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Endophytes in the seeds of plants have shown plant growth promoting (PGP) properties. Highland barley is an economically important crop and a major part of the local diet in the Tibetan Plateau, China, with potential health benefits. We applied culture-dependent and culture-independent methods to study endophytic bacteria in the seeds of eight Highland barley varieties. Based on the seed properties, the variety Ali was clearly separated from the other varieties except the variety CM. Most of the 86 isolates were assigned into genus Bacillus. Approximately half of the isolates showed PGP properties in vitro. Compared to the not-inoculated plants, inoculation with the isolate Bacillus tequilensis LZ-9 resulted in greater length and number of roots, and in bigger aboveground and root weights. Based on the 16S rRNA gene sequencing, the seed microbiome was majorly affiliated with the phylum Proteobacteria and the family Enterobacteriaceae. Overall, the bacterial community compositions in the different varieties were different from each other, yet the between variety differences in community composition seemed relatively small. The differences in community compositions were associated with differences in the total and reducing sugar contents and viscosity of the seeds, thus possibly connected to differences in the osmotic pressure tolerance of the endophytes. The results suggested that the seed endophytes are likely to promote the growth of Highland barley since germination.
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Introduction

Plants form associations with a multitude of structurally and functionally diverse beneficial microbes that provide them selective advantages. The beneficial associates include endophytic bacteria, i.e., non-pathogenic bacteria that reside within the living tissues of plants without conferring them harm. Exploring the relationships between plants and their microbiomes is a hot topic in ecology, plant sciences, and agronomy (Vandenkoornhuyse et al., 2015). Plant compartments (Wang et al., 2016), genotypes, and geographic locations (Edwards et al., 2015) are vital factors in shaping the endophytic microbiome composition. Mora-Ruiz et al. (2016) found that the internal tissues of Arthrocnemum macrostachyum can serve as a suitable environment for the colonization of moderately halophilic bacteria. Furthermore, the seed endophytic community of different rice cultivars varied with the genotype (Walitang et al., 2018), and the endophytic fungal community composition in Elymus nutans seeds varied with geographical location (Guo et al., 2021). Although the importance of plant endophytic microbes in plant growth and health is getting more recognition, the role of seed-associated microorganisms, especially seed endophytic bacteria, is still not well understood.

Seeds represent a remarkable phase in the life cycle of spermatophytes: they can persist for years in a dormant state and, when the appropriate conditions are met, develop into a new plant (Nelson, 2004). Diverse microorganisms in plant seeds are critical to seed and plant health (Grumet and Gifford, 1998; Gitaitis and Walcott, 2007). Plant endophytes were first discovered in ryegrass seeds by in Vogl (1989), and the importance of seed bacteria has gradually been realized in recent decades. Although it is estimated that only 0.001–1% of endophytic bacteria can be cultivated (Eevers et al., 2015), the knowledge on seed endophytic microbes is constantly expanding due to the application of cultivation-independent techniques. e.g., high-throughput sequencing (Verma et al., 2017; Durand et al., 2021). Multi-omics techniques have significantly improved the understanding of the role of the seed endophytic microbiome. The isolated seed endophytes have been mostly Proteobacteria, especially γ-Proteobacteria, followed by the Actinobacteria, Firmicutes, and Bacteroidetes phyla (Truyens and Cuypers, 2015). In general, Bacillus, Pseudomonas, Paenibacillus, Micrococcus, Staphylococcus, Pantoea, and Acinetobacter genera have been often detected in the seeds. The seed endophytes may be passed on to the next generation; rice seeds hosted bacteria that were detected in roots and stems after germination (Kaga et al., 2009), and a core microbiome was detected in Crotalaria pumila seeds over three years (Sánchez-López et al., 2018). The endophytes in the seeds of barley and other plants have shown PGP properties both in vitro and in vivo (Rahman et al., 2018; Sánchez-López et al., 2018; Rios-Galicia et al., 2021). Seed endophytes with PGP properties are desirable in agriculture because they are likely to promote the plant growth since germination and act before the soil-borne PGP bacteria (Mitter et al., 2017).

