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Abstract
Background  Engineering the seed microenvironment with embedded bacteriophages and Plant Growth 
Promoting Rhizobacteria (PGPR) shows promise for enhancing germination, mitigating biotic and abiotic stressors, 
and improving resilience under challenging environmental conditions. This study aimed to enhance potato seed 
germination and control bacterial wilt caused by Ralstonia solanacearum and salinity by using novel technology to 
encapsulate, preserve, and deliver phage therapy and rhizobacteria.

Results  Silk fibroin and trehalose biomaterial combined with the phage P-PSG11 and Pseudomonas lalkuanensis were 
applied to potato seeds. A pot experiment was conducted to investigate pathogen suppression, salt tolerance, and 
plant growth enhancement. The combination of silk and trehalose effectively preserved both phage and bacteria 
for ≥ 8 weeks, maintaining both phage titers and bacterial colony counts. Seeds coated with the P-PSG11 and P. 
lalkuanensis mixture exhibited the highest germination rate at 93.5%, followed by P. lalkuanensis at 86.3%. In vivo 
evaluations showed significant increases in root length (72.7%, 61.0%, and 22.5%), plant height (71.5%, 65.1%, and 
8.2%), and dry matter (129.1%, 125.7%, and 13.1%) for the P-PSG11 and P. lalkuanensis mixture, P. lalkuanensis, and 
P-PSG11, respectively. The incidence of wilt was significantly reduced by 88.2% and 81.2%, and salinity was mitigated 
by 83.3% and 79.2% for the P-PSG11 and P. lalkuanensis mixture and P. lalkuanensis treatment, respectively, compared 
to the control (p < 0.001). The viability of preserved P-PSG11 and P. lalkuanensis was confirmed after one year using 
phage titers and bacterial colonies.

Conclusion  This innovative approach enhanced plant growth, promoted seed germination, controlled wilt disease, 
and mitigated soil salinity.
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Introduction
With approximately 800  million individuals currently 
experiencing food insecurity and a projected global pop-
ulation of 9.7 billion by 2050, there is an urgent need to 
increase food production significantly in the coming 
decades [1]. Changing climate patterns and the spread 
of transboundary diseases necessitate rapid crop adapta-
tion to various stresses [2, 3]. Precision agriculture has 
been developed to respond to these challenges, utilizing 
advanced technologies to optimize food production. This 
approach aims to maximize crop yields while minimiz-
ing the use of resources such as water and agrochemicals, 
thus reducing the environmental impact [4–6]. Conse-
quently, agriculture is transitioning towards sustainability 
and technological integration.

Seeds possess the highest added value among agricul-
tural products, serving as a fundamental food source and 
as the cornerstone of agricultural practices [7]. In recent 
years, seed enhancement technologies have emerged, 
aimed at improving seed performance through tailored 
conditioning and specialized regimes [8]. Seed coat-
ings have been devised to regulate seed surface proper-
ties, enrich soil with nutrients in specific locations, and 
modulate seed water uptake [7, 9]. However, the primary 
emphasis has been on studying payloads intended to 
improve seed germination based on soil properties and 
seed type rather than on the materials utilized for encap-
sulating and delivering these payloads.

This approach has restricted the development of seed 
coatings capable of encapsulating beneficial and frag-
ile compounds, particularly plant growth-promoting 
rhizobacteria (PGPR) and bacteriophages. PGPR could 
enhance nutrient availability and phytohormone lev-
els during plant-root interaction, while simultaneously 
reducing the environmental impact of synthetic fertiliz-
ers, salinity, and pesticides [10–12]. PGPR enhances soil 
fertility through nitrogen fixation, nutrient solubilization, 
and the production of growth regulators and antibiotics 
[13, 14]. When applied as inoculants, these biofertilizers 
multiply in soil and improve crop productivity through 
enhanced nutrient cycling [15]. Incorporating micro-
bial inocula into artificial seed coatings can result in 
diminished microbial viability, potentially compromis-
ing the long-term storage capacity of coated seeds [16]. 
The artificial seed coating creates a challenging micro-
environment for PGPR due to osmotic and desiccation 
stresses [17, 18]. Pseudomonas lalkuanensis, a recently 
characterized plant growth-promoting rhizobacterium 
(PGPR) from agricultural soil, exhibits strong antago-
nistic activity against plant pathogens while enhancing 
plant growth [19, 20]. The bacterium produces various 
antimicrobial compounds, including hydrogen cyanide 
(HCN), ammonia, siderophores, hydrolytic enzymes, 
and volatile organic compounds, making it a promising 

