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Abstract 

Background Seed-associated microorganisms play crucial roles in maintaining plant health by providing nutrients 
and resistance to biotic and abiotic stresses. However, their functions in seed germination and disease resistance 
remain poorly understood. In this study, we investigated the microbial community assembly features and func-
tional profiles of the spermosphere and endosphere microbiomes related to germinated and ungerminated seeds 
of Astragalus mongholicus by using amplicon and shotgun metagenome sequencing techniques. Additionally, we 
aimed to elucidate the relationship between beneficial microorganisms and seed germination through both in vitro 
and in vivo pot experiments.

Results Our findings revealed that germination significantly enhances the diversity of microbial communities associ-
ated with seeds. This increase in diversity is driven through environmental ecological niche differentiation, leading 
to the enrichment of potentially beneficial probiotic bacteria such as Pseudomonas and Pantoea. Conversely, Fusarium 
was consistently enriched in ungerminated seeds. The co-occurrence network patterns revealed that the microbial 
communities within germinated and ungerminated seeds presented distinct structures. Notably, germinated seeds 
exhibit more complex and interconnected networks, particularly for bacterial communities and their interactions 
with fungi. Metagenome analysis showed that germinated seed spermosphere soil had more functions related 
to pathogen inhibition and cellulose degradation. Through a combination of culture-dependent and germination 
experiments, we identified Fusarium solani as the pathogen. Consistent with the metagenome analysis, germination 
experiments further demonstrated that bacteria associated with pathogen inhibition and cellulose degradation could 
promote seed germination and vigor. Specifically, Paenibacillus sp. significantly enhanced A. mongholicus seed germi-
nation and plant growth.

Conclusions Our study revealed the dynamics of seed-associated microorganisms during seed germination 
and confirmed their ecological role in promoting A. mongholicus seed germination by suppressing pathogens 
and degrading cellulose. This study offers a mechanistic understanding of how seed microorganisms facilitate 
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successful seed germination, highlighting the potential for leveraging these microbial communities to increase plant 
health.

Keywords Community assembly, Disease suppression, Plant growth-promoting bacteria, Seed germination, Seed 
microbiome

Introduction
Plant-associated microbial communities profoundly 
influence various plant traits, including growth promo-
tion [1], drought tolerance [2], pathogen resistance, and 
overall plant health maintenance [3]. Emerging stud-
ies have demonstrated that the microbiomes residing in 
the rhizosphere and phyllosphere play pivotal roles in 
enhancing plant adaptations, particularly in bolstering 
resistance against pathogens [4, 5]. For example, rhizos-
phere microbes such as Trichoderma and Bacillus could 
help plants resist a range of diseases, including tomato 
wilt [6, 7]. Despite their crucial role as a primary source 
of the plant microbiome, particularly in shaping early 
rhizosphere microbial communities, plant seed-asso-
ciated microorganisms remain largely underexplored 
regarding their beneficial functions for plant health and 
adaptability [8].

Seeds represent the beginning and end of the plant life 
cycle [9], providing a unique habitat (ecological niche) 
for numerous microorganisms. Bacterial isolates from 
plant seeds perform diverse functions, including nitrogen 
fixation, phosphorus solubilization, phytohormone syn-
thesis, and antimicrobial compound production, poten-
tially contributing to plant fitness [10–12]. Importantly, 
seed microbiomes can be vertically transmitted between 
generations via seeds [13, 14], suggesting that the con-
served traits of seed microorganisms offer new oppor-
tunities for agricultural production. The spermosphere, 
the immediate interface for seed-microbe interactions, 
represents the most proximal ecological niche to the 
seed [15]. Microbes in the spermosphere community 
are derived primarily from the surrounding soil and are 
recruited through seed exudation during germination 
[16], and their assembly is dependent on the soil type and 
varying seed exudation characteristics. Although germi-
nation-driven dynamics of seed endophytic microorgan-
isms have been demonstrated [17–19], the relationship 
between germination and the assembly of seed-associ-
ated microbial communities, particularly regarding the 
structural and functional characteristics of spermosphere 
microorganisms, remains inadequately understood.

Successful seed germination is influenced by both 
beneficial endophytic microorganisms within the 
seeds and environmental factors, as well as seed-borne 
pathogens. Seed-borne pathogens, which reside within 
seeds and are difficult to detect and identify, can spread 

globally due to animal and human activities, posing a 
significant threat to plant health. Some pathogens, 
such as Fusarium, can produce toxins that pose seri-
ous health risks to animals and humans [20]. Studies 
have documented the transgenerational transmission 
of various pathogens through seeds, such as Fusarium 
[21] and Burkholderia [12]. These pathogens can lead to 
seedling wilt or germination failure, potentially causing 
substantial crop losses. However, natural soil microor-
ganisms can assist plants against seed-borne Fusarium 
[21]. For example, microbial communities recruited by 
seeds can inhibit pathogenic fungi by preventing their 
colonization of the seed surface [22]. Additionally, 
seed-borne bacteria are crucial for seed germination 
and growth. Studies have shown that rice seeds treated 
with bacterial antibiotics significantly reduced seed 
germination rates, while reinoculation with Enterobac-
ter asburiae and Pantoea dispersa restored seedling 
growth and development [23]. Moreover, Sphingo-
monas melonis can suppress the seed-borne pathogen 
Burkholderia plantarii by producing metabolites and 
promoting the growth of seedlings [12]. These find-
ings suggest that seed-associated microorganisms are 
involved in important processes related to seed germi-
nation and plant development.

