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% Check for updates Endophytic plant growth promoting rhizobacteria (PGPRs) could replace

chemical fertilizers in sustainable agriculture. Unfortunately, they are sus-
ceptible to harsh environmental conditions. Here, we proposed a polymeric
hydrogel (PMH) consisting of carboxymethyl chitosan, sodium alginate, and
calcium chloride for loading and protecting endophytic PGPR. This hydrogel
can load endophytic PGPRs to not only boost its growth-promoting efficiency,
but also help them adapt more effectively to environments. Using endophytic
PGPR Ensifer C5 as model bacteria and Brasscia napus as host, we demonstrate
that the PMH facilitate the colonization of endophytic PGPRs in the apical and
lateral root primordia regions. Further analysis indicates that the PMH mod-
ulate suberin deposition of the endodermal cell layers and regulate the accu-
mulation of auxin at the root tip. Meanwhile, PMH enhances the antioxidant
capacity and disease resistance properties of plants by increasing the content
of arachidonic acid metabolism intermediates in the plant. Importantly, the
combination of PMH and endophytic PGPRs increases the yields of B. napus by
approximately 30% in the field. Furthermore, PMH attenuates the loss of
endophytic PGPR activity in the acidic environments. Overall, this microbial
encapsulation strategy is a promising way to protect fragile endophytic
microorganisms, providing attractive avenues in sustainable agriculture.

Globally, agricultural production has been one of the key industries
supporting human survival and development. The global population is
projected to reach 9.8 billion by 2050, with demand for food
increasing by nearly 70 percent”’. Agricultural production is also
facing increasing challenges. Among them, accelerated urbanization,

declining soil quality and environmental pollution caused by the
excessive use of pesticides and fertilizers are becoming more
prominent®>. With the continuous development of global agricultural
production and the improvement of people’s awareness of food safety
and environmental protection, there is an increasing demand for
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efficient, environmentally friendly and sustainable agricultural pro-
duction methods, and in order to achieve the United Nations sus-
tainable development goals, it has become a pressing need to find new
types of fertilizers to replace traditional chemical fertilizers®”.

Microbial fertilizers, as a new type of product that can replace
chemical fertilizers, have attracted much attention because of their
eco-friendliness and efficient soil amelioration capacity®™°. In parti-
cular, PGPRs are recognized as potentially beneficial microorganisms
that are able to form a symbiotic relationship with plants to
promote plant growth, enhance immunity, and improve the soil
environment ™, However, in practice, there are several challenges
associated with direct soil application of PGPRs, such as low survival of
microorganisms due to climate change and abiotic stressors (e.g., soil
pH, temperature), which makes it difficult for microorganisms to be
stabilized in the soil over time for growth-promoting effects” ™", and be
one of the major bottlenecks hindering the use of biofertilizers on a
large scale.

Engineered materials have a wide range of applications in plants
and have been shown to increase the efficiency of plant nutrient fixa-
tion to promote growth or to dynamically interact with the rhizo-
sphere associated microbiome to improve plant health, while reducing
conventional fertilizer application and increasing crop yields™ .
Notably, although nanomaterials can enable the attachment of various
bioactives and microorganisms, thereby facilitating targeted delivery

a

to specific cell types or organelles and are not limited by plant cell
type, however, they are synthesized in a complex process, are poten-
tially toxic to plant cells, and may face stability issues in the complex
biological environments of the plant, which may reduce their overall
delivery efficiency” . In contrast, biomaterials hold significant
potential as microbial encapsulants due to their good biocompatibility
and biodegradability**. Previously, microbial fertilizers made from
PGPRs encapsulated in biomaterials have been reported to promote
seed germination, protect microorganisms from desiccation stress,
and also alleviate soil salinity>.

Currently, some biofertilizer strains lack a competitive advantage
over native soil microbial communities and are unable to colonize the
plant root system for their growth-promoting effects”’. We can use
endogenous members of the core microbiome to reduce competition
with the soil microbiome because these microorganisms will colonize
the internal tissues of the plant and thus will be protected®. On the
other hand, some encapsulants for biofertilizers face problems of not
being cost-effective or taking a long time to prepare, or leading to a
loss of microbial viability, not being able to be preserved for extended
periods, and not being suitable for large-scale use’®”. Another
important issue is the need for the strain to be suitable for colonization
in the tissues of the respective plant species after it is encapsulated, as
well as its ability to also exhibit the desired growth-promoting func-
tions in the receiving environment, which is a major challenge for some
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Fig. 1| Structural characteristics of PMH (with Supplementary Fig. 1). a Sche-
matic illustration of the preparation of CMCS/SA/CaCl, hydrogel. This figure was
created with Adobe lllustrator (https://helpx.adobe.com/cn/support/illustrator.
html). b Scanning electron microscope (SEM) images of the surface (a, b) and cross-
section (c, d) of freeze-dried hydrogel. The micrographs (a, c) were taken with a

magnification of 2,000 times, scale bar = 10 um; micrographs (b) and (d) were taken
at 10,000 times magnification, scale bar =2 um. c-1 The elastic and viscous mod-
ulus curves of polymers containing some components of CMCS/SA/CaCl, hydro-
gels (c-g) and CMCS/SA/CaCl, PMH with different ratio of CMCS or SA (added
CaCl,) (h-1). All the measurements were repeated three times (n=3).
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biofertilizers®. Therefore, there is an urgent need to develop a novel,
low-cost, and simple microbial encapsulant that preserves the activity
of PGPRs over time and aids in the colonization of PGPRs, improves
their growth-promoting efficiency and resists acidic environments.