biocontrol agent due to its natural adaptation to the crop 
rhizosphere and mitigate salinity stress [21, 22]. More-
over, protective compounds intended to benefit the seed 
may unintentionally compromise the survival of symbi-
otic bacteria due to their biological activity [23, 24]. At 
the same time, the spread of microbial diseases through 
seeds is a major concern in agriculture, with the potential 
to cause significant yield losses [25–30].

Ralstonia solanacearum is a devastating soil-borne 
plant pathogen that causes bacterial wilt disease in more 
than 200 plant species, including economically important 
crops such as potato, tomato, eggplant, pepper, tobacco, 
and banana [31, 32]. Its broad host range, global distri-
bution, and high virulence makes it one of the most 
destructive bacterial plant pathogens worldwide [33, 34]. 
In pursuing sustainable food production, bacteriophages, 
natural viruses that target specific bacteria, are emerg-
ing as promising biocontrol tools. To combat agricultural 
diseases, scientists are pioneering new ways to deliver 
phages, including spraying them directly onto leaves 
[35], treating irrigation water [36], applying treatments 
to seed tubers [37], coating seeds, and developing protec-
tive shields for leaves [38]. However, several studies have 
highlighted seed transmission as a major route for plant 
pathogen transmission [29, 39–41]. Despite this, only 
a few studies in recent years have focused on effective 
plant biocontrol through seed coating [42, 43]. Devel-
oping efficient phage coatings requires a comprehen-
sive understanding of seed surface binding mechanisms, 
enrichment strategies, and phage stability; however, this 
aspect has surprisingly received little systematic atten-
tion. Silk protein, a structural protein traditionally used 
in textiles, has been repurposed as a natural technical 
material with applications in regenerative medicine, drug 
delivery, implantable optoelectronics, and food coatings 
[44, 45].

In this study, we intended to develop a biomaterial-
based approach to engineer seed coatings loaded with 
PGPR to enhance germination and alleviate soil salinity 
and bacteriophage to control bacterial pathogens. A bio-
material was formulated using silk protein extracted from 
Bombyx mori (B. mori) cocoons and trehalose for cel-
lular protection. The blend was combined with a PGPR 
Pseudomonas lalkuanensis A101 and/or a bacterio-
phage (P-PSG11) targeting Ralstonia solanacearum, and 
applied onto seed surfaces, adapting the existing seed 
coating method dip coating. To the best of our knowl-
edge, this is the first study reporting long-term stabiliza-
tion of bacteria and phages in silk films applied to seeds 
for enhanced biocontrol effectiveness and stability in soil 
after application for sustainable agriculture.
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Materials and methods
Materials fabrication and protein purification
With slight modifications, silk protein was puri-
fied as previously described [29]. Briefly, silk fibroin 
was extracted from B. mori worm by boiling dime-
sized pieces in 0.02  M sodium carbonate (Na2CO3) for 
∼ 40–50  min. The degummed fibers were collected, 
rinsed three times in ultrapure water, and dried over-
night in a fume hood. The dried fibers were dissolved in 
a 9.3 M lithium bromide (LiBr) solution (20% wt/vol) at 
60  °C for 4 h. A 12 mL portion of the solution was dia-
lyzed against 1 L of ultrapure water for three days (water 
changed three times daily) to remove the LiBr. The solu-
bilized silk fibroin was then centrifuged at ∼ 12,700 g to 
remove insoluble silk particles. The concentration of 
silk in the resultant solution was determined and used 
at ∼ 4% (wt/vol). This silk solution was used for further 
experiments or stored at 4 °C for up to 1 month (Fig. 1).

Assembly of fabrication material
P-PSG11 was previously isolated and identified by our 
research group for the control of R. solanacearum [46, 
47]. Phage P-PSG11 was prepared in Tris-HCl phage buf-
fer at pH 7.5 (50 mM Tris-base, 150 mM NaCl, 10 mM 

MgCl2.6H2O, and 2 mM CaCl2) and amplified as previ-
ously described [31–33]. Phage titer was determined by 
spotting 10 μl of serially diluted lysate onto double agar 
layers containing host bacteria.