Astragalus membranaceus Bge. var. mongholicus 
(Bge.) Hsiao (hereafter, Astragalus), a perennial legume 
with high economic and medicinal value in traditional 
Chinese medicine, faces challenges due to its low ger-
mination rate under natural conditions [24]. The fac-
tors that affect seed germination of Astragalus include 
insufficient seed vitality and external environmental 
conditions. Specifically, physical dormancy, result-
ing from mechanical obstruction of the seed coat, and 
physiological dormancy, induced by chemical signals, 
are significant factors that impede the germination of 
Astragalus seeds. Traditional mechanical treatments 
and chemical agents exert adverse effects on the growth 
and health of Astragalus in subsequent developmen-
tal stages. Harnessing microbial engineering to pro-
mote Astragalus seed germination and protect plant 
health may be another alternative and effective strategy 
for the future [25]. Although studies have shown that 
rhizosphere microorganisms can assist Astragalus in 
resisting Fusarium wilt disease [26, 27], the assembly, 
interactions and functions of seed-associated microbial 
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communities during Astragalus seed germination and 
their impact on plant health remain to be elucidated.

In this study, we employed amplicon sequencing and 
shotgun metagenomic sequencing to explore the micro-
bial community assembly and functional adaptation of 
seed in germinated and ungerminated Astragalus seeds. 
We further validated the link between seed microorgan-
isms, seed germination, and disease resistance through 
culture-dependent methods. Specifically, we aimed 
to address the following questions: (1) How does seed 
germination affect the spermosphere and endophytic 
microbiome signatures of seeds? (2) Which beneficial 
microorganisms have been harnessed by the seed? and 
(3) How do these microorganisms facilitate seed germi-
nation and protect plant health?

Results
Seed‑associated microbial community structure 
and assembly
To investigate the impact of germination on the assembly 
of seed-associated microbial communities, we analyzed 
bacterial 16S rRNA genes and fungal ITS sequences from 
germinated and ungerminated seeds at days 4 and 10 
across different ecological niches (endosphere and sper-
mosphere) (Fig. 1). Germination was defined as the emer-
gence of the radicle through the seed coat on day 4 or 10, 
while ungerminated seeds showed no radicle emergence 
on day 4 or 10. Our results indicated that the germination 
rate of seeds in the soil was 23.33%, the germination force 
was 5%, and the germination index was 1.78. To mitigate 
the influence of seed vitality on germination, we meas-
ured the hard seed rate (70.67%) of Astragalus seed and 
selected seeds uniform in size that had imbibed success-
fully after soaking at 25 °C for 24 h. Successful imbibition 
indicated that the seeds have broken the obstacle of high 
hard seed rate and possessed high vitality. From 32 sam-
ples, a total of 3,198,515 high-quality bacterial 16S rRNA 
genes and 131,540 fungal ITS sequences were obtained 
(Table  S1). Following rarefaction, we identified 11,943 
bacterial and 1187 fungal amplicon sequencing variants 
(ASVs).

The Chao1 index revealed greater microbial diver-
sity in germinated seeds than in ungerminated seeds, 
particularly for endophytic bacteria (Fig. 2a and Fig. S1; 
Table S2), indicating greater diversity of endophytic bac-
teria in germinated seeds. The PERMANOVA indicated 
that the compartments had the strongest influence on 
the structure of the seed-associated bacterial (R2 = 0.51; 
p < 0.001) and fungal (R2 = 0.36; p < 0.001) communi-
ties (Fig. 2b). Notably, germination significantly affected 
the community structure of seed-associated bacte-
ria (R2 = 0.08; p < 0.001) and fungi (R2 = 0.04; p < 0.05). 
Under different compartmental niches and germination 

times, germination had the greatest effect on the com-
munity structure of the seed endophytic bacteria on day 
10 (R2 = 0.66; p < 0.05) and the spermosphere fungal com-
munity on day 4 (R2 = 0.54; p < 0.05) (Fig. S2a-c; Table S3). 
Beta dispersion analysis revealed that the structure of the 
microbial community associated with germinated seeds 
presented greater variation than did that associated with 
ungerminated seeds (Fig. S2d and Fig. S3).

We further investigated the impact of germination on 
the assembly process of seed microbial community. Neu-
tral community model (NCM) analysis indicated that 
microbial communities associated with germinated seeds 
were generally less affected by neutral processes (Fig. 
S4). β-nearest taxon index (βNTI) based on null-model 
results indicated that the assembly of all seed-associated 
bacterial communities was predominantly governed by 
deterministic (homogeneous selection) processes, with 
germinated bacteria being more influenced by determin-
istic processes than ungerminated  seed bacteria were 
(Fig. 2c; Table S4). In contrast, the assembly of seed-asso-
ciated fungal communities was dominated by stochastic 
processes.

Our results showed that the relative abundance of Pan-
toea in germinated seeds was higher than that in unger-
minated seeds, especially in the spermosphere on day 
4 and seed endosphere on day 10 (Fig.  2d; p < 0.01). In 
addition, the relative abundance of Fusarium in unger-
minated seed was higher than germinated seeds (Fig. 2e). 
Enriched taxon analysis of germinated and ungerminated 
seed-associated microbiomes revealed that germinated 
seeds enriched more microbial taxa in endosphere and 
spermosphere soils (Fig.  2f, g; Table  S5). Specifically, 
the endophytes of germinated seeds were enriched with 
potential growth-promoting microorganisms such as 
Pseudomonas and Pantoea (Fig. 2f; Table S5), as well as 
fungi such as Mucor (Fig.  2g; Table  S5). Notably, both 
the endophytes and the spermosphere of the ungermi-
nated seeds were enriched with Fusarium (Fig. 2e and g). 
Interestingly, many potential biocontrol bacteria, such as 
Paenibacillus, Bacillus, Massilia, and Chitinophaga, were 
significantly enriched in the endophytes of ungermi-
nated seeds, particularly Paenibacillus, on day 4 (Fig. 2f; 
Table S5).