Highland barley (Hordeum vulgare L.var. nudum hook. f, HB), one of the cereal grasses in the Gramineae family, is also called hull-less barley or naked barley because it’s inner and outer glumes are separated from caryopsis when harvested (Gao et al., 2015; Deng et al., 2018). HB is mainly grown in Qinghai-Tibet Plateau in China on an approximately 0.27 million hectares planting area that accounts almost 90% of all HB production (Guo et al., 2020). Recently, HB has received interest due to its potential health benefits (Obadi et al., 2021).

To our knowledge, the endophytes in HB seeds have not been studied to date. We applied culture-dependent and culture-independent methods to determine (1) the identities and plant growth promoting (PGP) properties of the culturable endophytic bacteria in HB seeds; (2) the composition of endophytic bacterial communities in HB seeds; and (3) the relationships between the endophytic bacterial communities and HB seed properties. We hypothesized that (i) HB seeds harbor culturable endophytic bacteria with PGP properties, and (ii) the composition of the endophytic bacterial communities in HB seeds is related to the seed properties.



Materials and methods


Properties of the highland barley varieties

In September 2020, highland barley (HB) varieties Cuomei (CM), Jiangzi (JZ), Lazi (LZ), Ali, Zangqing 2000 (ZQ), Longzi4ling (LZ4), Longzi6ling (LZ6), and Langkazi (LKZ) were collected from eight sites in Tibet Autonomous Region, China (Figure 1). At each site, five plots of 10 m × 10 m were randomly established, and each plot was further divided into four 5 m × 5 m subplots. In each subplot, HB seeds were collected from different plant individuals. At the laboratory, the seeds were dried in a desiccator with silica gel desiccant cartridges, then immediately brought to −20°C. Three 500 g replicates were made from each seed stock. Details on the altitude and soil physico-chemical properties of the sites are in Supplementary Table S1.
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FIGURE 1
 The locations of sampling sites of the eight highland barley varieties in Tibet Autonomous Region, China. CM, Cuomei; JZ, Jiangzi; LZ, Lazi; LZ4, Longzi4ling; LZ6, Longzi6ling; LKZ, Langkazi; and ZQ, Zangqing 2000.


The genetic polymorphism of the eight HB varieties was assessed by analyzing the simple sequence repeats (SSRs) as described by Liu et al. (1996). Amylose content (AM) in the HB seeds was determined using colorimetric method No 61–03 at 620 nm (AACC, 2000). Total and reducing sugars (TS and RS) contents were analyzed following anthrone and Nelson-Somogyi methods, respectively (Thomas and James, 1999; AACC, 2000). Washed gluten was kept in a shaking water bath at 37°C for different time intervals, after which wet gluten (WG) content was determined using standard methods (AACC, 2000). Sedimentation value (SV) was determined using Zeleny method, soluble protein content (SP) was determined using Kjeldahl method, and viscosity (RVA) was analyzed using Rapid Visco Analyser (RVA, Newport Science Corp. Australia; AACC, 2000). Average 1,000-kernel weight (TKW) was determined by weighing two 500 kernel samples, averaging the values and multiplicating by 2. All the analyses were done in three replicates.



Isolation and identification of endophytic bacteria

Endophytic bacteria were isolated as described by Huang and Pang (2017). Ten grams of seeds were surface-sterilized by immersing in 10% sodium hypochlorite for 10 min, rinsed six times with sterile distilled water, kept in 75% ethanol for 1 min, and rinsed three times with distilled water, after which the sterilization procedure was repeated. 100 μl of the final rinse water was inoculated onto Luria-Bertani (LB) agar plates; sterilization was considered successful when no colonies appeared after incubation at 30°C for 48 h. Five grams of sterilized seeds were mashed aseptically in 10 ml PBS buffer for 1 min, followed by centrifugation at 10,000 rpm for 2 min. The supernatant was diluted and inoculated onto LB plates (pH 7.0) that were incubated at 30°C for 48–72 h. Single colonies were picked and purified by streaking repeatedly on fresh LB plates.