P. lalkuanensis A101, isolated from the tomato rhi-
zosphere in Ismailia, Egypt, was cultivated using Luria 
Bertani (LB) media. The identity of P. lalkuanensis was 
confirmed through 16  S rDNA sequencing, with acces-
sion number CP084625.1 (Fig. S1). We investigated 
whether the phage P-PSG11 could inhibit the growth of 
P. lalkuanensis when combined, aiming to enhance bio-
control effectiveness.

Silk film preparation
After preparing phage P-PSG11 and P. lalkuanensis A101, 
they were mixed with nuclease-free water (ddH2O), silk 
film (SF), and silk trehalose film (STF). Phage P-PSG11 
and/or P. lalkuanensis A101 were combined with the silk 
solutions (silk film and silk trehalose film) in a 1:1 ratio 
(i.e., 10 μL phage/bacteria + 10 μL solution). The mix-
tures were then spread onto nuclease-free plastic sheets 
and air-dried in a biosafety cabinet for approximately 
30–40  min, as illustrated in Fig.  1. The resulting films 

Fig. 1  Schematic diagram for silk solution preparation and downstream applications. (A) Schematic of the silk fibroin extraction procedure: The process 
from raw material (cocoons) to the final aqueous-based solution takes 4 days. (B) Preparation procedure for biocontrol agents P-PSG11 phage and P. 
lalkuanensis A101 bacteria (C) In vitro verification of phage titer and colony counting of PGPR: Determine the stability of P-PSG11 titer and P. lalkuanensis 
colony using serial dilution
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were carefully removed using tweezers and transferred 
into 1.5 mL nuclease-free tubes for further testing.

Phage and PGPR preservation
Silk film (SF) and silk trehalose film (STF) samples con-
taining P-PSG11 phage and P. lalkuanensis A101 were 
stored for over 8 weeks. Their continued effectiveness 
against R. solanacearum was then assessed in vitro. 
To evaluate stability, 190 μL nuclease-free water was 
added to the tubes containing SF or STF. After that, the 
phage P -PSG11 titers and P. lalkuanensis A101 colo-
nies in the solutions were determined. To determine 
the phage titers, the double-layer agar method [31] was 
used. Briefly, the solutions were serially diluted in Tris-
HCl buffer (pH 7.5). Then, 500 μL of R. solanacearum 
(OD600) was mixed with 10 μL of the serially diluted 
solutions, vortexed at 160 rpm, and incubated at 28 °C for 
15 min. This mixture was combined with 4 mL soft agar, 
poured onto CTG agar plates (1% Casamino acid hydrox-
ylate, 1% tryptone and 1.5% w/v, agar), and incubated 
overnight at 28 °C. Phage titers were calculated by multi-
plying the plaque count by the dilution factor. All experi-
ments were done in triplicate (Fig. 1).

To assess P. lalkuanensis A101 integrity, the serially 
diluted silk solutions were plated on soft agar plates 
containing R. solanacearum and incubated overnight at 
28 °C for colony counting. The soft agar plates were pre-
pared by pouring 500 μL of R. solanacearum in 4 mL soft 
agar onto CTG plates.

Encapsulation of potato seed
Potato (Solanum tuberosum) seeds were sterilized with 
50% bleach for 3 min, rinsed thrice in H2O, and air-dried. 
P-PSG11 phage was prepared for coating, and P. lalkua-
nensis A101 was grown overnight to OD600 (1. 80 mL) 
and centrifuged at 4200 rpm. The pellet was resuspended 
in 8 mL of 6% (w/v) silk fibroin-trehalose (1:3) suspen-
sion containing phage P-PSG11. Seeds were dipped in 
this solution for 2 min, dried, and planted 24 h later. The 
coating process aimed to apply 108 CFU of P. lalkuanensis 
A101 and/or P-PSG11 phage per seed. Fifty seed models 
were coated with a silk film incorporating P. lalkuanensis 
A101 and phage P-PSG11, followed by air drying. These 
coated seed models were subsequently utilized in a series 
of experiments. In vitro studies were conducted to assess 
germination rates, while in vivo experiments evaluated 
plant growth development, pathogen suppression effi-
cacy, and salinity stress tolerance.