Seed‑associated microbial co‑occurrence network
To explore the co-occurrence network patterns of the 
microbiome associated with seed germination, we con-
structed and analyzed networks for bacteria–bacte-
ria, fungi–fungi, and bacteria–fungi interactions. Our 
results revealed distinct microbial co-occurrence net-
work patterns between germinated and ungerminated 
seeds (Fig. 3; Table S6). The bacterial network of germi-
nated seeds (nodes/edges: 113/2838) was more complex 
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than that of ungerminated seeds (nodes/edges: 99/1956) 
(Fig. 3a, b; Table S6), with a greater degree across differ-
ent seed compartments (endophyte and spermosphere) 

(Fig. S5-6) and different times (day 4 and day 10) (Fig. 
S7-8). Similarly, the fungal community co-occurrence 
network also exhibited greater complexity in germinated 

Fig. 1 Experimental design for the collection, processing, and analysis of microbial communities associated with Astragalus seeds. a Collection 
of microbial samples from seeds. Imbibed seeds were planted in soil, and endosphere and spermosphere soil samples of germinated 
and ungerminated seed were collected on day 4 and day 10, respectively. b Analysis of microbial communities. The composition and functional 
analysis of microbial communities associated with germinated and ungerminated seeds are performed to identify representative taxonomic 
and functional information. c Isolation, cultivation, and functional screening of seed-associated microorganisms. Potential pathogens 
and microorganisms are isolated and cultured from the seeds. The ability of seed-associated microorganisms to degrade cellulose and inhibit 
pathogens was measured. d Pot validation of target strains. Seeds inoculated with the strains were grown in plates and pots for verification
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Fig. 2 Diversity and assembly of Astragalus seed-associated microbiome. a Chao1 diversity index of bacterial and fungal communities 
in germinated and ungerminated seeds across different time and compartments. b Principal coordinate analysis (PCoA) of seed-associated bacterial 
and fungal communities based on the Bray–Curtis distances, with PERMANOVA to test differences. c βNTI value of bacterial and fungal communities 
of germinated and ungerminated seeds across the different time and compartments. d Composition of seed-associated bacterial community 
at genus levels. e Composition of seed-associated fungal community at genus levels. Volcano plots indicate taxa (ASV) with differences in bacterial 
(f) and fungal (g) communities associated with germinated and ungerminated seeds at different time and compartments. GE4d: Germinated seed 
endosphere on Day 4, UE4d: Ungerminated seed endosphere on Day 4, GE10d: Germinated seed endosphere on Day 10, UE10d: Ungerminated 
seed endosphere on Day 10, GS4d: Germinated seed spermosphere on Day 4, US4d: Ungerminated seed spermosphere on Day 4, GS10d: 
Germinated seed spermosphere on Day 10, US10d: Ungerminated seed spermosphere on Day 10. Differences were analyzed using Wilcoxon 
rank-sum test. Asterisks represent distinct significant differences (*, p < 0.05; **, p < 0.01; ***, p < 0.001)
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seeds (Fig.  3c, d), with numerous (3/10) ASVs, such as 
Fusarium, identified as keystone taxa (Table S7).

The interkingdom association network further revealed 
greater complexity in the germinated seeds (nodes/edges: 
197/4290) than in the ungerminated seeds (nodes/edges: 
143/2943) (Fig. 3e). Notably, the bacterial taxa exhibited 

a greater degree in the germinated seed microbiome 
network (Fig. 3f ), whereas Fusarium was a hub taxon in 
the ungerminated seed microbiome network (Table S7). 
The dynamics of seed germination revealed a temporal 
shift in network dominance: fungi dominated the seed 
microbial community co-occurrence network at early 

Fig. 3 Microbiome co-occurrence networks of germinated and ungerminated seeds. a Bacterial community co-occurrence networks 
of germinated and ungerminated seeds. b Comparison of the network degree of bacterial communities associated with germinated 
and ungerminated seeds. c Fungal community co-occurrence networks in germinated and ungerminated seeds. d Comparison of the network 
degree of fungal communities associated with germinated and ungerminated seeds. e Interkingdom co-occurrence networks of germinated 
and ungerminated seeds. f Comparison of the microbiome interkingdom network degree in germinated and ungerminated seeds. g 
Number of bacterial and fungal nodes in the co-occurrence network at different germination times. h Number of bacterial and fungal links 
in the co-occurrence network at different germination times. Nodes color represents different phyla/kingdom, and node size represents the size 
of the degree. Red edge represents a positive correlation, and the green edge represents a negative correlation. Differences were analyzed using 
Wilcoxon rank-sum test. Asterisks represent distinct significant differences (**, p < 0.01; ***, p < 0.001)
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germination (day 4), whereas bacteria dominated at the 
later stage (day 10) (Fig. 3g). Additionally, fungi displayed 
increased interactions with other taxa in early germinat-
ing seeds (Fig. 3h), highlighting their potential role in ini-
tiating the germination process.

Seed‑associated microbial function profiles
We investigated the impact of germination on the 
potential function of the seed-associated microbial 
community. Metagenomic sequencing revealed distinct 
functional profiles between microbial communities 
inhabiting germinated and ungerminated Astragalus 
spermosphere soil. The germinated spermosphere soil 
had lower functional diversity, particularly for car-
bohydrate-active enzymes (CAZy; p < 0.01; Fig.  4a). 

Moreover, with increasing germination time, the func-
tional diversity of the microorganisms increased (Fig. 
S9a). PERMANOVA confirmed a significant difference 
in functional composition (CAZy and KO) between 
the germinated and ungerminated spermosphere 
(p < 0.05; Fig. 4b; Table S8). Differential functional anal-
yses indicated that germinated seeds were enriched 
with more KOs (Fig. S9; Table  S9). In the early stages 
(day 4) of seed germination, there was notable enrich-
ment of pathways related to carbohydrate metabolism, 
drug resistance, environmental adaptation, energy 
metabolism, membrane transport, nucleotide metabo-
lism, and translation. Moreover, pathways such as cell 
growth and death, cell motility, and signal transduc-
tion were enriched in the later stages (day 10) of seed 

Fig. 4 Differences in the microbiome function between germinated and ungerminated spermosphere soil. a Shannon diversity index of functional 
genes in germinated and ungerminated seed spermosphere under different time. b PCoA of spermosphere soil microbiome function (KO, COG, 
CAZy, and ResFam) based on the Bray–Curtis distances, and PERMANOVA to test for differences between germinated and ungerminated seeds. c 
Paired heatmaps of the diverse differentially expressed KEGG Orthology (KO) functional categories (top 40) between groups, and the relationships 
between differentially functional genes and pathways. The connections in the middle were calculated through the co-occurrence network, 
and only connections with |r|> 0.7 and p < 0.01 were retained. The orange line indicates a positive correlation and the light blue line indicates 
a negative correlation. (*, p < 0.05; **, p < 0.01; ***, p < 0.001); ns indicates no significant difference
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germination. More specifically, growth hormone syn-
thesis, secretion, and action (K11224), along with mem-
brane trafficking (K17906 and K19951), are prominent 
among the enriched pathways in the germinated sper-
mosphere. Conversely, the ungerminated spermosphere 
is enriched in metabolic pathways involving cofactors, 
vitamins, amino acids, terpenoids, and polyketides 
(Fig. 4c and Fig. S10).