Genomic DNA of the endophytic bacteria was isolated using the QIAmp DNA mini kit (Qiagen, Carlsbad, CA, United States) following manufacturer’s protocol. The 16S rRNA genes of the isolates were amplified with primers 27-F (5′-AGAGTTTGATCCGGCTCAG-3′) and 1,492-R (5′-GGTTACC- TTGTTACGACTT-3′; DeLong, 1992). The PCR procedure included initial denaturation at 94°C for 4 min, followed by 35 cycles with denaturation at 94°C for 30 s, annealing at 55°C for 40 s and extension at 72°C for 60 s, and a final extension for 7 min at 72°C. The PCR products were purified and used for ARDRA analysis as described previously (Vaneechoutte et al., 1992). The PCR products with different ARDRA patterns were sequenced at Shengong Biotechnology Ltd. (Shanghai, China). The sequences were identified using BLAST against the NCBI database. A phylogenetic tree was constructed using neighbor-joining method in MEGA 6.0 (Tamura et al., 2013). The sequences were deposited in the NCBI GenBank under the accession numbers MW881426–MW881449 and MZ148645–MZ148646.



Plant growth-promoting properties

The potential plant growth-promoting (PGP) abilities of the isolates were evaluated in vitro and in vivo. IAA production was estimated as described by Glickmann and Dessaux (1995). Briefly, isolates were grown in liquid LB medium (with 2 mg ml−1 l-tryptophan) at 30°C for 48 h in a shaker (150 rpm). Then, cultures were centrifuged at 10,000 g for 30 min and 1 ml the supernatant was mixed with 2 ml Salkowski reagent (1 ml of 0.5 M FeCl3 and 49 ml of 35% HClO4). After reacting for 0.5 h at room temperature, the IAA concentration was determined at 530 nm by UV–VIS spectrophotometry and calculated based on the standard curve of IAA ranging from 1 to 50 μg ml−1. The phosphorus-solubilizing activity of the isolates were qualitatively screened as described by Pikovskaya (1948): the isolates were inoculated onto Pikovskaya’s agar, cultured at 28°C for 5 days, and the isolates with clear halo zone around the colony were considered phosphorus-solubilizing. Cellulase assay was done as described previously (Teather and Wood, 1982). The isolates were grown on M9 medium (Qiagen, Carlsbad, CA, United States) containing 0.5% yeast extract and 1% carboxymethylcellulose (CMC). After 4 days at 30°C, 10 ml of Congo red dye (1%) was added and the plates were washed with 5 M NaCl. Both phosphorus-solubilizing and cellulase activities were evaluated according to the ratio of the halo diameter (HD, in mm) to the colony diameter (CD, in mm) of bacterial isolates on the relevant culture medium (HD/CD). Ability to fix nitrogen was firstly determined in nitrogen-free NFb liquid medium as described by Döbereiner et al. (1995) where a color change from green to blue is indicative of nitrogen fixation; nitrogen fixation was later verified using the acetylene reduction assay (Hardy et al., 1968). Siderophore production was assayed on chrome azurol S (CAS) agar (Schwyn and Nielands, 1987). The isolates were cultured at 28°C for 2 days, and an orange halo around a colony was indicative of siderophore production. All assays were done in triplicate.

