on Bray-Curtis distance of
OTUs.

Differences in bacterial communities across grass species

After normalization and taxonomic assignment, some highly abundant genera were shared
between the seven grass species, but the relative abundance of those showed high
variations. (Fig. 3; Table 2). The bacterial communities were mainly composed of
Proteobacteria (54~90%) and Firmicutes (5~41%) in different species. Firmicutes was
more abundant in seeds of Vicia villosa (25%), Elymus sibiricus (41%) and Elymus
dahuricus (24%) than Trifolium repens(16%), Trifolium pretense (10%), Avena sativa
(10%) and Medicago sativa (5%) (Table 2). Firmicutes were mainly composed of Bacilli
(5~38%). Proteobacteria was abundant in all of the grass seeds but had distinct in each
species. Proteobacteria were represented by the classes of GammaProteobacteria
(28~80%), AlphaProteobacteria (2~31%) and BetaProteobacteria (3~10%).

About 73% of the bacterial OTUs could be identified at genus level (Additional file 1:
Figure S3a). The relative abundance of the 10 most abundant bacterial genera of seven
grass seeds is shown in the Circular visualization picture (Fig. 3). GammaProteobacteria
was dominated by genera Pantoea, Aeromonas, Acinetobacter, Salmonella (Additional file
1: Figure S3a). AlphaProteobacteria was represented by genera Sphingomonas and Bacilli
was represented by Bacillus and Lactobacillus. The seed of Vicia villosa and Trifolium
repens exhibited a high diversity of bacterial taxa and the relative abundance of each taxon
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was more balanced than other seeds. Vicia villosa had higher abundance of Acinetobacter
(8%), Sphingomonas (5%) LactoBacillus (6%), but had lower abundance of Bacillus (4%)
and Pantoea (2%) than other seeds. In the seeds of Trifolium pratense, Medicago sativa and
Avena sativa, GammaProteobacteria comprised more than half of the seed bacteria
microbiota (63~80%). This preponderance was mainly due to the dominance of Pantoea
(27%) and Aeromonas (11%) in Trifolium pratense, Pantoea (36%) and Salmonella (12%)
in Medicago sativa, and Pantoea (42%) in Avena sativa. The seeds of Elymus sibiricus and
Elymus dahuricus were more abundant with Bacillus (19 and 11%, respectively). And the
Elymus dahuricus was also enriched with Sphingomonas (25%).

(Fig. 3)

Fig. 3 The relative proportion of abundant bacterial taxa on each grass seed. The left side
of the figures showed the ten most abundant genus in bacterial communities, and the order
level taxonomic groups have been shown above the genus name and bracketed. The right
sides represent different seed samples. The different colors of the inner ring represent
different taxa or seed samples and the corresponding outer ring shows their proportion.

Differences in fungal communities across grass species

Seed-resident fungal communities of each grass seeds also contained different proportion
of shared fungal taxa. However, their relative abundance was more significantly different
and more distinctively clustered than bacteria by the host genetic background. The fungal
communities were dominated by different taxa even in class and order level (Fig. 4; Table
2). The OTUs of the fungal communities were mainly identified as Ascomycota (23~96%),
Basidiomycota (2~11%) and other unclassified taxa (1~70%) in the seven species seeds. At
the class level, it was dominated by Leotiomycetes (3~74%), Dothideomycetes (9~50%) and
Saccharomycetes (5~33%) in Ascomycota. At order level, Helotiales (2~73%) in
Leotiomycetes was most abundant, followed by Saccharomycetales (5~33%) in
Saccharomycetes, Pleosporales (3~43%) and Capnodiales (2~23%) in Dothideomycetes
(Table 2).

