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Abstract: As a high-quality plant resource for ecological restoration, Achnatherum splendens has 13 
strong adaptability and wide distribution. It is a constructive species of alkaline grassland in north- 14 
west China. The close relationship between seed-borne bacteria and seeds causes a specific co-evo- 15 
lutionary effect, which can enhance the tolerance of plants under various stresses. In this study, 272 16 
bacterial isolates were isolated from the seeds of Achnatherum splendens in six different provinces of 17 
China.41 dominant strains were identified, and their motility, biofilm formation ability and antibi- 18 
otic resistance were analyzed. The results showed that the bacteria of Achnatherum splendens be- 19 
longed to 3 phyla and 14 genera, of which Firmicutes was the dominant phylum and Bacillus was 20 
the dominant genus. The motility and biofilm formation ability of the isolated strains were studied. 21 
It was found that there were 6 strains with a moving diameter greater than 8 cm. There were 16 22 
strains with strong biofilm formation ability, among which Bacillus with biofilm formation ability 23 
was the most, accounting for 37.5 %. The analysis of antibiotic resistance showed that sulfonamides 24 
had stronger antibacterial ability to strains. Correlation analysis showed that the resistance of strains 25 
to aminoglycosides (kanamycin, amikacin, gentamicin) was significantly positively correlated with 26 
their biofilm formation ability. This study provides fungal resources for improving the tolerance of 27 
plants under different stresses. In addition, this is the first report on the biological characteristics of 28 
bacteria in Achnatherum splendens. 29 

Keywords: Achnatherum splendens; seed-borne bacterial diversity; motility; biofilm; antibiotic re- 30 
sistance 31 
 32 

1. Introduction 33 
Seeds are essential throughout the life cycle of plants, which can exist in the environ- 34 

ment for a long time in a dormant state until the growth conditions are suitable and then 35 
grow into complete plants [1]. Species-borne bacteria refer to all bacteria that parasitize 36 
inside and on the surface of seeds, and their colonization plays different roles in plant 37 
growth and health at different growth stages [2,3]. Seed-borne bacteria can exist in the 38 
whole life cycle of seeds, including seed germination and development to growth results 39 
and post-harvest storage and processing. It can also ensure the growth and reproduction 40 
of seed-borne bacteria in the next generation through vertical transmission and rhizo- 41 
sphere colonization. It is precisely because seed and seed-borne bacteria affect seed ger- 42 
mination and plant growth in plant-bacterial interactions and other forms[4], it is that 43 
great significance to clarify the diversity of seed-borne bacteria. A.splendens is a perennial 44 
tussock herb belonging to Achnatherum genus of Gramineae. It is widely distributed in 45 
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China and grows as a constructive species in the arid grassland of Northwest China [5,6]. 46 
As the dominant population of temperate grassland, A.splendens can be used as winter 47 
and spring forage by livestock. A.splendens growing along the Qinghai-Tibet Railway can 48 
not only prevent wind and sand, stabilize embankment, but also play a good role in soil 49 
and water conservation. Therefore, it is of great significance to explore the diversity and 50 
characteristics of seed-borne bacteria of A.splendens to alleviate the stress of plants under 51 
adversity and the further utilization of seed-borne bacteria. 52 

At present, antibiotic resistance, as one of the global problems that threaten human 53 
health, has received extensive aĴention from scholars in different fields around the world. 54 
In 2019, scholars analyzed antibiotic resistance-related cases in more than 200 countries 55 
and regions around the world, and found that nearly 6.2 million people died directly or 56 
indirectly from antibiotic resistance [7]. Since the discovery and application of penicillin, 57 
the antibiotic industry rise rapidly [8], a variety of different antibiotics have been found 58 
and widely used in medical, agricultural and animal husbandry. Avermectins (AVMs) are 59 
commonly used to control grasshoppers and caterpillars in grasslands [9,10]. Livestock in 60 
Northwest China rely on grassland-based natural vegetation, and the use of antibiotics is 61 
limited to livestock disease management. Although the dose of antibiotics administered 62 
to grassland animals is significantly lower than that of centralized animal feeding 63 
(CAFOs), extensive grazing still has the potential to cause antibiotic resistance in animals 64 
and environmental reservoirs [11–13]. The extensive use of antibiotics has led to bacterial 65 
resistance. As the problem of bacterial resistance continues to emerge, the number of 66 
multi-antibiotic resistant bacteria continues to increase. It is believed that this may cause 67 
common infections that cannot be effectively treated and increase mortality [14]. The food 68 
chain [15], the horizontal spread of antibiotic resistance genes (ARGs), inadequate sani- 69 
tary conditions, population mobility, and trade in live animals and meat make antibiotic 70 
resistance spread throughout the ecosystem [16]. In large-scale studies, it has been found 71 
that there is a significant correlation between antibiotic use and antibiotic resistance in 72 
livestock and human populations [17,18]. One of the reasons for bacterial resistance is the 73 
formation of biofilms. Biofilms can help bacteria beĴer adapt to the living environment, 74 
and have certain resistance to fungicides such as antibiotics and harsh environments. Bac- 75 
terial motility is crucial to the adhesion period of biofilm formation [19–21]. Different re- 76 
gions have bred different microbial resources due to differences in climatic conditions and 77 
geographical locations. As a reproductive organ of forage grass, the bacteria carried by 78 
seeds can not only transmit them by vertical transmission[22], but also bring them out by 79 
seed dispersal. If the bacteria carry the antibiotic resistance gene, the gene will also spread, 80 
and the antibiotics deposited in the environment will accumulate. 81 