Linear discriminant analysis (LDA) of the CAZy 
profiles revealed enrichment of pathogen-inhibiting 
enzymes in the germinated spermosphere microbiome 
(Fig. S11; Table  S10), including chitin-binding enzymes 
(CBM50), chitin-degrading enzymes (GH23), and rham-
nolipid synthesis enzymes (GT2, GT41 and GT4), asso-
ciated with detoxifying fungal metabolites. The cellulose 
degradation (GH94 and AA3) was enriched in the germi-
nated spermosphere. In addition, GH94 was significantly 
and positively correlated with Pantoea, Lactobacillus, 
and Paenibacillus (Fig. S11b, p < 0.05). Temporal analysis 
revealed distinct functional patterns during germination. 
In the early stage of seed germination (day 4), the ger-
minated seed spermosphere was enriched in functions 
such as CH1, GH6, GH8, and GT2, whereas the similar 
functions CH1, GH3, CH5, and GH6 were enriched in 
the ungerminated seed spermosphere in the later stages 
(Fig. S12; Table  S10). These results demonstrate that 
seed germination drives significant shifts in the func-
tional profiles of the spermosphere microbiome, with 
enhanced capacities for cellulose degradation and patho-
gen resistance.

Ability of seed microorganisms to inhibit pathogens, 
degrade cellulose, and promote germination
The analysis of amplicon data revealed that Fusarium was 
enriched in ungerminated seeds, leading to the hypoth-
esis that Fusarium inhibits Astragalus seed germination. 
To test this hypothesis, a potentially pathogenic fungus, 
Fusarium solani strain (P1), was isolated from unger-
minated seeds and identified on the basis of morpho-
logical and molecular ecological comparisons (Fig.  5a). 
Inoculation of P1 conidia suspension  (107 spores/mL) 
with Astragalus seeds significantly reduced the seed ger-
mination rate (p < 0.05) and germination index (p < 0.01) 
(Fig. 5b), supporting the hypothesis that Fusarium plays a 
key inhibitory role.

To further confirm the positive effect of seed-associated 
microorganisms on seed germination. A total of 26 bac-
terial strains, representing Firmicutes (11 strains), Pro-
teobacteria (8), Actinobacteria (6), and Bacteroidetes (1), 
were isolated from germinating seeds and spermosphere, 
and their abundances differed at the genus level (Fig. 5c; 
Table  S11). Functional screening revealed that 21 of 
these strains had the ability to degrade cellulose, whereas 

16 strains inhibited the pathogenic fungus P1 (Fig.  5c; 
Table  S11). Among these strains, Bac_3 (Bacillus sp. 
DLAE23) presented the strongest cellulose-degrading 
ability, whereas Bac_7 (Bacillus sp. DLAE19) presented 
the strongest inhibition rate for Fusarium solani strain 
(P1). Further experiments revealed that 12 of the 26 
seed-associated bacterial strains promoted the germina-
tion of Astragalus seeds under sterile conditions (Fig. 5c; 
Table S11), with Pae (Paenibacillus sp. DLAE12) showing 
the greatest ability to improve seed germination by 17% 
compared with that of the control. In addition, 60% of the 
isolated Bacillus exhibited positive effects on seed ger-
mination. Importantly, the ability of the bacterial strains 
to inhibit pathogenic fungi was positively correlated 
with the germination rate, germination index, and vigor 
of Astragalus seeds (p < 0.05, Fig.  5d). Additionally, the 
capacity for cellulose degradation was significantly corre-
lated with seed vigor (p < 0.05, Fig. 5e).

To further investigate the effects of the isolated bacteria 
on the seed germination and plant health of Astragalus 
in soil, the top three seed germination-promoting strains 
under sterile conditions, including Pae, Bac_1 (Bacil-
lus sp. DLAE26) and Bac_2 (Bacillus sp. DLAE24), were 
selected for the pot planting experiments. The results 
demonstrated that Pae significantly promoted the ger-
mination rate, germination index, plant height, and 
underground biomass of Astragalus (Fig.  6a–c). Bac_2 
significantly promoted the height of Astragalus plants. 
These results indicate that seed microorganisms can pro-
mote seed germination by inhibiting pathogenic fungi 
and degrading cellulose.