Only 23% of the fungal OTUs were identified up to genus and 45% to family level, while
68% could be assigned to order level (Additional file 1: Figure S3b). Thus, we make the
circos plot of fungal at the order level (Fig. 4). Candida was the representative genera in
Saccharomycetales and was the most abundant (33%) in Vicia villosa seeds. Trifolium
repens was also enriched with Candida (14%), and also distinctively abundant with
unclassified Helotiales(41%), dominated by Sclerotiniaceae (39%). Trifolium pratense was
only abundant with unidentified fungi (70%). Medicago sativa was dominated by
Capnodiales (23%), represented by unclassified Mycosphaerellaceae (21% of all).
Moreover, the seed of Avena sativa was enriched with both Candida (17%) and Alternaria
(18%), and the latter was assigned to Pleosporales (43%). However, Elymus sibiricus and
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Elymus dahuricus were also in high abundance with Helotiales, but it was dominated by
unclassified Helotiaceae (69 and 59% respectively), which was distincted from the
unclassified Sclerotiniaceae in Trifolium repens. In addition, the unidentified fungi were
founded only enriched in the four leguminous grass seeds, and their dominate OTUs in each
species were different, such as OTU_2 in Vicia villosa (29%), OTU_9 in Trifolium repens
(16%), OTU_5 in Trifolium pratense (55%) and OTU_4 in Medicago sativa (38%).

Table 2 The relative abundance of dominated bacterial and fungal taxa (From phylum to
order level).
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Taxonomic Vicia Trifolium Trifolium MedicagoAvena Elymus Elymus

assignment villosa repens  pratense sativa sativa sibiricus dahuricus
Bacteria
Proteobacteria & 58% 60% 77% 90% 86% 54% 71%
bGammaPro teobacteria34% 43% 63% 80% 74% 45% 28%
Enterobacteriales¢ 13% 25% 40% 59% 52% 32% 16%
Pseudomonadales® 10% 7% 7% 8% 8% 5% 5%
Aeromonadales ¢ 3% 4% 11% 7% 7% 4% 2%
AlphaProteobacteria ? 19% 7% 3% 3% 5% 2% 31%
Sphingomonadales® 7% 3% 2% 1% 3% 1% 25%
BetaProteobacteria? 3% 9% 7% 6% 6% 6% 10%
Burkholderiales® 2% 4% 3% 2% 3% 3% 8%
Firmcutes? 25% 16% 10% 5% 10% 41% 24%
Bacilli® 19% 11% 7% 5% 8% 38% 21%
Bacillales® 9% 3% 2% 3% 4% 25% 15%
Lactobacillales € 10% 8% 5% 2% 4% 12% 7%
Fungi
Unidentified Fungie  39% 23% 70% 49% 10% 2% 1%
Ascomycota? 56% 71% 23% 46% 78% 96% 94%
Leotiomycetes? 8%  42% 8% 3% 7% 74% 63%
Helotiales® 7%  41% 7% 2% 6% 73% 62%
Dothideomycetes b 14% 12% 9% 33% 50% 12% 21%
Pleosporales® 10% 8% 3% 9% 43% 7% 3%
Capnodiales® 2% 3% 5% 23% 5% 4% 6%
Saccharomycetes® 33% 16% 5% 9% 19% 7% 9%
Saccharomycetales¢33% 16% 5% 9% 19% 7% 9%
Basidiomycota? 4% 5% 7% 5% 11% 2% 5%

a,b,CThe OTU designation was performed at phylum, class and order level, respectively.
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(Fig. 4)

Fig. 4 The relative proportion of abundant fungal taxa on each grass seed. The left side of
the figures shows ten most abundant orders in fungal communities, and the genus level
taxonomic groups have been shown below the order name and bracketed; The specific
OTUs or family name were shown according to the seed samples color when the order
dominated by different taxa in different seeds. The right sides represent different seed
samples. The different colors of the inner ring represent different taxa or seed samples and
the corresponding outer ring shows their proportion.

Predicted bacterial function diversity

To assess how variation in bacterial communities may influence the function diversity of the
seven species seeds, Tax4Fun were used to predict the functional properties of taxa units
detected by 16S rRNA gene analysis (Fig. 5). The seed bacterial community of Trifolium
repens and Trifolium pretense was predicted to have similar function, and it was also
similar between Medicago sativa and Avena sativa. Functions responsible for metabolism of
Energy and Amino Acid were found to be significantly higher in Vicia villosa than other
seeds, and functions responsible for Nucleotide metabolism were significantly more
abundant in seeds of Trifolium repens and Trifolium pretense. It was predicted that a lower
rate of metabolic activity within the bacterial cells of Elymus (Elymus sibiricus and Elymus
dahuricus) seeds compared with other seeds (Fig. 5; Additional file 1: Table S1). We also
compared the abundance of many KEGG Ortholog (KO) profiles related to plant growth-
promoting (PGP) and spore formation traits (Additional file 1: Table S2). The predicted
abundances of enzyme-encoding genes involved in general PGP traits and spore formation
were more abundant in Elymus seeds. It also showed many enrichments of PGP traits in the
four leguminous and Avena sativa seeds. For example, the function of phosphate
solubilization was most abundant in Medicago sativa.