Therefore, in this study, A.splendens species from Xinjiang Uygur Autonomous Re- 82 
gion, Inner Mongolia Autonomous Region, Ningxia Hui Autonomous Region, Qinghai 83 
Province, Gansu Province, Jiangsu Province and other places were used as research ma- 84 
terials. Through the isolation, purification, phenotypic and molecular identification of the 85 
species-borne bacteria, the bacterial motility, biofilm formation ability and antibiotic re- 86 
sistance were determined, and the relationship between the three was analyzed. In order 87 
to preliminarily determine the diversity of culturable bacteria in A.splendens, and to clarify 88 
the biological characteristics of bacteria in A.splendens. Screening out strains with strong 89 
resistance and applying them to plants under antibiotic pollution, observing whether bac- 90 
teria can improve the sensitivity of plants to antibiotics and slow down the persecution of 91 
antibiotics on plants can provide a theoretical basis for biological means to control antibi- 92 
otic pollution, which is also our follow-up work. 93 

2. Materials and Methods 94 
2.1. Experimental materials  95 

The information of grass species is shown in Table 1. 96 

Table 1. Related information of Achnatherum splendens species. 97 
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Origin Grass species Production time Source 

Xinjiang Uygur Autonomous Region Achnatherum splendens 2020  

Qinghai Womiao Ecological 
Technology Company Ltd 

Inner Mongolia Autonomous Region Achnatherum splendens 2021  

Qinghai province Achnatherum splendens 2022  

Gansu province Achnatherum splendens 2021  

Ningxia Hui Autonomous Region Achnatherum splendens 2021  

Jiangsu province Achnatherum splendens 2020  

Reagents and medium: TSA medium, TSB medium, Swimming medium, Crystal violet staining solution. 98 

2.2. Methods 99 
2.2.1. Isolation of bacteria 100 

The prepared TSA medium was placed in the incubator for 1 day, and used after 101 
confirming the pollution-free. 1 g of wild A.splendens from six different regions were 102 
weighed and placed in sterile pots. The disinfection treatment group was first disinfected 103 
with 75 % alcohol for 2 min, and then disinfected with 1% NaClO for 3 min. After disin- 104 
fection, it was washed four times with sterile water to remove the disinfectant on the sur- 105 
face. Add 10 mL sterile water to the disinfected seeds and the unsterilized seeds for full 106 
grinding. After standing for 10 min, the diluent was prepared: 100 µL supernatant was 107 
taken and diluted 10 times in 900 µL sterile water to obtain 10-1,10-2,10-3,10-4,10-5 dilu- 108 
ents. 100 µL was evenly coated on TSA medium and cultured in darkness at 28 ± 1 °C 109 
constant temperature incubator. After 3 days, the single colony was purified and num- 110 
bered, and then the strain was selected in TSB medium supplemented with 15% glycerol 111 
and stored at − 80 °C 112 

2.2.216. S rDNA molecular identification of bacteria  113 
TIANamp Bacteria DNA Kit (Tiangen Biochemical Technology (Beijing) Co., Ltd.) 114 

bacterial genomic DNA extraction kit was used to extract DNA from the isolated and pu- 115 
rified bacteria. The operation steps were carried out according to the kit instructions.  116 