The isolates with highest PGP activities in vitro, Zang8, JZ-7, and LZ6-9, were selected for further experiments to test their effects on plant growth in greenhouse. Quartz sand (particle size 1 mm) was sterilized at 121°C for 2 h. The seeds of HB variety Zangqing-2000 were surface-sterilized with 70% ethanol and 30% H2O2 (1:1) for 20 min and washed with ddH2O. Seed sterility was verified by incubating 10 seeds on LB agar at 25°C for 4 days. The bacterial isolates were cultivated in LB liquid medium for 24 h at 28°C, centrifuged, washed, and resuspended to a density of 4 × 107 cfu ml−1 in ddH2O. After the seeds had been germinated in the dark for 2 days, the seeds were soaked for 2 h in the bacterial suspension or sterile water as an uninoculated control. Five seeds per pot were planted in plastic pots filled with 500 g sand. The pots were watered with approximately 15 ml Hoagland’s nutrient solution every day. After 45 days, the plants were carefully removed from the pots, the roots and above-ground parts were separated and washed with distilled water, and dry weights were determined by drying to constant weight. The in vivo PGP activities were assayed in three replicates.



16S rRNA gene amplicon sequencing of the endophyte community

Amplicon sequencing targeting the 16S rRNA gene was used to characterize the endophytic bacterial communities in the seeds of un-inoculated HB varieties. Immediately after surface sterilization, seeds were dried at ambient temperature in sterile conditions under a laminar flow hood. The dry seeds were ground into a homogenous powder with a Mixer Mill for 30 s at 30 Hz (model MM400; Retsch Inc., Newtown, Pennsylvania, United States) and 5 mm zirconium oxide beads in sterile conditions. Total DNA was extracted using a modified hexadecyltrimethyl ammonium bromide (CTAB) chloroform protocol (Healey et al., 2014). The sterilized seeds were incubated 1 h at 65°C with agitation in the CTAB buffer (2 g CTAB, 4 ml 0.5 M EDTA, 10 ml 1 M Tris–HCl, and 86 ml 1.4 M NaCl in 100 ml), followed by a heat shock treatment from −80 to 65°C and enzymatic digestions with proteinase K, α-amylase, and RNAase A. The DNA was firstly precipitated with isopropanol and then washed with 70% ethanol at room temperature twice. The final purification was done using the QIAquick® PCR Purification Kit (Qiagen, Carlsbad, CA, United States). The quantity and quality of DNA were assessed using 1% agarose gel electrophoresis and a SmartSpec™ Plus spectrophotometer (BIO-RAD, United States).

The 16S rRNA gene V4 hypervariable region was amplified with primers 515F (5′-GTGCCAGC- MGCCGCGGTAA-3′) and 806R (5′-GGACTACVSGGGTATCTAAT-3′) with adapter and barcode sequences (Caporaso et al., 2012). Amplification was done in a 50 μl reaction mixture with 3 U of TaKaRa Ex Taq HS (TaKARA Shuzo Co., Shiga, Japan), 5 mM dNTP mixture (TaKARA), 2.0 mM MgCl2, 5 μl of 10 × Ex Taq Buffer (TaKARA), 0.6 μM of each primer, and 4.0 ng of DNA. The PCR procedure included initial denaturation at 94°C for 4 min, 30 cycles of 15 s at 94°C, 15 s at 55°C and 30 s at 72°C, and a final extension at 72°C for 10 min. PCR products were purified using PCR Clean-up Purification Kit (MP Biomedicals, Solon, OH, United States) and quantified using Qubit 2.0 fluorimeter (Invitrogen, Carlsbad, CA, United States). Purified amplicons were pooled in equimolar concentrations and sequenced using MiSeq Reagent Kit V2 on an Illumina MiSeq sequencer (MiSeq, Illumina Inc., San Diego, CA, United States). The sequence data were submitted to NCBI Sequence Read Archive1 with accession number PRJNA637532.