(Fig. 5)
Fig. 5 Relative proportions of predicted function of 16S rRNA gene at KEGG level 3. All of
the function of gene were with abundance over 1%. The color code refers to Z score of

relative abundance, with high predicted abundances (red) and low predicted abundances
(Green).

Microbial interaction networks in the grass seed microbiome

A microbial interaction network for the abundant bacterial OTUs (Abundance over
0.2%) in all samples were conducted, and only 75 of 80 OTUs were significant interactions
(Pearson Correlation Coefficient > 0.5; p < 0.05) and shown in Fig. 6. The bacterial taxa
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involved in significant interactions are dominated by Proteobacteria (66.7%) followed by
Firmicutes (24.0%), Bacteroides (4.0%) and Actinobacteria (2.7%). Among several positive
interactions observed, a strong co-occurrence relationship was shown for some members of
Sphingomonasl [2/3, Ralstonia, Burkholderia, Hyphomicrobiaceae and Methylobacterium.
We also found that some of the highly abundant taxa (Rectangle marked) were more likely
to co-occurrence with members in same phylum, but co-exclusion with members in different
phylum (Fig. 6). The OTU Pantoeal in Proteobacteria was only positively correlated with 5
OTUs (Pantoea?, 3, Aeromonasl, Haemophilusl, and Pseudomonasl) and all belonged to
Proteobacteria (5/5, five out of five OTUs), while was more negatively correlated with
members in different phylum (6/7), including Firmicutes (LactoBacillusl, 2, Enterococcus,
RummeliiBacillus and LysiniBacillus) and Actinobacteria (Rothia). Aeromonasl was also
only positively correlated with same phylum members and negatively correlated with
different phylum members. The OTU Bacillusl belonging to Firmicutes was also more
positively correlated with the members in Firmicutes (7/9) than Proteobacteria (2/9). The
situation was also same for Sphingomonasl, among the seven co-occurrence OTUs, six out
of seven were same phylum). The other OTUs have same trend but not significant as these
abundant taxa. About 39 of 42 Fungal OTUs were significant interactions (Additional file 1:
Figure S4), and the fungal taxa are dominated by Ascomycota (66.7%), Basidiomycota
(20.5%) and Unidentified fungi (12.8%). Most of the significant interactions were positive
(72/74) and the highly abundant taxa (Rectangle marked) was not more likely to co-
occurrence with members of the same phylum and exclusive with members of different
phylum. A strong co-occurrence were shown among g Alternaria, OTU_19,

o_ Pleosporales?, f Pleosporaceae2, g Phaeosphaeria, o__Pleosporales4.

(Fig. 6)

Fig. 6 Significant co-occurrence and co-exclusion relationships among the grass seeds
bacterial microbiome. Each node represents a bacterial OTU (Abundance > 0.2%),
describing on genus-level. In cases where the identification of the OTU was not assigned on
a genus level, higher-level taxonomic groups have been shown and labeled as “ ” after the
name. When several OTUs were assigned to the same taxa, the numbers (1-5) were added
to the name in order to differentiate between the nodes. The color of nodes corresponds to
the phylum, and the rectangle nodes represented the abundant OTUs (Abundance > 4%).
Only significant interactions are shown (Pearson Correlation Coefficient > 0.5; p < 0.05).
Edge width is proportional to the absolute value of the Pearson correlation coefficient, and
color indicates the sign of the association (red positive, blue negative).