After DNA extraction, PCR amplification was performed. The amplified primer se- 117 
quences were: 1 forward primer 27F: 5 ' -AGAGAG TTTGATCMTGGCTCAG-3 ', 2 reverse 118 
primer 1492R: 5 ' -GGYTACCTTGTTA CGACTT-3 '. Among them, 1492R is a universal 119 
primer and 27F is a bacterial specific primer. The combination of two primers can effec- 120 
tively amplify the 16 Sr DNA of all bacterial groups. PCR amplification procedure: 95 °C, 121 
4 min; 94 °C, 1 min; 50 °C, 1 min; 72 °C, 2 min; 34 cycle; 72 °C, 10 min. After PCR amplifi- 122 
cation, the obtained products were sent to Shanghai Parsons Biotechnology Co., Ltd. for 123 
sequencing. The sequences were aligned by BLAST in NCBI database 124 
(hĴp://www.ncbi.nlm.ni-h-gov/blast.cgi). The phylogenetic tree was constructed by using 125 
the software MEGA 11.0 with the highest homologous strain sequence as the reference 126 
object. 127 

2.2.3. Determination of swimming motility 128 
According to the method of Alías-Villegas[23], the bacteria were picked up with ster- 129 

ile toothpicks and cultured in a swimming plate at 28 °C for 20 h. The diameter of the 130 
turbid area formed by the diffusion of the bacteria was observed and measured. 131 

2.2.4. Determination of biofilm formation ability  132 
According to the method of Stepanovich S,[24] the isolated and purified strains were 133 

inoculated on fresh TSA plates for 24 hours, and the strains were selected and cultured in 134 
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sterilized TSB medium overnight. The concentration of the bacterial solution was adjusted 135 
to 0.5 McFarland standard (1.5×108 CFU / mL) turbidity. The 150 µL bacterial solution was 136 
transferred to a 96-well plate and aerobically cultured at 37 °C for 48 h. After the culture 137 
was completed, the contents of the wells were gently removed, and the wells were rinsed 138 
three times with 0.9% sterile 250 µL normal saline. After washing, 150 µL 0.1% crystal 139 
violet was added to each well for staining. After 15 min, the color was gently rinsed and 140 
dried in an oven at 60 °C, and then washed three times with 250 µL distilled water. Finally, 141 
150 µL 96% ethanol was added. The optical density value at 570 nm was measured by 142 
quantitative spectrophotometry. According to the following criteria: (4ODc < OD570 = 143 
strong biofilm-forming bacteria, 2ODc < OD570 ≤ 4ODc = medium biofilm-forming bacte- 144 
ria, ODc < OD570 ≤ 2ODc = weak biofilm-forming bacteria, OD570 ≤ ODc = no biofilm- 145 
forming bacteria, ODc = negative control of the average OD570 + (3 × negative control 146 
standard deviation), the isolates were divided into strong, medium, weak or no biofilm- 147 
forming bacteria. 148 

2.2.5. Determination of antibiotic resistance  149 
According to the agar dilution method of Lavalle  ́e et al [25], the prepared antibiotics 150 

with exponential concentration growth were added to the agar medium to make an anti- 151 
biotic plate, and then the strain was inoculated to the surface of the medium. After 48 152 
hours of culture, the growth status of the strain was observed, the minimum inhibitory 153 
concentration (MIC) of the strain was determined, and the antibiotic resistance of the 154 
strain was judged. 155 

2.3. Statistical Analysis 156 
All data indicators are expressed as mean ± standard error of three replicates. Data 157 

were collated using Excel 2021, analyzed by one-way ANOVA using Graphpad Prism9.50, 158 
and separated by means using Duncan's test. p < 0.05 indicates significance. The heatmap 159 
was carried out using the Chiplot platform (hĴps://www.chiplot.online/). 160 

3. Results 161 
3.1. Bacterial diversity of seed-borne bacteria of A.splendens 162 

A total of 41 strains of bacteria were isolated from the seeds of wild A.splendens from 163 
6 regions. The number and species of bacteria isolated from various samples were differ- 164 
ent. (Table 2) 165 

Table 2. Identification results and morphological description of seed-borne bacteria of Achnatherum 166 
splendens. 167 

strain code Gram 16S rDNA identification Accession number 
XJ1 - Klebsiella sp.  OR889436 

XJ2 - Enterobacter sp.  OR889437 
XJ3 - Atlantibacter sp.  OR889438 
XJ7 - Brevundimonas sp.  OR889439 

XJ12 - Klebsiella sp.  OR889440 
XJ16 - Enterobacter sp.  OR889441 
XXJ1 - Lysinibacillus sp.  OR889445 
XXJ6 + Bacillus sp.  OR889446 
XXJ9 + Bacillus sp.  OR889447 
XXJ17 - Enterobacter sp.  OR889448 
XNJ10 + Bacillus sp. OR889455 
XNJ16 + Bacillus sp.  OR889456 
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XNJ22 + Bacillus sp.  OR889466 
QJ1 - Pseudomonas sp. OR889452 
QJ2 - Erwinia sp. OR889453 