Seed-coated germination
Germination rates were assessed using five replicates of 
coated potato seeds (Solanum tuberosum No. Huashu2, 
sourced from Huazhong Agricultural University, Wuhan, 
China). Comparisons were made with uncoated seeds (5 

seeds) and R. solanacearum - infected seeds (5 seeds). 
Seeds were placed on moistened filter paper in Petri 
dishes at 25  °C. Germinating seedlings were counted 
after 7, 14, and 21 days. The total germination percent-
age was calculated as the average of the five replications 
using the following formula:

	
Germination =

Total number of normal germinated seedlings

Total number of seeds planted
× 100

Root and shoot lengths were measured on 10 randomly 
selected seedlings during germination counts. Root 
length was measured from the collar to the primary root 
tip, while shoot length was measured from the collar to 
the primary shoot tip, and both were expressed as mean 
lengths in centimeters. Seedling Vigor Index was calcu-
lated according to the method described by Manonmani, 
et al., 2002 [48], using the following formula:

	Seedling V igor index = germination (%)× total seedling length

Scanning electron microscopy (SEM) images
Scanning electron microscopy (SEM) was used to exam-
ine cross-sections of silk (S) and silk-trehalose (ST) coat-
ings applied by dip coating. Micrographs, all taken at the 
same magnification, revealed uniform film thicknesses of 
approximately 5 μm for both coating types. These cross-
sectional images provided insights into the coatings’ 
internal structure, density, and the integration of treha-
lose within the silk matrix. This microstructural analysis 
is crucial for understanding the coatings’ potential effec-
tiveness in preserving biocontrol agents and influencing 
seed germination.

Pot experiment
A pot experiment was conducted from June to August 
2023 to evaluate the efficacy of P-PSG11 phage and P. 
lalkuanensis in promoting potato plant growth, manag-
ing bacterial wilt, and mitigating salinity stress. Environ-
mental conditions ranged from 28 to 37 °C, with 58–85% 
relative humidity and 15–20 Klux light intensity. Potato 
seeds were coated with phage P-PSG11 and/or P. lalkua-
nensis. Sterile soil, prepared by air-drying, grinding, and 
2 mm sieving, was placed in plastic pots (18 cm height, 
26.5  cm diameter) at 5  kg per pot. The soil was ana-
lyzed for various properties, including pH, particle size 
distribution, and soluble cations and anions concentra-
tions [49]. The soil characteristics used in this study are 
provided in Table S1. Pots were fertilized with super-
phosphate (1.0  g/pot, 15.5% P2O5, equivalent to 31.0  kg 
P2O5/ha) prior to sowing. Split applications of ammo-
nium sulphate (0.60  g N/pot) and potassium sulphate 
(0.25  g K2O/pot) were administered 20 days after sow-
ing. The experiment was conducted using a completely 
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randomized design comprising nine distinct treatments, 
and each treatment was replicated five times. The treat-
ments included: (1) a negative control as coated seeds 
without biocontrol agents; (2) the pathogen R. sola-
nacearum PS-X4-1, isolated previously from the field and 
kept in our lab [47] ; (3) salinity stress induced by NaCl 
at 8 dS/m; (4) R. solanacearum combined with P. lalkua-
nensis; (5) R. solanacearum with phage P-PSG11; (6) R. 
solanacearum in combination with both P. lalkuanensis 
and phage P-PSG11; (7) NaCl stress with P. lalkuanen-
sis; (8) NaCl stress with phage P-PSG11; and (9) NaCl 
stress combined with both P. lalkuanensis and phage 
P-PSG11. This design allowed for the examination of 
individual and combined effects of biotic (pathogen and 
beneficial microorganisms) and abiotic (salinity) stresses 
on the experimental subjects. Salinity treatments were 
prepared by mixing 12 g NaCl in 1.2 L water with 650 g 
soil. Plants were watered every third day, and plant 
heights and root lengths were measured at weeks 1 and 2 
post-germination.

Long-term viability of stored phages and PGPR
Representative samples of STF were stored at room tem-
perature for up to ≥ 1 year (406 days) to assess long-term 
stability. The detectability and viability of phage P-PSG11 
and P. lalkuanensis A101 in these stored silk trehalose 
film samples were evaluated. Stability was verified using 
phage titration for P-PSG11 and colony counting for P. 
lalkuanensis A101. These methods quantified the con-
centration of viable agents, providing insights into their 
preservation within the STF matrix over an extended 
period at room temperature conditions.