Different response to the isolated biocontrol strains
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From the high-throughput data of 16S rRNA gene, Pantoea content was high in all the other
seeds except for Vicia villosa. Furthermore, Bacillus was only significant enriched in the
seeds of Elymus sibiricus and Elymus dahuricus. Reportedly, most of Pantoea and Bacillus
strains were beneficial to plant growth and potential biocontrol strains. We would like to
know if the effects of these biological control strains are affected by the inherent
abundance of the strain in host seeds. Firstly, we undertook efforts to culture bacteria
corresponding to Pantoea and Bacillus from the seven seeds. By incubating the grass seeds
in LB solid medium, about 10 different bacterial colony morphologies were observed. In the
isolated plates, the colony similar in morphology to Bacillus and Pantoea were also in high
abundance, a finding in line with results from the sequencing results. Here, Bacillus from
seeds of Elymus sibiricus and Pantoea from Elymus dahuricus were isolated and chosen as
test strains. The 16S rRNA gene full sequencing results showed that the two strains shared
highest sequence homology with Bacillus subtilis and Pantoea agglomerans, respectively.

According to the different abundance of Pantoea and Bacillus, two gramineous grasses
(Elymus sibiricus and Elymus dahuricus) and two leguminous grasses (Vicia villosa and
Medicago sativa) were selected as the test plants. The surface-sterilized seeds were soaked

in sterile water (Control) or sterile water containing 107 bacteria ml~ ! of Bacillus subtilis
or Pantoea agglomerans for 4 h at 28°C, separately. The seed germination rates s and the
seedling fresh weights were calculated for assessing the effect of growth-promoting. We
observed a different influence of the two strains on the growth of the four grasses (Fig. 7).
The incubation of Bacillus subtilis significantly increased the germination rate (P<0.001)
and promote the seedling growth of Vicia villosa (P<0.01). As for the Medicago sativa,
Bacillus subtilis also showed to a stimulating effect on germination and biomass, although
this effect was not obvious. Unexpectedly, we detected that Bacillus subtilis had a clear
detrimental effect on the germination and seedlings growth of Elymus sibiricus and Elymus
dahuricus, and the inhibition was more pronounced in Elymus sibiricus. External
application of Pantoea agglomerans promoted germination and seedling growth of Vicia
villosa, but the effect was not as obvious as the improvement of germination by Bacillus
subtilis. While a negative effect of Pantoea agglomerans was shown on the growth of
Medicago sativa, Elymus sibiricus and Elymus dahuricus, and the inhibition was more
significant in Elymus sibiricus and Elymus dahuricus.

(Fig. 7)

Fig. 7 Effect of the two isolated strains on the germination rate and seedling fresh weights
of grasses. The seedling of Vicia villosa (a) and Medicago sativa (b) were one week old,
and the seedling of Elymus sibiricus (¢) and Elymus dahuricus (d) were two weeks old. The
statistical results of germination rate (e), and seedling fresh weights (f) were shown.
“Bacillus” means treatment with Bacillus subtilis and “Pantoea” means treatment with
Pantoea agglomerans. The Fresh weight of Vicia villosa were the average weight of 3
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plants in one replicate group, and the Fresh weight of Medicago sativa, Elymus sibiricus
and Elymus dahuricus were the average weight 30 plants in one replicate group. Statistical
figure was expressed by the geometric mean + standard deviation.

Discussion

In this study, all the cultivars of the three native gramineous grass species (Avena sativa, Elymus sibiricus
and Elymus dahuricus) from the Qinghai-Tibet Plateau and the four candidate legumes (Vicia villosa,
Trifolium repens, Trifolium pretense and Medicago sativa) have strong cold tolerance, especially the
gramineous species. Through the comprehensive analysis of the bacterial and fungal communities, a
large fraction of bacterial (74.9%) and fungal (95.5%) OTUs were shared in common, indicating a high
commonality among these communities. The bacteria Proteobacteria and fungi Ascomycota were
detected abundant in all of the grass seeds and which were also revealed dominated in many plant seeds
[23, 24, 43]. It is inferred that many taxa in the two phyla may be ubiquitous in the endogenous
environment of plant seeds. These high abundance bacteria and fungi may act as ‘core microbiomes’
contributing to seed storage, plant growth and stress resistance [16, 17], and the high commonality may
be related to their similar resistance traits.