XQJ2 + Bacillus sp. OR915404 
QJ14 - Stenotrophomonas sp. OR889451 
XQJ4 - Pseudomonas sp.  OR889467 
GJ6a - Pseudomonas sp. OR889449 
GJ18 - Siccibacter sp.  OR889450 

XGJ1a + Paenibacillus sp.  OR889463 
XGJ9a + Bacillus sp.  OR889468 
XGJ4 - Pseudomonas sp. OR889464 
XGJ8 + Bacillus sp.  OR889454 
XGJ12 + Bacillus sp.  OR889465 
NM6 - Siccibacter sp.  OR889429 
NM8 + Bacillus sp.   OR889430 

NM10 + Bacillus sp.  OR889431 
NM15 - Enterobacter sp.  OR889432 
NM27 - LellioĴia sp.  OR889433 
NM31 - Pseudomonas sp. OR889434 
NM42 - Erwinia sp.  OR889435 

XNM11 + Bacillus sp.   OR889442 
XNM15 + Bacillus sp.  OR889443 
XNM19 - Enterobacter sp.  OR889444 

JS-1 - Mixta sp. OR889457 
JS-4 + Zhihengliuella sp. OR889458 

JS-10 + Bacillus sp.  OR889459 
JS-19 - Siccibacter sp. OR889460 
JS-25 + Bacillus sp.  OR889461 
JS-38 + Bacillus sp.  OR889462 

Note : + : Gram-positive bacteria; -: Gram-negative bacteria 168 

3.1.1. Taxonomic status of bacteria 169 
According to the determination of potassium hydroxide wire drawing test with the 170 

same nature of Gram staining method, there were 17 strains of Gram-positive bacteria, 171 
accounting for 41.46%. There were 24 strains of Gram-negative bacteria, accounting for 172 
58.54%. The 41 strains belonged to 3 phyla and 14 genera, of which 18 strains belonged to 173 
Firmicutes, accounting for 43.90%, 16 strains belonged to Bacillus sp., 1 strain belonged to 174 
Lysinibacillus sp., and 1 strain belonged to Paenibacillus sp. . 22 strains of Proteobacteria, 175 
accounting for 53.66%, 2 strains of Klebsiella sp., 5 strains of Enterobacter sp., 1 strain of 176 
Atlantibacter sp., 5 strains of Pseudomonas sp., 1 strain of Brevundimonas sp., 3 strains of 177 
Siccibacter sp., 1 strain of LellioĴia sp., 2 strains of Erwinia sp., and 1 strain of Mixta sp., 1 178 
strain of Stenotrophomonas sp. . There was 1 strain of bacteria belonging to Actinobacteria, 179 
accounting for 2.44%, and one strain of Zhihengliuella sp. 180 

 181 
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Figure 1. Phylogenetic tree of the species of seed-borne bacteria of Achnatherum splendens. 183 

3.1.2. Bacterial diversity analysis of seed-borne bacteria of A.splendens 184 
The diversity of seed-borne bacterial of A.splendens was analyzed. Through Wayne 185 

analysis, it was found that the common genus of bacteria isolated from six regions of Xin- 186 
jiang, Inner Mongolia, Qinghai, Gansu, Ningxia Hui Autonomous Region and Jiangsu was 187 
Bacillus sp. (Fig.2-A). The Circos species relationship diagram intuitively presents the in- 188 
formation of the samples and classification levels of each bacteria. The first circle showed 189 
the grouping information of the samples and the classification level of the bacteria. The 190 
second circle clearly showed the percentage of the relative abundance of bacteria in the 191 
samples. The third circle was distinguished by different colors, indicating the absolute 192 
abundance of bacteria. The central position of the fourth circle is connected between the 193 
sample and the classification level, echoing the outer ring (Fig.2-B). As another presenta- 194 
tion of Veen diagram, UpSet diagram visually shows the common and unique parts 195 
among different regions. Using upset diagram to analyze the composition of bacterial gen- 196 
era in A.splendens seed zone in different regions, it is found that there is only one common 197 
genus in six regions, which is Bacillus sp., and there are endemic genera in Xinjiang, Inner 198 
Mongolia, Ningxia, Gansu and other places. The number of endemic genera is 4,3,1 and 1 199 
respectively (Fig.2-C). The random forest model was constructed with the genus of 200 
A.splendens as the independent variable, and the %IncMSE was used to score and rank the 201 
characteristics. The top three genera were Bacillus sp. Enterobacter sp., Siccibacter sp., indi- 202 
cating that the species was more important for the identification of species in the group, 203 
indicating that the bacteria of Bacillus sp., Enterobacter sp., Siccibacter sp. were the marker 204 
species of the difference between groups (Fig.2-D). 205 
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 206 
Figure 2. Analysis of bacterial diversity of seed-borne bacteria of Achnatherum splendens. (A) De- 207 
scribes the classification and proportion of bacteria contained in each region; (B)describes the bac- 208 
teria contained in each region and the relationship between regions and bacteria; (C) Intuitively 209 
describes the common and unique genera among bacteria in each region; (D) describes the im- 210 
portance of species-borne bacteria in the host. 211 