Statistical analysis
All results are presented as mean values ± standard devia-
tion (SD). Statistical analyses were conducted using one-
way analysis of variance (ANOVA) with student’s t-test. 
Differences were considered statistically significant at 
the following levels: *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001. All statistical analyses were performed 
using GraphPad Prism software (version 8, GraphPad 
Software, San Diego, CA, USA).

Results
Stability of P. lalkuanensis A101 and P-PSG11 in silk films
Silk-based biomaterials (silk fibroin and a silk trehalose 
mixture) and double-distilled water (ddH2O) were used 
as preservation media for biocontrol agents rhizobacte-
rium P. lalkuanensis A101 and bacteriophage P-PSG11 
stored under room-temperature conditions (Fig.  2A). 
Upon mixing the silk biomaterials with either rhizobac-
terium P. lalkuanensis A101 or bacteriophage P-PSG11 
the solutions were converted to films (i.e. silk fibroin film 
(SF) and silk trehalose film (STF)) using the drop-casting 

and spray drying method. For STF, a mixture ratio of 1:3 
was selected due to its optimal solution viscosity and 
effective preservation of both P. lalkuanensis A101 and 
P-PSG11 (data not shown). Unless indicated specifically, 
the ST mixture ratio 1:3 was used in the following experi-
ments. As seen in Fig. 2B-G, the viability of of rhizobac-
terium P. lalkuanensis A101 and bacteriophage P-PSG11 
decreased gradually over time with that of STF showing 
the least drop in viability. Briefly, after 8 weeks of storage 
in the STF, the average weekly phage titers for P-PSG11 
ranged between 10− 8 and 10− 9 plaque-forming units 
(PFU) per milliliter (Fig. 2B). Concurrently, colony counts 
for P. lalkuanensis A101 remained between 10− 7 and 
10− 8 colony-forming units (CFU) per milliliter (Fig. 2E). 
In contrast, when using SF as a preservation medium, 
both agents remained stable for only 28 days. Storage in 
ddH2O at room temperature resulted in the shortest sta-
bility period of 7 days. These results highlight the supe-
rior efficacy of STF in preserving the bacteriophage and 
P. lalkuanensis A101 for extended periods without com-
promising viability. The stability achieved with the STF 
significantly outperformed the SF and ddH2O, demon-
strating its potential as an effective preservation medium 
for these biological agents.

Germination boost of encapsulated potato seeds
Using a storage period of 4 weeks, potato seeds were 
subjected to different test conditions to assess their ger-
mination quality under controlled laboratory conditions 
(Fig. S3). The test conditions included infection with 
R. solanacearum (R.S -infected), treatment with water 
only (control), coating with a mixture of silk and treha-
lose (containing either P-PSG11 phage only (P-PSG11), 
P. lalkuanensis A101 only (A101), and a mixture of both 
(P-PSG11 + A101)) then airdried to form STF (Fig. 3A, B).

As illustrated in Fig. 3C, seeds coated with a combina-
tion of bacteriophage P-PSG11 and P. lalkuanensis A101 
in the STF demonstrated the most favorable germination 
outcome. After 4 weeks of storage, these seeds achieved 
the highest germination rate of 93.5% (P < 0.0001). Seeds 
coated with P. lalkuanensis A101 showed the second-
highest germination rate at 86.3% (P < 0.001). In contrast, 
seeds primed with P-PSG11 phage and water exhibited 
a lower germination percentage of 81.8%. Seeds infected 
with R. solanacearum showed almost no germination 
(3%).