Bioinformatics and statistical analysis

Sequence reads were processed with QIIME2 v2019.4 (Bokulich et al., 2018) according to the official tutorials.2 Briefly, the raw sequence data were demultiplexed using the demux plugin followed by primer cutting with the QIIME2 Cutadapt plugin (Martin, 2011). QIIME’s split_libraries_fastq.py script was used for quality filtering: reads with Phred quality score < 29 and consecutive, high-quality base calls less than 90% of the read’s length were discarded. Chimeric, singleton, and non-bacterial sequences such as chloroplast and mitochondrial sequences were removed with the debulr plugin (Schuler et al., 2016). Nonsingleton amplicon sequence variants (ASVs) were aligned with mafft (Katoh et al., 2002). After rarefying, Shannon diversity index was estimated using the diversity plugin in QIIME2. Taxonomy was assigned to the ASVs using the classify-sklearn naïve Bayes taxonomy classifier in feature-classifier plugin against the Greengenes database v13.8 (DeSantis et al., 2006).

Differences in the seed properties, in vivo PGP properties and alpha diversities of the seed bacterial communities were tested with one-way ANOVA in the Statistical Package for the Social Sciences (SPSS 19.0, SPSS Inc., Chicago, IL, United States). Variation in the seed properties were visualized using principal component analysis (PCA) in CANOCO 4.5 software (CANOCO, Microcomputer Power Inc., Ithaca, NY, United States). Beta diversity was estimated using Hellinger transform based Bray–Curtis dissimilarities (Legendre and Gallagher, 2001), visualized using principal coordinates analysis (PCoA), and tested using Permutational Multivariate ANOVA (PERMANOVA) with the “adonis” function in the R package vegan in R version 3.6.1 (Oksanen et al., 2017). The relationships between bacterial community structure and standardized seed properties were tested using dbRDA and Mantel test in R package vegan and visualized using R packages ggplot2 v3.3.5 and ggrepel v0.9.1 (Slowikowski et al., 2018). Spearman correlations between the abundance of bacteria taxa and seed properties were calculated in the R package WGCNA v1.70–3 (Langfelder and Horvath, 2008).




Results


Properties of the highland barley varieties

The average similarity coefficient index of the eight highland barley varieties was 0.72 in the ISSR molecular marker analysis (Supplementary Table S2). Based on the seed properties (Table 1), the variety Ali was clearly separated from the other varieties except the variety CM in the principal component analysis (PCA; Figure 2).



TABLE 1 The properties of the eight HB varieties from Tibet Plateau, China.
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FIGURE 2
 Principal component analysis (PCA) based on the seed properties of the highland barley varieties. CM, Cuomei; JZ, Jiangzi; LZ, Lazi; LZ4, Longzi4ling; LZ6, Longzi6ling; LKZ, Langkazi; and ZQ, Zangqing 2000.




ARDRA and phylogenetic analysis

In total, 86 bacterial strains were isolated from the seeds of the eight HB varieties. In estimating the genetic diversity of the isolates, the isolates clustered into 17 ARDRA types (Supplementary Table S3). Based on the 16S rRNA gene sequences of representative ARDRA type isolates, the isolates represented one Gram-positive and three Gram-negative genera. Seven ARDRA types were identified as Bacillus spp. (Figure 3; Supplementary Table S3). The isolates LZ-9, CM-5, and Ali-2 were closely related to Bacillus tequilensis, and LZ-7, JZ-7, Zang-8, and CM-3 were 99.85–99.93% similar with the type strains of B. velezensis, B. siamensis, B. inaquosorum, and B. wiedmannii, respectively. LZ6-9, LKZ-6, and Zang-6 were identified as Alcaligenes aquatilis, LZ-6, LZ-8, and Zang-10 as Proteus alimentorum, and CM-7, CM-1, LZ4-9, and LKZ-1 as Enterobacter spp.
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FIGURE 3
 Relationships between the representative isolates and reference strains based on 16S rRNA gene (~1,500 bp) phylogenetic analysis. Nanoarchaeum equitans Kin4-MT (AJ318041) was used as an outgroup. Sequences from this study are in bold. Bootstrap values over 50% are shown on the branching points.