In this work, we select endophytic PGPR Ensifer C5 as the basic
strain for developing biofertilizers to improve the growth-
promoting efficiency. Considering their susceptibility to harsh
environmental conditions, carboxymethyl chitosan (CMCS),
sodium alginate (SA), and calcium chloride (CaCl,) are chosen for
the formation of polymeric hydrogel (PMH) via interaction forces
such as electrostatic attraction, ionic cross-linking, and hydrogen
bonding. Utilizing plate, pot and field experiments, we determine
that the PMH enhances the growth-promoting efficiency of PGPRs in
multiple species and withstands acidic environments. A combina-
tion of fluorescence imaging and multi-omics analyses reveals the
ability of PMH to facilitate the colonization of PGPRs within the
plant root system, to alter the root diffusion barriers for optimizing
the mineral-nutrient homeostasis and abiotic stress response of
plants, to regulate phytohormone secretion, and to enhance plant
metabolic activity and antioxidant activity in combination with
PGPRs. The results contribute to improving the efficiency of agri-
cultural production and reducing environmental pollution, which
opens up the possibility of implementing biomaterials-supported
agricultural practices in a sustainable manner.

Results

Synthesis and characterization of PMH

CMCS, SA, and CaCl, are cross-linked into chelates with three-
dimensional spatial structures through electrostatic attraction,
hydrogen bonding, and other interaction forces (Fig. 1a). The mor-
phology of the lyophilized CMCS/SA/CaCl, PMH was characterized
using scanning electron microscope (SEM) (Fig. 1b). The PMH showed
a porous morphology on the surface and in the cross-section, and the
connected small pores gave the PMH a large specific surface area,
which helped to keep them moist and breathable, providing a suitable
environment for bacterial propagation.

In the fourier transform infrared spectroscopy (FTIR) spectrum
(Supplementary Fig. 1), the absorption peaks caused by the symmetric
stretching vibrations of -COO™ shifted from 1416 cm™ in SA to 1414 cm™
in SA/Ca* and from 1414 cm™ in CMCS to 1410 cm™ in CMCS/Ca*,
indicating that -COO" is complexed with Ca* in SA or CMCS?, and Ca**
is binding with the -COO™ in a bidentate mode’*; the absorption peak
due to the symmetric stretching vibration of -COO™ shifted from
1416 cm™ in SA to 1414 cm™ in CMCS/SA, indicating that there is elec-
trostatic attraction between -NH;" in CMCS and -COO"™ in SA®; the
absorption peak corresponding to the O-H stretching vibration at
3500-3200 cm™ shifts from 3339 cm™ in CMCS and 3319 cm™ in SA to
3269 cm™ in PMH, suggesting that hydrogen bonding is involved in the
formation of PMH*.

In the rheological frequency scanning curves, the combination
of CMCS and SA increased G’ compared to CMCS, SA individually,
indicating electrostatic attraction between -NH;* of CMCS and
-COO™ of SA (Fig. 1c, e, g); the addition of Ca®* to CMCS and SA,
respectively, resulted in a more stable structure, suggesting that
Ca® underwent ionic cross-linking with the -COO™ of CMCS and SA
(Fig. 1c-f) and significantly improved the stability of the PMH (3:7)
structure (Fig. 1g, i). Appropriate mechanical properties are
important for microbial encapsulants to maintain the integrity of
the PGPRs when the biofertilizer is deformed by external forces. In
the frequency scanning range of 0.1-100 Hz, the energy storage
modulus G’ was always higher than the elastic modulus G” for all
hydrogels at lower frequencies. When the frequency gradually
increased, the G’ of PMH (1:9), PMH (5:5), PMH (7:3), and PMH (9:1)
started to decrease, and G” started to be higher than G’, indicating
that the structure was disrupted; however, the energy storage

modulus of the PMH (3:7) hydrogel was always higher than the loss
modulus (Fig. 1h-1), which indicated that the PMH (3:7) was struc-
turally stable and elastic, and is an ideal material for microbial
encapsulants®.