3.2. Mobility analysis 212 
By inserting the strain into the swimming medium by acupuncture method, it was 213 

found that it could spread and grow on the surface of the plate, but its diffusion diameter 214 
was different. The results showed as Figure.3 that the moving diameter of strains XJ16, 215 
GJ18, NM15, XNM19, NM6, QJ16 and XJ3 on the surface of semi-solid agar plate was close 216 
to 9 cm. The diffusion surface of the strain was about to or had reached the inner edge of 217 
the petri dish, and its mobility was strong, accounting for 15.56%. There were 3 strains of 218 
bacteria with a moving diameter of 6-8cm, accounting for 6.67%, of which the diameter of 219 
XJ3 was 7.97cm ; there were 8 strains of bacteria with a moving diameter of 4-6 cm, ac- 220 
counting for 17.78%. There were 9 strains of bacteria with a moving diameter of 2-4 cm, 221 
accounting for 20%. There were 4 strains of bacteria with a moving diameter of 1-2 cm, 222 
accounting for 8.88%. There were 13 strains of bacteria with a moving diameter of less 223 
than 1 cm, accounting for 22.22%. There were 3 strains of bacteria without diffusion diam- 224 
eter, accounting for 6.67%. The results showed that most of the bacteria carried by A.splen- 225 
dens could diffuse on the surface of the swimming medium, indicating that the bacteria 226 
carried by A.splendens had certain mobility and could migrate under suitable conditions. 227 
Because of this, bacteria with excellent performance could play a role in seeds. 228 
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 229 
3.3. Analysis of biofilm formation ability 230 

The biofilm formation ability was determined by crystal violet staining, ODC = 0.092. 231 
The results of biofilm formation are shown in the Figure.4. Strains XJ1, XJ2, XJ3, XNJ10, 232 
XNJ22, QJ1, XQJ4, GJ2, GJ6a, XGJ1a, XGJ4, XGJ8, XGJ12, NM8, XNM11, XNM15, JS-3, JS- 233 
25 and other 18 strains were strong biofilm-forming bacteria. The 15 strains of XJ7, XJ12, 234 
XXJ6, XXJ9, XXJ17, XNJ16, QJ16, GJ15, GJ18, XGJ9a, NM6, NM10, NM15, JS-1, JS-19 were 235 
medium biofilm forming bacteria. The 11 strains of XJ16, QJ2, QJ14, XQJ2, NM27, NM31, 236 
NM42, XNM19, JS-4, JS-10 and JS-38 were weak biofilm-forming bacteria. Strain XXJ1 is a 237 
non-biofilm-forming bacterium. Among them, the proportion of bacteria with strong, me- 238 
dium, weak and no biofilm formation ability was 45%, 37.5%, 27.5% and 2.5%, respec- 239 
tively. 240 

Figure 4. The Biofilm formation capacity of the Achnatherum splendens with seed-borne bacteria. 241 
Note: a is a strong biofilm formation ability; b is moderate biofilm formation ability; c is weak biofilm 242 
formation ability; d is no biofilm formation ability. 243 