Plant growth-promoting properties

Among the 86 isolates, 41 were positive for at least one and nine isolates for all the three tested plant-growth promoting properties in vitro (Supplementary Table S4). Fifty-one isolates produced IAA at concentrations ranging from 3.07 μg ml−1 (isolate JZ-8) to 30.7 μg ml−1 (isolate Zang-8). Sixty-one isolates solubilized phosphate with halo diameter (HD) to the colony diameter (CD) values from 0.24 (strain JZ-5) to 2.67 (strain JZ-7). The HD/CD values of strains LZ-2, Zang-8, Zang-10, LZ6-9, Ali-3, and LZ-9 were all above 2.00. Fifty isolates produced cellulase with HD/CD values from 0.09 (isolate LZ4-10) to 3.12 (isolate LZ-9). The isolates JZ-7 (Bacillus siamensis), LZ-9 (Bacillus tequilensis), and Zang-8 (Bacillus wiedmannii) showed high siderophore production and N2 fixation ability (Supplementary Table S4) and were selected for the plant growth promotion ability test.

The plant growth promotion ability of Bacillus spp. isolates Zang8, JZ-7, and LZ6-9 was estimated in a pot experiment. Compared to the not-inoculated plants, inoculation with B. tequilensis LZ-9 resulted in greater length and number of roots, and in bigger aboveground and root fresh and dry weights; inoculation with B. siamensis JZ-7 resulted in smaller aboveground fresh weight and bigger root dry weight; and inoculation with B. wiedmannii Zang-8 resulted in greater plant height and leaf length, and in smaller number of roots and aboveground fresh weight (p < 0.05; Table 2).



TABLE 2 The effects of highland barley (HB) seed endophyte isolates on the growth of HB seedlings.
[image: Table2]



Endophytic bacterial communities

The endophytic bacterial communities in the seeds of the HB varieties were characterized using amplicon sequencing targeting the 16S rRNA gene. After removal of plant derived sequences and resampling, the remaining 8,832 sequences were clustered into 722 ASVs. Only 21 of the ASVs were detected in all the HB varieties, and from 44 to 97 ASVs were unique to the varieties (Figure 4). The mean relative abundance of Proteobacteria was 83.8% (Figure 5). The relative abundances of phyla Actinobacteria, Bacteroidetes, and Firmicutes ranged from 5.8 to 16.4%, 1.7 to 5.8%, and 0.9 to 6.7%, respectively (Figure 5). At the genus level, the relative abundance of proteobacterial ASVs assigned into Pseudomonas, Halomonas, Pantoea, and Pelagibacterium was from 43.3 to 59.0% of the total abundance (Supplementary Figure S1).

[image: Figure 4]

FIGURE 4
 Shared and unique 16S rRNA gene amplicon sequence variants (ASVs) in the seeds of highland barley varieties. CM, Cuomei; JZ, Jiangzi; LZ, Lazi; LZ4, Longzi4ling; LZ6, Longzi6ling; LKZ, Langkazi; and ZQ, Zangqing 2000.
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FIGURE 5
 The phylum level relative abundances of the endophytes from the seeds of highland barley varieties. CM, Cuomei; JZ, Jiangzi; LZ, Lazi; LZ4, Longzi4ling; LZ6, Longzi6ling; LKZ, Langkazi; and ZQ, Zangqing 2000.


Both the richness and diversity varied among the HB seed bacterial communities (p < 0.05); the number of observed species ranged from 71.0 ± 4.97 to 121 ± 2.81, and the Shannon index from 5.05 ± 0.333 to 6.08 ± 0.024 (Supplementary Table S5). Overall, the bacterial community compositions in the different HB varieties were different from each other (PERMANOVA pseudo-F = 3.45, p = 0.001; Figure 6; Supplementary Table S6). No statistically significant differences were found in the pairwise PERMANOVA, suggesting that the between variety differences in community composition were relatively small.
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FIGURE 6
 Principal coordinates analysis of the endophytic bacterial communities in the seeds of highland barley varieties. CM, Cuomei; JZ, Jiangzi; LZ, Lazi; LZ4, Longzi4ling; LZ6, Longzi6ling; LKZ, Langkazi; and ZQ, Zangqing 2000.