As shown in Fig.  3D, it was also found that seeds 
treated with the P-PSG11and P. lalkuanensis A101 
combination produced the longest roots, measuring 
5.4  cm (P < 0.0001), followed by P. lalkuanensis A101-
treated seeds at 4.9  cm (P < 0.001). Seeds treated with 
P-PSG11, and untreated seeds had shorter root lengths 
of 2.85  cm, while infected seeds showed minimal root 
growth of 0.5  cm. Seed priming and coating treatments 
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showed statistically significant differences in their effects 
on seedling vigor (Fig.  3). At the same time, the seed-
ling vigor index, a measure of overall seedling health 
and potential, varied considerably among treatments 
(Fig. 3E). Seeds treated with the combination of bacterio-
phage P-PSG11 and P. lalkuanensis A101 exhibited the 
highest seedling vigor index of 489.5 (P < 0.0001). This 
was followed by seeds treated with P. lalkuanensis A101 
alone, with a seedling vigor index of 436.8 (P < 0.001). In 
contrast, untreated control seeds and those treated with 
P-PSG11 showed similar but lower seedling vigor indi-
ces of 314.7 and 315, respectively. Seeds infected with R. 
solanacearum displayed a markedly lower seedling vigor 
index of just 1.50, indicating severe impairment of seed-
ling development.

Scanning electron microscopy (SEM) validation
SEM was used to assess if trehalose had any effects on 
the films and if P. lalkuanensis A101 was encapsulated 
within the film. As shown in Fig. 4A and D, SEM images 
revealed that adding trehalose had no effect on the film 
formation, and the coating thickness was consistently in 
the range of 5 ± 2  μm. Furthermore, bacteria P. lalkua-
nensis A101 could be embedded within the film matrix 
(Fig. 4E), with a similar shape to the unembedded bacte-
ria (Fig. 4F).

Pot experiments
Pot experiments were conducted to evaluate plant 
growth, antagonistic effects, and salt tolerance of the 
potato plants developed from seeds dip-coated with the 
STF (ratio 1:3) containing P. lalkuanensis A101.

Fig. 2  Stability of P-PSG11 and P. lalkuanensis A101 embedded in different films at room temperature: A) Timeline preservation in the silk trehalose film 
(STF), silk film (SF) and ddH2O. B, C, D) P-PSG11 phage titers were preserved in STF, SF, and ddH2O, respectively. E, F, G) P. lalkuanensis A101 colonies pre-
served in STF, SF, and ddH2O, respectively
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and/or P-PSG11. Potato seeds under different treat-
ments were cultivated for 35 days and compared to 
untreated control seeds (Fig. S4).

Plant growth enhancement
The application of STF containing P. lalkuanensis A101 
and P-PSG11 as PGPR and biocontrol agents in potato 

seed coatings resulted in significant improvements 
(P < 0.001) in root elongation (Fig.  5A) and dry matter 
content of both roots and shoots (Fig.  5B). The growth 
promotion effect (GPE%) on root length was most pro-
nounced with the P. lalkuanensis A101 and P-PSG11 
combination (72.7%, P < 0.0001), followed by P. lalkua-
nensis A101 (61.0%), and P-PSG11 (22.5%), compared to 

Fig. 3  Evaluating germination of potato seeds under test conditions: (A) Timeline of potato germination in vitro. (B) Schematic representation of encap-
sulation. (C) Germination percentage of the potato seeds. (D) Potato root lengths under different treatments. (E) Seedling vigor index among all treat-
ments. Statistical significance: ns, no significance; *** P < 0.001; **** P < 0.0001
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untreated controls (Fig.  5A). Root dry weight increases 
were most substantial with the mixture of P-PSG11 and 
P. lalkuanensis A101 (129.1%), followed by P. lalkuanen-
sis A101 (125.7%) and P-PSG11 (13.1%) compared to 
controls. Similarly, P-PSG11 and P. lalkuanensis A101 
showed the highest increase in shoot dry weight, surpass-
ing the control by 71.38% (Fig. 5B).

Significant increases in plant length or height were 
also observed (Fig.  5C). Compared to the control, the 
GPE% was most pronounced with the P. lalkuanensis 
A101 and P-PSG11 combination (71.5%), followed by 

P. lalkuanensis A101 (65.1%), and P-PSG11 (8.2%). The 
P-PSG11 and P. lalkuanensis A101 combination exhib-
ited the highest GPE% for plant fresh weight (111.3%), 
followed by P. lalkuanensis A101 (103.5%) and P-PSG11 
(35.24%) (Fig.  5D). The P-PSG11 and P. lalkuanensis 
A101 combination consistently demonstrated the most 
significant GPE% across all measured parameters. This 
indicates its substantial impact on potato development 
when applied as a seed coating under the pot conditions.