The previous work showing that Firmicutes was more abundant in stress-resistant plants such as Agave
and Quinoa [22, 29]. To our knowledge, Firmicutes is commonly considered as monoderm bacteria (lack
an outer cell membrane and contain thick cell walls), which might provide an advantage in their capacity
to survive in plant seed under harsh conditions such as drought and UV radiation [44](Xu et al,, 2018). In
our study, we detected higher abundance of Firmicutes OTUs in grass species with higher stress resilience
like Vicia villosa (25%), Elymus sibiricus (41%) and Elymus dahuricus (24%), and lowest abundance in
less tolerance grass Medicago sativa. Thus, the abundance of Firmicutes may partly explains the
different adversity resilience of the seven grasses.

Despite the high commonality, a high species specificity of microbial assemblages was also revealed in
this study. And the fungal communities of the seven seeds were clustered more distinctively than bacteria
by host genetic background (Fig. 2b; Additional file 1: Figure S2). This was consistent with microbiome
study in Brassicaceae [24], sunflower [45] and Apple [46], where host genotypes have a stronger effect on
fungal microbiota than bacteria. Unexpectedly, the microbial community of gramineous seeds of Avena
sativa clustered far from Elymus sibiricus and Elymus dahuricus, and the bacterial community even
clustered together with the Trifolium repens and Medicago sativa. Indeed, differences in seed bacterial
and fungal communities could not only be explained by cultivators or species of host plants, but also
some abiotic (geographic location, seed processing and storage) factors [24, 25, 47]. Except genetic
background, the seven grass seeds in our study also have different seed weight, morphological structure
and geographic location; all of these factors have been reported to influence seed microbiome structure
[47]. The gramineous Avena sativa seed were significantly differentwith Elymus sibiricus and Elymus
dahuricus in seed weight, morphological structure (Table 1; Additional file 1: Figure S1), which may be the
main factors driving the difference of their microbial structures.
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Further, we investigated the proportion of potential probiotics in the three gramineous grass seeds. Avena
sativa was in high abundance with bacteria Pantoea (42%) and Fungi like Candida (17%) and Alternaria
(18%). Pantoea are featured as IAA producing, salt and osmotic tolerant endophytes [48]. The abundant
fungus Candida belongs to Saccharomycetales, which was mostly reported to have Trophic Mode of
Saprotroph and is unlikely to be a pathogen [49]. Alternaria is frequently detected with high abundance in
healthy plants and some species are considered opportunistic plant pathogens [50], but it may also be
beneficial [51]. The species Alternaria alternate was reported to enhance fitness of their hosts by
stimulating the production of secondary compounds [52]. Although the content of beneficial bacteria
Pantoea in Elymus sibiricus O%) and Elymus dahuricus (12%) was lower than that of Avena sativa, it
wasalso in high abundant. Besides, the bacteria Bacillus (19 and 11%) and fungi unclassified species of
Helotiaceae (69 and 59%) were only found enriched in seeds of Elymus sibiricus and Elymus dahuricus,
respectively. In addition, Elymus dahuricus were also enriched with the bacteria Sphingomonas (25%).
Both the bacteria Bacillus and Sphingomonas were considered as beneficial taxa [53]. In addition, the
Tax4fun prediction also indicated a lower rate of metabolic activity and a higher ability of spore-forming
within the bacterial cells of Elymus sibiricus and Elymus dahuricus seed. Reduction self-metabolic
consumption and dormancy of spore-forming bacteria are thought to provide an opportunity to buffer
impacts from changing environment [54, 55]. Reportedly, most members of fungi in Helotiales were
putative as non-pathogen (Probable Saprotroph-Symbiotroph) [49]. Thus, the high stress tolerance of the
three gramineous grasses in Qinghai-Tibet Plateau were speculated to partly due to their high abundance
of beneficial bacteria like Bacillus, Pantoea, Sphingomonas and Non-pathogenic fungus like Candida and
classified Helotiaceae within seeds.