Discussion
The intricate mutualistic relationship between seed micro-
organisms and plants is a fascinating area in the field of 
plant-soil-microbe interactions, particularly in the early 
stages of plant life [28]. During seed germination, ben-
eficial microorganisms protect against successful seed 
germination by producing phytohormones and alleviating 
biotic and abiotic stresses [9]. However, it remains unclear 
whether germination failure is attributed to inherent seed 
vitality issues or interactions with microbes. Using imbibed 
seeds as research material allowed us to more effectively 
demonstrate the process of seed microbiome-mediated 
seed germination by partially excluding the influence of 
insufficient seed vitality. Furthermore, the dynamics of 
the overall composition and functional adaptations of the 
microbial community during seed germination remain 
elusive. Our investigation revealed that the diversity of 
endophytes and spermosphere soil microbial communi-
ties associated with germinated seeds was significantly 
greater than that associated with ungerminated seeds. 
The bacterial communities associated with germinated 
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Fig. 5 Seed-associated microbiome of promote seed germination. a Morphological characteristics (macroscopic and microscopic) 
and phylogenetic tree of isolated pathogenic fungi. b The effect of Fusarium solani on seed germination rate and germination index, differences 
were analyzed using Wilcoxon rank-sum test. c Phylogenetic tree of isolated strains, ability to inhibit pathogens, whether to degrade cellulose 
and its effect on seed germination of Astragalus. The heatmap in the inner circle represents the relative abundance (normalized) of the genera 
of the strains in the amplicon sample. The outermost circle represents the germination index of the strain, and different colors represent phyla. 
Circles in the phylogenetic tree represent degradable cellulose, and star represent non-degradable cellulose. The size of the shape represents 
the ability to inhibit pathogenic fungi (normalized). Phylogenetic tree construction based on Maximum Likelihood method. d Relationship 
between the ability of strains to suppress pathogenic fungi and Astragalus seed germination parameters (germination rate, germination force, 
germination index, and seed vigor). e Relationship between the ability of strains to degrade cellulose and Astragalus seed germination parameters 
(germination rate, germination force, germination index, and seed vigor). Asterisks represent significant differences (*, p < 0.05; **, p < 0.01; ***, 
p < 0.001); ns indicates no significant difference
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seeds presented a relatively high abundance of taxa with 
potential growth-promoting characteristics. Conversely, 
the enrichment of pathogens serves as a significant limit-
ing factor for seed germination in Astragalus. Analysis of 
the metagenomic data revealed that the microbiome pre-
sent in the spermosphere of germinated seeds performs 
functions involving pathogen inhibition and cellulose 

degradation. Further experiments with inoculated strains 
revealed that seed-associated microorganisms promoted 
seed germination and enhanced seed vitality by inhibiting 
pathogenic fungi and degrading cellulose (Fig.  7). These 
findings provide fundamental evidence for the potential of 
manipulating seed-associated microbial communities to 
increase seed germination and protect plant health.

Fig. 6 Seed-associated microbiomes promote Astragalus seed germination and plant growth. a Effects of inoculation of growth-promoting 
bacteria on Astragalus seed germination (germination rate, germination force, germination index, and seed vigor). b Effects of inoculation 
of growth-promoting bacteria on Astragalus plant growth (plant height, root length, overground weight, and underground weight). According 
to Tukey’s HSD test, different lowercase letters indicate statistically significant differences (p < 0.05). c Impact of inoculated strains on Astragalus 
growth
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Germination leads to a shift in seed microbial communities 
from fungal to bacterial dominance
The germination process profoundly reshapes the assem-
bly of seed-associated microbial communities. Previous 
studies conducted under sterile soil conditions indicated 
a reduction in the diversity of seed endophytic bacteria 
during germination [18, 19]. However, our findings in 
natural soil reveal a contrasting pattern. We observed a 
significant increase in microbial diversity associated with 
germinating seeds. This heightened diversity is likely 
driven by the secretion of a complex blend of exudates 
from the germinating seeds, creating a nutrient-rich 
spermosphere that attracts and facilitates the coloniza-
tion of a wider range of microorganisms [29]. The micro-
bial communities colonizing germinating seeds presented 
greater complexity, which was particularly evident in the 
early stages of seed germination. This high complexity 
may be due to the diverse exudates offering multiple car-
bon sources and promoting microbial interactions [30].

Our observations revealed a succession of micro-
bial communities during seed germination, with fungi 
initially dominating the microbial network. This early 
fungal dominance is likely due to their rapid coloniza-
tion of available niches and ability to utilize these recal-
citrant carbon sources [31]. Interestingly, we found 
that the potential pathogen Fusarium was enriched in 
early ungerminated seeds, whereas in the later stages of 

germination, beneficial Firmicutes and Basidiomycota 
became increasingly abundant. For example, some Basid-
iomycota are well known for forming mycorrhizal fungi 
with plants, increasing nutrient uptake [32]. Similarly, 
Firmicutes, particularly Bacillus species, are recognized 
for promoting plant growth and disease resistance [21]. 
This succession from a pathogenic fungal-dominated 
community to one rich in beneficial bacteria and sym-
biotic fungi highlights the intricate ecological choreog-
raphy unfolding during seed germination. Our findings 
suggest that as seeds transition to seedlings, they actively 
shape their microbial environment, potentially selecting 
for microorganisms that contribute to their growth and 
health.

Seeds recruit beneficial microorganisms to assist in seed 
germination
Many Fusarium species are globally distributed seed-
borne pathogens that hinder seed germination and 
threaten plant health, often leading to severe crop yield 
losses in various species, including soybean, maize, and 
wheat [21, 33, 34]. However, the impact of seed-borne 
Fusarium species on seed germination in Astragalus 
remains unknown. Our results revealed an enrichment 
of Fusarium in ungerminated Astragalus seeds, with this 
genus emerging as a keystone species in the co-occur-
rence network of the ungerminated seed microbiome, 

Fig. 7 Conceptual diagram of microbiome-mediated germination of Astragalus seeds
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indicating its dominant role in shaping the microbial 
community within ungerminated seeds. Pathogenicity 
experiments demonstrated that Fusarium solani signifi-
cantly inhibited Astragalus seed germination. The mech-
anism underlying the detrimental effects of Fusarium is 
attributed to its production of toxins and enzymes that 
disrupt crucial cellular processes. For example, Fusarium 
graminearum produces deoxynivalenol, a mycotoxin 
that disrupts normal cellular functions by inhibiting pro-
tein synthesis [35]. Similarly, Fusarium solani secretes 
cell wall-degrading enzymes, including cutinase, which 
contribute to plant tissue decay and pathogenicity [33, 
36]. In addition, a study has shown that Fusarium solani 
infection can increase alanine and fatty acids during seed 
germination, thereby reducing the seed germination rate 
[37].