The relationships between the properties of the HB varieties and the bacterial communities were assessed using distance-based redundancy analysis (dbRDA) and Mantel tests. The endophytic communities in the eight HB varieties were not clearly separated along the dbRDA axis 1 that explained 32.66% of the total variability (Figure 7). The communities in the variety Ali were separated from the other communities along axis 2. Both the Mantel and Partial-Mantel analysis showed that the differences in bacterial communities were associated with differences in reducing sugar content (RS), viscosity (RVA), and total sugar content (TS; Supplementary Figures S2, S3).
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FIGURE 7
 The relationships between the highland barley seed properties and the endophytic bacterial communities in the seeds of highland barley varieties. The abbreviations of highland barley varieties are as in Figure 1. AM, amylose content; TS, total sugars; RS, reducing sugars; WG, wet gluten; SV, sedimentation value; SP, soluble protein; RVA, viscosity; and TKW, 1000-kernel weight.





Discussion

Plants are associated with multiple micro-organisms that play important roles in their growth and development. We studied endophytic bacteria in the seeds of highland barley (HB), an economically important crop and a major part of the local diet in the Tibetan Plateau, China, to characterize the seed bacterial communities and assess their plant growth promoting (PGP) potential.

Most of the 86 cultured isolates were identified as Bacillus spp., and the rest as Alcaligenes aquatilis, Proteus alimentorum, and Enterobacter spp. Bacillus endophytes species have been widely identified and characterized as producers of growth-promoting substances, bioactive compounds, and metabolites with antimicrobial effects (Lopes et al., 2018). Bacillus species also hold immense agricultural development potential because of their ability to form endospores with long shelf lives, resistance against heat exposure and desiccation (Chowdhury et al., 2013). The Bacillus species like B. amyloliquefaciens, B. licheniformis, and B. subtilis have been proven to be effective in plant growth promotion and Bacillus products are available as biofertilizers (Pérez-García et al., 2011; Hashem et al., 2019). Interestingly, similar to rice seeds (Walitang et al., 2018), the relative abundance of Bacillus 16S rRNA gene amplicons was low in the highland barley seeds, possibly due to a cultivation bias that leads to over-representation of Firmicutes and Proteobacteria in cultivation-based analyses (Overmann et al., 2017). The culture dependent and independent approaches are complementary since culture-independent methods give a wider view the endophytic communities (Hardoim et al., 2008). The knowledge of the wide spectrum of HB seed endophytic bacteria will facilitate the search of bacteria capable of promoting the growth of HB. A more comprehensive view of HB seed endophytic bacteria could be obtained via metagenomic and functional metagenomic analyses, and the results from culture independent analyses like in this study provide a basis for the future studies.

The ɣ-Proteobacteria in the HB seed endophyte communities were majorly affiliated with the Enterobacteriaceae family. Enterobacteriaceae were the dominant seed endophytes in seven barley accessions (Bziuk et al., 2021) and prevailed in plant-associated microbiomes, e.g., lettuce (Lactuca sativa L.), arugula (Eruca sativa Mill.), orchard grass (Dactylis glomerata L.), passion flower (Passiflora incarnate L.), and tomato (Solanum lycopersicum cv. Hawaii 7996; Estendorfer et al., 2017; Cernava et al., 2019; Roy et al., 2019). Enterobacteriaceae include diverse and versatile members with plant growth promoting characteristics both in vitro and in vivo (Jeong et al., 2021). In our study, the most dominant Enterobacteriaceae genus was Pantoea. Although species like Pantoea agglomerans and P. ananatis have been implicated as plant pathogens causing plant rot, blight, and dieback (De Maayer et al., 2010), P. ananatis and P. agglomerans include plant growth promoting strains (Walterson and Stavrinides, 2015).