Fig. 4  SEM micrographs of the silk films formed at the same solution mass by dip coating. Micrographs depicting the cross-section of the pure silk film 
(A), the ST (ratio 3:1) film (B), the ST (ratio 1:1) film (C), the ST (ratio 1:3) film (D), the ST film with A101 (E) and the unembedded bacteria A101 (F). Bar size: 
5 μm
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Bioprotection against R. solanacearum
The STF containing P-PSG11 and P. lalkuanensis A101 
mixture, P-PSG11 only, and P. lalkuanensis A101 only 
significantly reduced wilt incidence by 88.20%, 81.15%, 
and 77.45%, respectively (P < 0.0001) (Fig.  5E) when 
planting the seeds into the soil spiked with R. sola-
nacearum. These biocontrol agents improved plant sur-
vival from 8.45% (without antagonist) to over 88% after 
seed coating application under pot experiment condi-
tions. Even when R. solanacearum was introduced 35 

days post the seed planting, the P-PSG11 and P. lalkua-
nensis A101 combination still showed some effects in 
reducing wilt symptoms.

Salinity mitigation
Potato seeds coated with the P-PSG11 and/or P. lalkua-
nensis A101 embedded ST film were grown in saline (8 
dS/m, by adding NaCl to the topsoil) and non-saline soils 
for four weeks.

Fig. 5  Evaluating plant growth promotion, disease suppression, and salt tolerance under pot experiment conditions. (A) The shoot and root length; (B) 
the biomass of potato plants developed from the seeds coated with the STF embedded with P-PSG11 + A101, P-PSG11, A101 or none of them (control) 
after 35 days of cultivation; (C) GPE % of potato seeds coated with the STF embedded with P-PSG11 + A101, P-PSG11, or A101 on plant length; (D) bio-
mass compared to the control; E) the percentage of potato wilt incidence when planting the seeds coated with the STF embedded with P-PSG11 + A101, 
P-PSG11, A101 or none of them, in soil spiked with R. solanacearum; and F) the percentage of salt tolerance when planting the seeds coated with the STF 
embedded with P-PSG11 + A101, P-PSG11, A101 or none of them, in soil adding with NaCl. ANOVA analysis is used to analyze the significance between 
groups (ns, no significance; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001)
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Seeds coated with STF containing either P. lalkuanen-
sis A101 only or a P-PSG11 and P. lalkuanensis A101 
mixture showed significantly higher germination rates 
(∼ 80%) under saline conditions compared to uncoated 
seeds, which had a germination rate of ∼ 35% (Fig.  5F). 
In contrast, the seeds coated with P-PSG11 had no differ-
ence from the uncoated seeds. Furthermore, throughout 
the observation period, seedlings from the seeds coated 
with P. lalkuanensis A101 or a mixture of P-PSG11 and 
P. lalkuanensis A101 exhibited greater height and more 
developed root systems than the control seedlings. These 
results demonstrated that the salt tolerance is mainly due 
to P. lalkuanensis A101.

Determining the integrity of long-term stored phage and 
PGPR
One STF embedded with P-PSG11 + A101 was prepared 
on April 1, 2023, stored at room temperature for over 
one year, and evaluated for activity on May 10, 2024 (406 
days). As shown in Fig. 6, biocontrol agents (phage 10− 6 
PFU and bacteria 10− 5 CFU) preserved in the STF main-
tained their viability, indicating that trehalose effectively 
protected the phage and the bacteria. In contrast, silk 
films without trehalose did not provide the same level of 
protection. This finding demonstrates that the STF effec-
tively preserves these agents well, ensuring more than 
one year of activity.

Discussion
Phage therapy and PGPR have been instrumental in 
enhancing plant growth and managing various phyto-
pathogens. Bacteriophages, being highly specific to their 
target pathogens and environmentally friendly, present a 
low risk to non-target organisms [46]. P. lalkuanensis, as a 
PGPR, shows potential for both biocontrol and enhance-
ment of plant growth. Once plant growth is optimized 
and diseases are controlled, these agents require careful 
storage or transportation at low temperatures. Typically, 
they must be kept at low temperatures (-20 ℃ for short 
durations or -80 ℃ for extended periods), particularly 
for phages and PGPR. Failure to maintain proper storage 
conditions can lead to degradation, resulting in inconsis-
tent or invalid test results [50, 51]. This degradation could 
potentially impact the effectiveness of crop treatments 
[52, 53]. Drawing inspiration from tardigrades’ resilience 
and Bombyx Mori’s silk-producing abilities, we developed 
a method to engineer the seed microenvironment.