3.4. Antibiotic resistance analysis 244 
The agar dilution method was used to determine the bacterial resistance of A.splen- 245 

dens. The results showed as Figure.5 that the bacteria of A.splendens were more resistant 246 
to sulfadiazine, sulfamethoxazole and other sulfonamides, and the resistance to ampicillin 247 
and erythromycin was also more intuitive. Through the determination of the minimum 248 
inhibitory concentration of 41 strains of A.splendens seed-borne bacteria, it was found that 249 
the MIC of sulfadiazine was 2560µg/mL, and the strains that could reach MIC were XJ1, 250 
XJ2, XJ3, XJ12, XXJ17, NM6, NM27, XNM19, XNJ10, XNJ22, QJ1, QJ2, XQJ4, XGJ4, JS-1, JS- 251 
19 . The MIC of sulfamethoxazole was 1280µg/mL, and the strains that could reach MIC 252 
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were XXJ1, XXJ6, QJ14, GJ18, XGJ1a, JS-4, JS-38. The MIC of ampicillin was 1280µg/mL, 253 
only XXJ17 could reach MIC, the MIC of erythromycin was 1280µg/mL, only XJ1 could 254 
reach MIC. The MIC of kanamycin was up to 10 µg/mL. The bacteria that could reach MIC 255 
were XJ1, XJ2, XJ3, XJ12, XXJ17, NM27, XNM19, QJ2, QJ14, JS-4, JS-19. The MIC of rifam- 256 
picin was up to 80µg/mL, and only XXJ17 could reach MIC. The MIC of gentamicin was 257 
up to 20µg/mL, and only QJ14 could reach MIC. The MIC of ceftazidime was up to 258 
640µg/mL, and the bacteria that could reach MIC were NM10, XGJ1a and XGJ9a. 259 

 260 

Figure 5. The antimicrobial resistance of the Achnatherum splendens with seed-borne bacteria. 261 

3.5. Correlation analysis 262 
Through the analysis of bacterial motility, biofilm formation ability and antibiotic 263 

resistance of A.splendens. As shown in Figure.6, the results showed that there was no cor- 264 
relation between bacterial motility and biofilm formation ability and antibiotic resistance. 265 
The biofilm formation ability was significantly correlated with the resistance of bacteria 266 
to aminoglycosides such as kanamycin, amikacin and gentamicin (P < 0.01), and there was 267 
no correlation between antibiotic resistance and motility and biofilm formation ability. 268 
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 269 
Figure 6. Correlation analysis of biological characteristics. Note: | r | < 0.3 is low correlation, 0.3-0.8 270 
is moderate correlation, | r | >0.8 is highly correlated. * means P < 0.05, * * means P < 0.01, * * * means 271 
P < 0.001, there is statistical significance. 272 

4. Discussion 273 
Seed is not only a production tool in agricultural production, but also a carrier of 274 

various microorganisms. Recent studies have shown that the vast majority of the planet 's 275 
approximately 300,000 plant species contain endophytes [26]. Plant-associated bacterial 276 
communities are common in agroecosystems. Studies have shown that 131 genera of nat- 277 
ural endophytic bacteria have been identified in the seeds of 25 common plants. Most of 278 
the endophytic bacteria in seeds belong to Proteobacteria, among which Enterobacteri- 279 
aceae is the dominant endophytic bacteria in a variety of plant seeds [27,28]. In addition, 280 
Actinobacteriota, Firmicutes and Bacteroidetes are also found in plant seeds [29].In the 281 
past two decades, many researchers have found that Gramineae and Leguminosae seeds 282 
carry bacteria, among which Proteobacteria, Actinobacteria and Firmicutes are the most 283 
abundant [30,31]. In the study of different seeds such as Medicago sativa[32], Trifolium re- 284 
pens L [28], white clover[33] etc., it was found that the microorganisms carried by the seeds 285 
were diverse. For the study of Achnatherum inebrians [34], Elymus sibiricus and Elymus da- 286 
huricus [33], Avena sativa L [35], etc., it was found that the dominant bacteria of most plants 287 
were Bacillus. In this study, 41 dominant bacteria were selected from 272 species-borne 288 
bacteria isolated from A.splendens in different regions for preliminary study. The analysis 289 
showed that the 41 strains belonged to 3 phyla and 14 genera, mainly Proteobacteria and 290 
Firmicutes, followed by Actinobacteria, which was consistent with previous research re- 291 
sults. At the same time, through the molecular identification of the 41 strains in this exper- 292 
iment, it was found that the bacteria carried by the seeds in different regions were signif- 293 
icantly different in species and quantity, which may be related to the storage life of the 294 
seeds and the ecological environment of the year. Bacillus was the dominant genus among 295 
the 41 strains, which was detected in the six regions of Xinjiang Uygur Autonomous 296 
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Region, Inner Mongolia Autonomous Region, Ningxia Hui Autonomous Region, Qinghai 297 
Province, Gansu Province and Jiangsu Province. This conclusion is consistent with the 298 
results of previous reports Truyens [28], indicating that the microorganisms in the A.splen- 299 
dens seed belt also have diversity. The phenotype of most plants is the product of syner- 300 
gistic and highly co-regulated expression of plant genes and microbial genes. The close 301 
connection between the seed-borne bacteria and the seed causes a specific co-evolutionary 302 
effect, and the bacteria that mutually benefit from the seed also continue due to the vertical 303 
transmission of the seed-borne bacteria [36]. Studies have shown that the bacteria carried 304 
by seeds can not only be transmiĴed across generations by vertical transmission, but also 305 
can be transmiĴed through vascular bundles from parent plants into seeds [37].This mode 306 
of transmission of bacteria ensures that they can exist in the natural environment for a 307 
long time without being eliminated. In addition, studies have found that under the influ- 308 
ence of biotic and abiotic stresses, the presence of seed-borne bacteria can improve the 309 
viability, germination and resilience of seeds, improve the growth and development of 310 
plants, and thus enhance the resistance of plants to adverse effects[38,39]. In this paper, 311 
through the study of bacterial resistance of A.splendens, it was found that the bacteria car- 312 
ried by A.splendens seeds had different degrees of resistance to different kinds of antibiot- 313 
ics. The presence of bacteria in the seed band could alleviate the stress of seeds in the 314 
antibiotic environment to a certain extent, which laid a foundation for the germination 315 
and growth of seeds in the antibiotic environment.  316 