The relative abundance of genus Halomonas in ɣ-Proteobacteria was high in all the eight highland barley varieties. Halomonas, a phenotypically heterogeneous gram-negative genus, can grow in 5–25% NaCl and survive in nitrate-containing environment, showing a high level of denitrification activity (Mata et al., 2002; Zhu et al., 2012). Halomonas endophytes have been isolated from roots of halophytes, such as Salicornia rubra, Sarcocornia utahensis, and Allenrolfea occidentalis (Kearl et al., 2019). Halomonas and Kushneria are closely related, and in the past were grouped in the same genus (Sanchez-Porro et al., 2009). Kushneria strains have been mostly isolated from saline environments (Yun et al., 2018) and from the endosphere and phyllosphere of halophyte plants (Bangash et al., 2015; Navarro-Torre et al., 2018). Members of the genus Halomonas and Kushneria have shown plant growth-promoting activities, including siderophore production, indolacetic acid (IAA) production, nitrogen fixation, and phosphate solubilization (Navarro-Torre et al., 2016; Kearl et al., 2019). To our knowledge, this was the first time Halomonas were detected in high relative abundance in highland barley seeds, implying that Halomonas may enhance the tolerance of highland barley against the ongoing soil salinization in Qinghai-Tibet region caused by the change of global climate in recent years (Li et al., 2012; Chang et al., 2021).

Although the relationships between host plant genotype and environment and the diversity of seed endophytic bacteria (SEB) communities have received considerable attention, the relations between seed endophytic bacterial community and the properties of seeds have been seldom studied. Moreover, results on the role of the host plant genotype in shaping the composition of SEB community have been inconsistent. Our results showed that the differences in SEB microbiomes were associated with the total and reducing sugar contents and viscosity, a parameter determined by the starch content and composition, all of which are connected to osmotic pressure inside the seed. In rice seeds, the accumulation of carbohydrates during the seed maturation increased the osmotic pressure and selected endospore forming and high osmotic pressure tolerant strains (Mano et al., 2006). Possibly an analogous process governed the HB seed endophytes, i.e., the community level differences were connected to differences in tolerance against osmotic pressure. Johnston-Monje et al. (2014) found that the SEB community composition in maize seeds was mainly shaped by the maize genotype. The seed microbiomes in seven barley accessions were host plant genotype-dependent, yet all the accessions shared a core microbiome with high relative abundance (Bziuk et al., 2021). In our study, the differences between SEB communities were minor even though the eight highland barley varieties varied significantly based on the ISSRs molecular marker analysis. Plausibly, the high abundance core microbiome in HB seeds masked the between variety differences.



Conclusion

We characterized endophytic bacteria in the seeds of eight highland barley varieties using cultivation and 16S rRNA targeting amplicon sequencing. Most of the isolates were assigned into genus Bacillus and approximately half of the isolates showed plant growth-promoting characteristics, suggesting that the seed endophytes of highland barley are likely to promote the growth since germination. Based on the 16S rRNA gene sequencing, the seed microbiome was majorly affiliated with the phylum Proteobacteria and the family Enterobacteriaceae. The community level differences between highland barley varieties were possibly connected to differences in tolerance against osmotic pressure.
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sV
(ml)
25.1£0.125b
22.0£0.098¢
18.30.166d
295103142
24.7£0.152b
21.0£0.406¢
20.3£0.191c
22.310.378¢

Sp

(%)
11.60.360ab
12702602
1140.303ab
9.17£0.291b
112£0.307ab
11720.152ab
1120.072ab
10.1£0.035b

RVA
(RVA units)
213%1.69b
250£0.902a
23415.62ab
217£1.27b
207+3.28b
190£2.52¢
191:£0.766¢
209+ 1.06b

TKW
(8)

46.9+0.472a
485+ 1.11a

44.8+0.702a
36.9+0.262b
34.7+0.538b
38.0+0.354b
47.5+0.6482
35.2+0.470b

AM, Amylose content; TS, total sugar; RS, reducing sugar; WG, wet
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