In the current study, we investigated the potential of 
using extracted silk solution to create films [54] as an 
alternative to preserve P. lalkuanensis A101 and phage 
P-PSG11. A method was developed to preserve phages 
and PGPR at room temperatures (≥ 25 ℃) without need-
ing cold chain storage and transportation. Our bioin-
spired approach combines a disaccharide, known for 
its role in anhydrobiosis, with a structural protein that 
offers mechanical strength, easy fabrication, adhesion, 

Fig. 6  Evaluation of the long-term stability and activity of P-PSG11 phage and A101 bacteria preserved in the ST film. The activity of the phage P-PSG11 
and the bacteria A101 preserved in STF was maintained, as evidenced by growth detected using (A) bacterial colony and (B) phage titer to assay after 
storage at room temperature for one year
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flexibility, and controlled degradation [18]. Both the bac-
teriophage P-PSG11 and P. lalkuanensis A101 utilized in 
this study survived encapsulation within the biomaterial 
coating, were preserved over time, and were success-
fully released into the soil. Seeds coated with STF yielded 
plants that grew faster and stronger in saline soil and 
effectively controlled R. solanacearum.

In our preservation study, P. lalkuanensis A101 and 
P-PSG11 preserved in SF and STF exhibited prolonged 
stability at room temperature compared to preserva-
tion in ddH2O. The STF demonstrated the highest sta-
bility, followed by the SF. Specifically, the STF remained 
stable for 8 weeks at room temperature (25 ℃ − 28 ℃), 
while the SF maintained stability for 28 days. These find-
ings suggest that STF could potentially be utilized for the 
long-term stabilization of bacteria and phage beyond the 
8-week timeframe. Due to limited availability, we could 
only retain one sample to assess the STF’s ability to pre-
serve P. lalkuanensis A101 and P-PSG11 phage over one 
year. Despite this limitation, our initial results indicate 
that the technique may be promising for preserving and 
transporting beneficial microorganisms for agricultural 
and research purposes [55, 56].

In evaluating the germination of coated seeds, dip 
coating was chosen due to its cost-effectiveness, scal-
ability, and simplicity, making it accessible to all farmers 
across various resource settings [57]. Among the mate-
rials investigated, the silk-trehalose mixture with a 1:3 
ratio was selected for its superior mechanical properties, 
solution viscosity, and preservation efficacy for both P. 
lalkuanensis A101 and phage P-PSG11. The coating pro-
cess was tailored to apply ∼ 108 CFU of P. lalkuanensis 
A101 bacteria per seed, aligning with the standards typi-
cally mandated by policymakers for PGPR applications 
[58]. This concentration ensures an adequate initial pop-
ulation of beneficial bacteria to colonize the rhizosphere 
and promote plant growth. Results (Fig.  5E) showed 
that the seed coating composed of P. lalkuanensis A101, 
phage P-PSG11, and silk-trehalose in a 1:3 ratio was par-
ticularly evident in biocontrol against R. solanacearum 
and resistance to high salinity (8 dS/m). This coating 
significantly enhanced seed germination and produced 
more robust seedlings under these stress conditions.

In conclusion, our approach has demonstrated signifi-
cant efficacy in controlling Ralstonia solanacearum and 
alleviating soil salinity stress by coating potato seeds with 
the STF embedded with P-PSG11 and A101, compared 
to uncoated (control) potato seeds. This innovative seed 
coating method shows promise for revolutionizing agri-
cultural practices by enhancing crop resilience and sus-
tainability. Despite the promising results, this study was 
limited by sample size, focusing on a single crop (pota-
toes) and a specific set of stressors (R. solanacearum 
and soil salinity). Future developments in microbial 

inoculants will prioritize the creation of precise and scal-
able delivery mechanisms for beneficial microbes and 
the development of multifunctional microbe solutions 
tailored to various crops. Characterizing the properties 
of the silk films produced, such as mechanical strength, 
moisture content, and degradation rates, would further 
help determine how the seed coating should be used in 
real applications. These advancements can potentially 
address critical challenges in water, energy, and food 
security (WEFS), particularly those related to climate 
change, soil degradation, and population growth.
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