We further investigated the content of probiotics in the four leguminous grass seeds. The beneficial taxa
Pantoea was also enriched in Trifolium repens (11%), Trifolium pretense (27%) and Medicago sativa
(36%). Although the Vicia villosa seeds harbored lower Pantoea (2%), it has a wealth of other beneficial
taxa like Acinetobacter (8%) [53] and Sphingomonas (5%). In addition, the Non-pathogenic fungus
Candida was also enriched in Trifolium repens (14%) and Vicia villosa (31%). The unclassified
Sclerotiniaceaein Helotiales that also predicted Non-pathogen was abundant in seeds of Trifolium repens
(39%) [49]. The four legume varieties also enriched with many beneficial taxa, and it indicated that they
also have the potential to adapt the harsh environment in Qinghai-Tibet Plateau. Except beneficial taxa,
Medicago sativa was most abundant with the putative pathogenic fungi (unclassified
Mycosphaerellaceae, 21%) and bacteria (Salmonella, 12%) [49, 56]. Our field observations exhibited that
the adaptabilityof Medicago sativa to high altitude regions was the worst among the seven species,
which was presumably related to its microbial composition. Taken together, the relative abundance of
these dominated bacteria and fungi in grass seed may have close relationship to their stress resilience.
The higher tolerance grasses (Elymus sibiricus and Elymus dahuricus) possessed a greater number of
growth-promoting bacterial and non-pathogenic fungi. Conversely, the less tolerance grass Medicago
sativa contained lower levels of such microorganisms, and showed higher abundance of pathogenic
taxa.

Page 16/31



Furthermore, from Microbial interaction networks, we found that some of the highly abundant bacterial
taxa were more likely to co-occurrence with members in same phylum, but co-exclusion with members in
different phylum (Fig. 6). It was reported that high abundance bacteria and fungi do not necessarily
promote plant growth directly and are more likely to participate in organizing the assembly of plant-
associated microbiomes to elevate adverse tolerance or stimulate growth of host plants [1]. One OTU
belonging to the putative plant pathogen Ralstonia was reported to positively correlated with the
beneficial Burkholderiaceae [56]. Similarly, Ralstonia was also positively correlated with the beneficial
taxa like Sphingomonas1/2/3 and Burkholderia in our results. Thus, these high abundant taxa may also
participate in organizing the assembly of plant-associated microbiomes, rather than just promoting host
plant growth directly[1].

Rational use of the plant microbiome has the potential to improve the adaption and yield of important
agronomical crops [57]. Both Bacillus and Pantoea were reported to have function of Plant growth
promotion, antifungal, IAA production and osmotic stress tolerance [53]. It was also reported that the
diversity of communities and the relative abundance of specific taxa influence the effects of biocontrol
strains [56]. Rhizobacterial communities were more affected by the plant, environmental stresses and
agricultural practices than an exogenous, active PGPR introduced at high levels. The effect of the PGPR
on host may largely depends on interactions within and between indigenous populations [33]. Here, both
Bacillus subtilis and Pantoea agglomerans showed positive effects on the germination and seeding
growth of Vicia villosa, which may be related to the significantly lower abundance of Bacillus and
Pantoea in the seeds. And it is speculated that the overall higher occurrence of Pantoea in Medicago
sativa is responsible for the negative impact of Pantoea agglomerans on its growth. Similarly, the
negative effect of Bacillus subtilis and Pantoea agglomerans on Elymus sibiricus and Elymus dahuricus
may also be related to the intrinsic high abundance of host seeds. Microbial dynamic equilibrium with
plant systems is vital for the germination, growth in plant life cycle [58]. We deduced that both Elymus
sibiricus and Elymus dahuricus, which come from the Qinghai-Tibet Plateau have co-evolved and
adapted to microbes each other, had evolved to most suitable microbial communities that help their host
plants nutrient uptakes and stimulate growth to alleviate stresses on the Plateau. Incubation with Bacillus
subtilis or Pantoea agglomerans may disturb the balance within Elymus sibiricus and Elymus dahuricus,
and reduce the germination rate and inhibit seeding growth. Consequently, the structure of the seed
microbiome could be an interesting biomarker for breeding strategies and it is better to use the biocontrol
strains that are lacking in seeds rather than being enriched.