In contrast to ungerminated seeds, germination acti-
vates metabolic processes that recruit and enrich a 
greater number of microorganisms in the endosphere 
and spermosphere through the release of seed exudates 
[15, 38]. We observed an enrichment of potentially ben-
eficial microorganisms, including Pseudomonas and Pan-
toea, which are known to antagonize pathogenic fungi 
and promote plant growth [39, 40]. Our experiments 
confirmed the ability of Pseudomonas and Pantoea to 
promote seed germination. The presence of pathogens, 
such as tomato Fusarium wilt [41], wheat Fusarium 
head blight [42] and Diaporthe citri melanose pathogens 
[4], alters the composition of plant-associated micro-
bial communities. The symbiotic relationship between 
the microbiome and the plant host, which functions as 
a “holobiont,” serves as a defence mechanism against 
pathogen stress [43]. Plants exhibit a remarkable ability 
to recruit beneficial microbes in response to pathogen-
induced stress [4, 44, 45].

Intriguingly, our findings revealed that ungerminated 
seeds in the early stages harbored diverse potentially 
beneficial microorganisms, including Paenibacillus and 
Bacillus. However, not all isolated Bacillus species have 
a positive effect on seed germination. Thus, considering 
the variations in their metabolic diversity and functions 
[46], the diversity of Bacillus species and strains may play 
a significant role in seed germination and plant growth. 
Subsequent disease suppression assays demonstrated 
the efficacy of these bacteria in inhibiting the growth of 
pathogenic fungi and increasing Astragalus seed germi-
nation rates (Fig. 5c; Tale S11). Furthermore, under path-
ogen stress, plants may mitigate this stress by recruiting 
beneficial microbes [3]. This “cry-for-help” strategy may 
partially elucidate the observed enrichment of Paeniba-
cillus and Bacillus in ungerminated seed. Nevertheless, 
the exact mechanism remains unclear, which is a limita-
tion of our study.

Specific functions of seed microorganisms stimulating 
Astragalus seed germination
The microbial communities associated with germinated 
seeds present diverse functions crucial for promoting 
germination, particularly pathogen inhibition and cellu-
lose degradation. Our analysis revealed fungal cell wall 
degradation in the spermosphere, including an increased 
abundance of genes encoding CBM50 (chitin or pep-
tidoglycan binding) and CH23 (chitin degradation). 
This finding is consistent with previous research linking 
chitinase activity to disease suppression in sugar beet 
infected with Rhizoctonia solani [47]. Furthermore, we 
observed enrichment of rhamnosidase synthesis-related 
functions (GT2 and GT41 glycosyltransferase families), 
which are often associated with Paenibacillus species 
known to mediate plant–microbe interactions and con-
fer pathogen resistance [48]. Notably, the microbial cell 
motility functional pathway was enriched in the germi-
nated seeds, potentially enabling Pseudomonas and Bacil-
lus to effectively colonize the seed environment [49]. This 
targeted recruitment of beneficial microbes with specific 
functions underscores the active role of plants in shaping 
their microbiome to promote germination success.

Another key mechanism by which microbes support 
seed germination is microbial cellulose degradation, 
which releases nutrients that directly nourish germinat-
ing seedlings [50]. In our study, we identified numerous 
cellulose-degrading enzymes, such as GH94 and AA3, 
within the spermosphere, emphasizing the importance of 
this process. Moreover, the positive correlation between 
Pantoea and Paenibacillus and GH94 was confirmed in 
cellulose degradation experiments, supporting the view 
that seed-associated microorganisms promote germina-
tion via degrading cellulose. This aligns with previous 
studies showing that Pantoea, Bacillus, and Paenibacil-
lus, which are common seed endophytes, have robust cel-
lulose-degrading abilities, effectively converting cellulose 
into readily available carbon sources [51–53]. The pres-
ence of these specific bacteria and their associated cellu-
lose degradation enzymes further highlights their critical 
role in enhancing seed vigor and germination success.

Conclusion
In summary, our study provides compelling evidence for 
the structural and functional contributions of seed-asso-
ciated microorganisms in facilitating seed germination 
and early plant growth. We demonstrated their crucial 
role in pathogen suppression and cellulose degradation, 
thereby enhancing seed vigor. The observed shift from 
fungal dominance to bacterial dominance may repre-
sent an adaptive strategy, allowing plants to benefit from 
different microbial partners at various stages of their 
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early development. Our findings suggest that seeds may 
actively recruit beneficial microorganisms during ger-
mination to combat pathogenic fungi, and add to our 
understanding of how plants “cry for help” during early 
life stages, but the mechanism needs to be explored in 
more detail. Importantly, inoculation with Paenibacillus 
sp. effectively enhanced the germination and stimulated 
the growth of Astragalus seeds. These findings highlight 
the immense potential of seed-associated microorgan-
isms in improving seed germination and plant growth, 
underscoring the importance of these inconspicuous 
microbial resources within seeds.

Methods
Experimental design and sample collection
Soil and seeds were collected from annual Astragalus 
fields located in Yuzhong County, Gansu Province (36° 
01′ 38″ N, 104° 22′ 06″ E). The study area is character-
ized by a temperate continental climate with an aver-
age annual temperature of 7.5  °C, a precipitation of 
428  mm, a sunshine duration of 2562.5  h, and an alti-
tude of 2280 m. The soil properties are as follows: mois-
ture content, 32.76%; pH, 8.02; organic matter, 13.99  g/
kg; total nitrogen, 0.96  g/kg; total phosphorus, 0.95  g/
kg; nitrate-nitrogen  (NO3), 66.43  mg/kg; ammonium-
nitrogen  (NH4), 158.11 mg/kg; and available phosphorus, 
62.90  mg/kg. The collected soil was sieved and kept in 
a cool and dark place, while the seeds were stored in a 
refrigerator at 4 °C.