Bacteria carried by different seeds have different mechanisms of action on plants. 317 
According to the reports of Xu[4] and Walitang [40]et al, seed-borne bacteria can directly 318 
or indirectly promote the growth of host seeds and seedlings by producing hydrolases, 319 
regulating hormones and other abilities and their own growth-promoting characteristics 320 
such as nitrogen fixation, phosphorus solubilization and siderophore production. Com- 321 
pared with the studies on the growth-promoting functions of seed-borne bacteria and 322 
plant growth-promoting rhizobacteria (PGPR), such as nitrogen fixation, phosphorus sol- 323 
ubilization and hydrolase production, there are few reports on the characteristics of seed- 324 
borne bacteria [41]. Seed-borne bacteria can not only affect the germination and growth of 325 
seeds and even plants by their unique functions, but also affect the host due to their po- 326 
tential uses. It has been reported that there is a great correlation between undiscovered 327 
microbial diversity and potential uses. Smith et al [26] found that the newly discovered 328 
bacteria can produce bioactive substances through the investigation of endophytic bacte- 329 
ria in tropical plants, which has potential significance in the fields of medicine, agriculture 330 
and industry. In 2013, Shi et al [34] studied the insecticidal activity of endophytic bacteria 331 
from A.splendens, and found that the isolates had good insecticidal activity against coĴon 332 
aphids, which could be used to develop new natural insecticides. In this study, the char- 333 
acteristics of motility, biofilm formation and antibiotic resistance of 41 strains isolated 334 
from the seeds of A.splendens were qualitatively or quantitatively studied. It was found 335 
that the motility, biofilm formation and antibiotic resistance of each bacteria were differ- 336 
ent. In the future, more in-depth studies will be carried out on strains with excellent char- 337 
acteristics, aiming to provide high-quality bacterial sources for plant disease prevention, 338 
antibiotic pollution control, seed coating, new species breeding, and microbial fertilizer 339 
development and utilization.  340 

Motility is one of the important characteristics of bacterial physiology and plays a 341 
vital role in microbial ecology. The motility of bacteria enables them to establish contact 342 
with animals and plants. If the nutritional conditions of the parasitic environment are 343 
good, the bacterial motility will be stronger, and the colonization area covered by their 344 
migration will be larger [42]. In addition, exercise can improve the efficiency of nutrient 345 
acquisition and avoid toxicity [43]. It has been reported that motility enables bacteria to 346 
migrate to favorable environments and stay away from the effects of toxic substances and 347 
their predators [44,45]. Samad et al [42] found that although the motility of Staphylococcus 348 
bacteria is limited, it can still migrate with other mobile bacteria as carriers, reach and 349 
survive and reproduce in its preferred niche, indicating that non-mobile bacteria can 350 