Conclusions

Seed-resident microbiomes of the four cold-tolerance legumes and three Qinghai-Tibet Plateau
gramineous grasses contain different proportion of shared taxa, and most of these taxa are beneficial
and non-pathogenic. These high abundance of shared bacteria and fungi probably act as ‘core
microbiomes’ for the seven host plants to stimulate growth and help the hosts live in the harsh climate.
Importantly, they are more likely to participate in organizing the assembly of plant-associated

microbiomes, rather than just promoting host plant growth directly. The four legume grasses as
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candidates are speculated to survive on the Qinghai-Tibet Plateau. Compared with bacteria, the fungal
communities in all the seven grass seeds were more affected by host genetic distance, seed traits and
geographical location. Additionally, the host plants with higher specific beneficial taxa (Bacillus or
Pantoea) tended to counteract the effect of the same probiotics (Bacillus subtilis or Pantoea
agglomerans) and even reflect negative function for overuse of the biocontrol strains. This study provides
valuable data for investigating plant resilience, identifying more biocontrol strains, maximizing microbial
functions in ‘smart farming’ practices and has important reference value for the evaluation of the
introduction of exotic high quality legumes and other grass species.
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Figure 1

Venn plot of bacterial (a) and fungal (b) communities of seven seed groups. Venn diagrams show
absolute number of operational taxonomic units (OTUs) and the relative sequence percentage in the total
number of OTUs.
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Figure 2

The Alpha (a) and Beta (b) diversity of the seed bacterial and fungal communities. The four legumes
(Vicia villosa, Trifolium repens, Trifolium pretense Medicago sativa) and three gramineous grass species

(Avena sativa, Elymus sibiricus and Elymus dahuricus) were abbreviated in the figures. The beta diversity
was based on Bray-Curtis distance of OTUs.
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Figure 3

The relative proportion of abundant bacterial taxa on each grass seed. The left side of the figures showed
the ten most abundant genus in bacterial communities, and the order level taxonomic groups have been
shown above the genus name and bracketed. The right sides represent different seed samples. The

different colors of the inner ring represent different taxa or seed samples and the corresponding outer ring
shows their proportion.
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Figure 4

The relative proportion of abundant fungal taxa on each grass seed. The left side of the figures shows
ten most abundant orders in fungal communities, and the genus level taxonomic groups have been
shown below the order name and bracketed; The specific OTUs or family name were shown according to
the seed samples color when the order dominated by different taxa in different seeds. The right sides
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represent different seed samples. The different colors of the inner ring represent different taxa or seed
samples and the corresponding outer ring shows their proportion.
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Figure 5

Relative proportions of predicted function of 16S rRNA gene at KEGG level 3. All of the function of gene
were with abundance over 1%. The color code refers to Z score of relative abundance, with high predicted
abundances (red) and low predicted abundances (Green).
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Significant co-occurrence and co-exclusion relationships among the grass seeds bacterial microbiome.
Each node represents a bacterial OTU (Abundance > 0.2%), describing on genus-level. In cases where the
identification of the OTU was not assigned on a genus level, higher-level taxonomic groups have been
shown and labeled as “_" after the name. When several OTUs were assigned to the same taxa, the
numbers (1-5) were added to the name in order to differentiate between the nodes. The color of nodes

corresponds to the phylum, and the rectangle nodes represented the abundant OTUs (Abundance > 4%).



Only significant interactions are shown (Pearson Correlation Coefficient > 0.5; p < 0.05). Edge width is
proportional to the absolute value of the Pearson correlation coefficient, and color indicates the sign of
the association (red positive, blue negative).
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Figure 7

Effect of the two isolated strains on the germination rate and seedling fresh weights of grasses. The
seedling of Vicia villosa (a) and Medicago sativa (b) were one week old, and the seedling of Elymus

Page 30/31



sibiricus (c) and Elymus dahuricus (d) were two weeks old. The statistical results of germination rate (e),
and seedling fresh weights (f) were shown. “Bacillus” means treatment with Bacillus subtilis and
“Pantoea” means treatment with Pantoea agglomerans. The Fresh weight of Vicia villosa were the
average weight of 3 plants in one replicate group, and the Fresh weight of Medicago sativa, Elymus
sibiricus and Elymus dahuricus were the average weight 30 plants in one replicate group. Statistical
figure was expressed by the geometric mean + standard deviation.
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