In the Astragalus seed germination pot experiment, 
we used 10 cm × 10 cm pots filled with 150 g of fresh soil 
at 60% water-holding capacity. To mitigate the influence 
of seed vigor on the microbial-mediated germination of 
Astragalus, we assessed the hard seed rate and selected 
seeds capable of imbibition. Uniformly sized Astragalus 
seeds were randomly selected and surface sterilized by 
soaking in a 5% sodium hypochlorite solution for 30  s, 
followed by five rinses with sterile distilled water. The 
seeds were subsequently immersed in 75% ethanol for 
2  min and rinsed five times with sterile water. Subse-
quently, 100 seeds were immersed in sterile water at 25 °C 
for 24 h, and the numbers of imbibed and non-imbibed 
seeds were recorded, with the procedure repeated five 
times. We calculated the hard seed rate using the for-
mula: hard seed rate (%) = (number of hard seeds / total 
number of seeds tested) × 100% [54, 55]. The hard seed 
rate was determined to be 70.67%. Seeds capable of imbi-
bition were selected and again surface sterilized. Ten of 
these seeds were evenly sown in each pot, and a total of 
300 pots were placed in a greenhouse and maintained at 
25 °C for 16 h (light) / 20 °C for 8 h (dark), with approxi-
mately 40% relative humidity.

At days 4 and 10 after sowing, we collected endosphere 
and spermosphere (compartment) samples from both 
germinated and ungerminated seeds were collected. Ger-
mination was defined by the emergence of the radicle 
through the seed coat. A germinated seed had the radicle 
emerging without signs of wilting or pathogen infection 
in the seedling, while an ungerminated seed showed no 
radicle emergence. Day 4 represents the determination 
time of seed germination force, and day 10 represents 
the end time of seed germination. Each sample contained 
100 seeds (Fig.  1). In total, 32 samples were collected 
(n = 4 for each type of sample), including germinated 
seed endophytes (GE4d) and the spermosphere (GS4d) 
on day 4; ungerminated seed endophytes (UE4d) and the 
spermosphere (US4d) on day 4; and corresponding sam-
ples on day 10 (GE10d, GS10d, UE10d, and US10d).

For sample collection, sterile 50-mL centrifuge tubes 
containing 35 mL of phosphate buffer solution were used 
to submerge the seed samples. The tubes were vortexed 
for 15 s, and the seed washing solution was then homog-
enized and evenly distributed into two separate 50-mL 
centrifuge tubes. These samples were subsequently cen-
trifuged at 6000 × g for 5  min. After centrifugation, the 
resulting seed wash mixture was once again mixed and 
divided into two additional 50-mL centrifuge tubes, 
which underwent a second round of centrifugation at 
6000 × g for another 5 min. The soil sediment obtained is 
referred to as spermosphere soil. The seed samples were 
sonicated twice in sterile water at a frequency of 20 kHz 
for 30 s each time and then rinsed with sterile water three 
times. The samples were subsequently lyophilized via liq-
uid nitrogen on an ultraclean bench and pulverized with 
a sterile mortar. All the samples were stored in a − 80 °C 
freezer until DNA extraction.

DNA extraction, amplification, and sequencing
DNA was extracted from 0.5 g of seeds or spermosphere 
soil using the FastDNA® SPIN for soil kit (MP Biomedi-
cals, Solon, USA), and its concentration and purity were 
determined. The V4 region of the 16S rRNA gene was 
amplified using the universal primers 515F (5′-GTG 
CCA GCMGCC GCG GTAA-3′) and 806R (5′-GGA CTA 
CHVGGG TWT CTAAT-3′) [56]. Fungal internal tran-
scribed spacer region 1 (ITS1) was amplified using the 
primers ITS1 (CTT GGT CAT TTA GAG GAA GTAA)/
ITS4 (GCT GCG TTC TTC ATC GAT GC) [57]. The raw 
sequencing data were processed using the DADA2 pipe-
line [58], which includes denoising, trimming, and chi-
maera removal. The obtained amplicon sequence variants 
(ASV) were classified and identified using the SILVA 
database v132 [59] for bacteria and the UNITE database 
(version 1.12.2017) [60] for fungi.
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Metagenomic assembly and annotation
Metagenomic sequencing was performed on germinated 
and ungerminated spermosphere soil samples at days 4 
and 10 (n = 3, totalling 12 samples) to measure microbial 
function during seed germination. Paired-end sequenc-
ing (150 bp) was conducted on an Illumina NovaSeq 6000 
platform, yielding a minimum of 12 GB of raw data per 
sample. Reads were assembled using MEGAHIT v1.2.9 
[61], followed by gene prediction using Prokka v1.14.5 
[62] and clustering at a 0.95 similarity threshold using 
CD-HIT v4.8.1 [63] to generate a nonredundant gene cat-
alog. Functional annotation was performed using DIA-
MOND comparison [64] of eggNOG-mapper v1.0.3 with 
the eggNOG database (v5.0) [65]. The annotation results 
were reorganized into Kyoto Encyclopedia of Genes and 
Genomes (KEGG) homology (KO) profiles [66], clusters 
of homologous proteomes (COG) functional categories 
[67], and CAZymes (CAZy) [68]. Furthermore, antibi-
otic resistance genes were detected and reconstituted by 
using ResFams [69].

Isolation and identification of culturable seed bacterial 
and pathogen isolates
For bacterial isolation, 5  mL of seed grinding solu-
tion was mixed with 45  mL of sterilized distilled water 
in a 100-mL triangular flask and shaken at 180  rpm for 
30  min at 28  °C, and the resulting mixture was serially 
diluted from  10−1 to  10−6. One hundred microlitres of 
suspension was applied to LB medium. Single colonies 
were purified and lysed in 50 μL of 1% sodium hydroxide 
at 72 °C. The 16S rRNA gene of each strain was amplified 
with double barcoded universal primers (27F 5′-GAG 
TTT GAT CCT GGC TCA G-3′; 1492R 5′-TAC CTT GTT 
ACG ACTT-3′) [42]. For pathogenic fungal isolation, 100 
μL of the diluted suspension was plated on PDA media. 
Fungal DNA was extracted and amplified using the prim-
ers ITS1/ITS4 (TCC GTA GGT GAA CCT GCG G; TCC 
TCC GCT TAT TGA TAT GC) and tef−1α (EF1 FATG GGT 
AAG GAR GAC AAG AC; EF2 RGG ARG TAC CAG TSATC 
ATG TT) [70].

Approximately 100 seeds were soaked in 20 mL of a spore 
suspension of  107/mL and/or sterile water for 12 h, dried 
with aseptic filter paper and placed in water, after which the 
germination rate and germination index were calculated.