Microorganisms 2024, 12, x FOR PEER REVIEW 12 of 16 
 

 

migrate under the influence of mobile bacteria. In addition, studies have shown that fla- 351 
gella-mediated bacteria not only have strong motility, but also participate in the formation 352 
of bacterial biofilms due to the physical adsorption of flagella. As early as 1987, Lawrence 353 
et al [46] demonstrated that flagella, motility, and chemotaxis play an important role in 354 
the formation of bacterial biofilms; bacterial motility makes it spread to the appropriate 355 
niche to adhere and proliferate, thus promoting the formation of biofilm [47].In this study, 356 
the motility of A.splendens seed-borne bacteria on the surface of swimming medium con- 357 
taining 0.3% agar was investigated. It was found that six strains of NM6, XNM19, NM27, 358 
NM15, GJ18 and XJ16 had strong motility. They belonged to Siccibacter sp., Enterobacter 359 
sp., Atlantibacter sp. and LellioĴia sp., and their diffusion area almost covered the whole 360 
surface of the medium. It may be that the nutritional conditions of the swimming medium 361 
were suitable for the movement and diffusion of these six strains. It may be that bacterial 362 
motility plays a role in promoting the formation of biofilm. In addition, studies have 363 
shown that biofilms can make bacteria beĴer adapt to the living environment, especially 364 
strains with poor antibiotic resistance, and even if the biofilm formation ability of bacteria 365 
with high antibiotic resistance is weak, it can still protect strains from persecution [48]. 366 
However, in 1998, George A et al [49] found that the adhesion ability of flagellar-defective 367 
mutants on PVC was very poor when studying the formation mechanism of Pseudomonas 368 
aeruginosa biofilm, indicating that flagella was indispensable in the process of biofilm 369 
formation, indicating that bacterial motility was positively correlated with its biofilm for- 370 
mation ability. Their research showed that there was a positive correlation between bac- 371 
terial motility, biofilm formation ability and antibiotic resistance. It has also been reported 372 
that bacterial motility is negatively correlated with biofilm formation. Kim (2008) et al[50] 373 
explored the effect of flagellar mutations on the biofilm formation of Y.enterocolitica. It was 374 
found that for the virus, if the gene that is a positive regulator of flagellar expression mu- 375 
tates, the biofilm formation will decrease, while the gene mutation that encodes the nega- 376 
tive regulator of flagellar expression will make the biofilm formation stronger. In this 377 
study, the resistance of A.splendens to sulfonamide antibiotics was stronger than that of 378 
other antibiotics. Among them, the number of Bacillus was the most resistant, followed by 379 
the bacteria of Pseudomonas sp., Enterobacter sp. and Siccibacter sp.. Pseudomonas sp. and 380 
Bacillus can enhance the ability of hosts to resist pathogens by producing bioactive sub- 381 
stances[51] ; there was a significant positive correlation between biofilm formation ability 382 
and aminoglycoside antibiotic resistance (Fig.6). The reason may be that the presence of 383 
biofilms can provide an advantage for bacteria to beĴer exist in antibiotic-contaminated 384 
environments. Their co-occurrence and correlation indicate that they may have a common 385 
regulatory mechanism, which may also be the reason why bacteria initiate biofilm gene 386 
expression. There was no significant correlation between motility and biofilm formation 387 
ability, and there was no significant correlation with bacterial resistance. The reason may 388 
be that the number of variables is too small to make the data results deviate from the 389 
expected, or the number of repeated values of a single strain is too small to analyze it 390 
separately and the relationship between the two variables is not observed. 391 

The bacterial diversity of A.splendens from different regions is different, but most 392 
strains have certain motility and biofilm formation ability, and can produce resistance to 393 
one or more antibiotics. The strains with excellent biological characteristics were screened 394 
out, which provided fungal resources for improving the tolerance of plants under differ- 395 
ent stresses. 396 

5. Conclusions 397 
(1) The culturable bacteria in the seed zone of Achnatherum splendens had species di- 398 

versity. The isolated bacteria were identified to belong to 3 phyla and 14 genera, among 399 
which Bacillus was the dominant genus in the seed zone of Achnatherum splendens in dif- 400 
ferent regions.  401 

(2) Among the 41 strains isolated from Achnatherum splendens, 40 strains were motile 402 
and had a moving diameter of > 2.00 cm.  403 
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(3) Among the 41 strains, 16 strains were strong biofilm-forming bacteria, 14 strains 404 
were medium biofilm-forming bacteria, 10 strains were weak biofilm-forming bacteria, 405 
and 1 strain had no biofilm-forming ability. 406 

(4) The bacteria carried by Achnatherum splendens had certain resistance to macrolides 407 
( erythromycin ), cephalosporins ( ceftazidime ), penicillins ( ampicillin ), aminoglycosides 408 
( kanamycin, amikacin, gentamicin ), sulfonamides ( sulfadiazine, sulfamethoxazole ), 409 
among which the resistance to sulfonamides was the strongest. 410 
 411 
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