Evaluation of bacterial isolates for fungal pathogen 
suppression and cellulose degradation
Potential probiotic bacteria were activated in LB medium 
prior to testing. To assess fungal pathogen suppression, 2 
μL of test bacterial suspension  (OD600 = 0.7) was inocu-
lated onto 3-day-old pathogen cultures. Inhibition rates 
were calculated by measuring the growth radii of patho-
genic colonies in the presence and absence of antagonis-
tic bacteria:

where Rc is the radius of the pathogenic fungal colony in 
the control group and Rt is the radius in the treatment 
group.

To evaluate the cellulose degradation capabilities, 
bacterial strains were inoculated on sodium carboxy-
methylcellulose (CMC-Na) media and incubated at 
30 °C for 5 days. Plates were then flooded with 1 mg/mL 
Congo red solution for 1 h, followed by destaining with 
1 M NaCl until clear hydrolysis zones appeared. Strains 
exhibiting distinct degradation halos were selected for 
further analysis, and both the halo and colony diameter 
were recorded.

In vitro and in vivo methods for measuring seed 
germination
Two conditions were used for the germination experi-
ment. For the in  vitro experiments, the seeds were 
immersed in 5% sodium hypochlorite (NaClO) for 1 min, 
rinsed with sterile water 5 times, immersed in 75% alcohol 
for 2 min, and rinsed with sterile water 5 times. The seeds 
were soaked in the suspension of the strain to be tested 
 (OD600 = 0.2 or  107 spores/mL) for 12 h. The seeds were 
removed and immersed in alcohol for 30  s, rinsed 3–5 
times with sterile water, and then the surface was blotted 
dry with sterile blotting paper. Twenty seeds were placed 
in sterile water agar media for germination assessment.

For the in vivo experiments, the seeds were treated as 
described above, and 5 seeds were sown in pots with a 
total of 150 g of soil in each pot. A total of 20 mL of ster-
ile water was added before sowing, and the germination 
rate, germination force, germination speed, germination 
index, and seed vigor were measured:

Inhibition rate (%) = [(Rc − Rt) / Rc] × 100

Germination rate (%) = (number of germinated seeds on day 10 / Total seeds)×100%

Germination force (%) = (number of germinated seeds on day 4 / Total seeds)×100%
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Where:
Gt = number of germinated seeds on day t
Gt−1 = number of germinated seeds on day t − 1
Dt = number of days since sowing

Data statistics and analysis
All the statistical analyses were performed in the R envi-
ronment (v4.1.1; http:// www.r- proje ct. org/). The rich-
ness, Shannon index, and phylogenetic diversity of 
the seed microbial community were calculated by the 
“vegan” [71] and “picante” packages [72]. Bray–Curtis 
distances were used to calculate community similarity, 
and principal coordinate ranking analysis (PCoA) was 
performed with the “vegan” package. A permutation 
multivariate analysis of variance (PERMANOVA) was 
performed using the “adonis” function in the “vegan” 
package. Differential abundance analysis between germi-
nated and ungerminated seed microbiota was performed 
via the EdgeR generalized linear model (GLM) method 
in the “edgeR” R package [73]. Linear discriminant analy-
sis (LDA) in the “microeco” package was used to explore 
the differences between germinated and ungerminated 
seed microbial functions [74]. Phylogenetic trees were 
constructed using MEGA7 [75] and visualized by the 
“ggtreeExtra” and “ggplot2” packages [76].

To quantify the relative importance of stochastic pro-
cesses in community assembly, we used the Sloan neutral 
community model to predict the relationship between 
ASV frequency detection and relative abundance [77]. 
In this model, Nm is defined as the metacommunity size 
multiplied by the migration value, and the migration rate 
(m) represents the estimated intercommunity dispersal 
rate. The metacommunity size (N) is the total number of 
reads per sample. The parameter R2 represents the overall 
fit to the neutral model. The 95% confidence intervals for 
all fitted statistics were calculated by 1000 bootstrap rep-
licates [78].

The microbial community assembly process in dif-
ferent subgroups was assessed using the “picante” 
null model package and taxonomic β diversity indica-
tors (βNTI and  RCbray) [72]. The βNTI quantifies the 
magnitude and direction of deviation between the 
observed βMNTD values and the values calculated by 

Germination speed =

∑
[(Gt − Gt−1) / Dt ]

Germination index = (Gt / Dt)

Seed vigor = germination index × fresh weight

the null model [79]. Values of |βNTI|> 2 indicate that 
deterministic processes dominate community assem-
bly. Specifically, βNTI > 2 reflects that the community 
assembly process is dominated by variable selection 
(i.e., environmental sorting), whereas βNTI < − 2 indi-
cates that community assembly is dominated by homo-
geneous selection. |βNTI|< 2 indicates that community 
assembly is dominated by stochastic processes. The 
deviation between the observed Bray–Curtis and null 
distributions was used to further delineate the stochas-
tic processes. An  RCbray > 0.95 indicates dispersal limi-
tation, and an  RCbray < − 0.95 indicates homogeneous 
dispersal-driven community assembly. When |βNTI|< 2 
and |RCbray|< 0.95, community assembly was driven by 
undominant processes (i.e., weak selection, weak dis-
persal, diversification, or ecological drift).

The co-occurrence patterns of seed-associated micro-
organisms were explored by constructing separate 
networks for the germinated and ungerminated seed 
microbial communities. Microbial taxa present in less 
than 50% of the samples were excluded, and the topo-
logical properties of the network were calculated via 
Spearman correlation and significance p using the 
“igraph” and “Hmisc” packages [80]. Subsequently, FDR 
correction was performed on the p-values, and only the 
nodes and edges with a correlation exceeding 0.6 and p 
less than 0.05 were retained and visualized using Gephi 
(v0.92, https:// gephi. org). Keystone taxa were identified 
on the basis of higher degree values in the network [45, 
81]. All schematic diagrams were modified from the 
BioRender (https:// www. biore nder. com/).
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