PMH demonstrates the ability to serve as encapsulating agents
for biofertilizers

After encapsulation of PGPRs with SA, it was mixed well with CMCS and
CaCl, to make biofertilizer (Fig. 2a). SEM photographs showed that C5
was encapsulated in the spatial mesh structure of PMH (Fig. 2b). TEM
images further demonstrated the successful encapsulation of PMH on
C5 (Fig. 2c). ODggo Was determined by encapsulating C5 with CMCS,
SA, a mixture of CMCS and SA (with added Ca®*), and PVP and MC,
which are commonly used to encapsulate microorganisms, and it was
found that encapsulation of C5 with PMH (3:7) did not affect the sur-
vival of C5, and yet there was a significant difference in the repro-
duction rate of C5 encapsulated with PMH (3:7) and other encapsulants
(Fig. 2d). This demonstrated that PMH (3:7) had the best encapsulation
performance and favored the survival and multiplication of CS.
Moreover, after the standard curve was measured with Alamar Blue
(Supplementary Fig. 2), the bacterial activity of C5 was determined in
the first, third and fifth weeks, and it was revealed that PMH (3:7)
favored the long-term storage of C5, which is more conducive to
agricultural practices (Fig. 2e). For determining the efficacy of the
CMCS/SA/Ca*" polymer matrix in releasing PGPRs, we monitored the
release process. The results showed that the PMH was able to release
PGPRs rapidly, which further supported the efficacy of the system
(Fig. 2f)*°.

PMH improves the growth-promoting efficiency of PGPRs in
multiple plant species

To reveal the potential positive effects of PMH-encapsulated
endophytic PGPRs on plant growth, we used C5-loaded PMH (3:7)
as a biofertilizer applied directly to the soil and set up to treat the
plants with a combination of sterile water (CK), PMH, and C5.C5is a
endophytic PGPR isolated in our laboratory. C5 improves B. napus
growth under low phosphorus conditions (unpublished). After
21 days of growth of B. napus (Zhongshuang 11) seedlings, C5 was
more efficient in promoting the growth of B. napus seedlings in the
C5-PMH group compared with C5 treatment (Fig. 3a, b). The shoot
fresh weight and dry weight, root fresh weight and dry weight
increased to 1.41, 1.47, 1.58, and 1.49 times, respectively (Fig. 3¢, d).
Leaf area, stem diameter, root length and net photosynthetic rate
correspondingly increased to 1.60, 1.19, 1.29 and 1.27 times
(Fig. 3e-h), while lateral root length, number of lateral roots and
root density also increased significantly (Supplementary Fig. 3d-f).
The expression of functional genes in B. napus roots associated
with C5, such as PHT and PHR family genes®*%, showed a similar
pattern of enhancement (Supplementary Fig. 3g). It is worth noting
that the physiological indices of the plants in the PMH group were
not significantly different from those of the CK group (p > 0.05),
which excluded the effect of the PMH themselves on the plants. In
the field experiment, similar effects were observed in dry weight,
fresh weight, stem diameter, and shoot length of B. napus at the
seedling stage after the application of biofertilizer (C5-PMH)
compared with the C5 group (Supplementary Fig. 4) and the num-
ber of pods and yield of the final plants were increased by 30.74%
and 28.01%, respectively (Fig. 3k-m). In addition, a similar pattern
of increased C5-promoting efficiency by PMH was observed in the
yields of B. napus (Zhongshuang 11), Pakchoi (Jinzhi 30), and in
Arabidopsis thaliana (Col-0) yields in the sterile environments we
tested (Supplementary Figs. 5, 6). These results suggest that PMH-
mediated enhancement of PGPRs promotion efficiency remains
applicable in different species and can be utilized in practical
production.
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PMH facilitates the colonization of endophytic PGPRs inside the
root system to mediate the regulation of endodermal root dif-
fusion barriers and plant hormones

To investigate whether PMH is beneficial in assisting the colonization
of PGPRs in plant roots, we modified C5 (GFP-C5) with green fluor-
escent protein (GFP) to visualize the distribution of the bacteria in
plant roots. In Fig. 4, we report fluorescence images of B. napus root

2h

systems treated with GFP-C5 or GFP-C5-loaded PMH. Fluorescence
imaging of roots showed that C5-loaded PMH promoted CS5 coloniza-
tion in primary and lateral roots as well as lateral root primordia at
different levels of development, and resulted in a significant accumu-
lation of CS in root cross sections as well (Fig. 44, ¢, e, g). The relative
fluorescence intensity of C5-loaded PMH-treated plants was sig-
nificantly higher than that of C5-treated plants (Fig. 4b, d, f, h), further
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Fig. 2 | Encapsulation and feasibility of biofertilizers. a Schematic diagram of
encapsulation for the preservation and delivery of PGPRs in biofertilizers. Some of
the elements of this figure are by figdraw.com. Created in BioRender. QR, F. (2025)
https://BioRender.com/i02e296. b Scanning electron microscope (SEM) micro-
graph depicting the attachment of C5 within the three-dimensional lattice structure
of the encapsulant (Some C5 particles are highlighted within the red circle). Both
micrographs were taken at 10,000x magnification, scale bar =2 um.

c Representative TEM images of C5 and C5-loaded PMH (C5-PMH), scale bar =1 pm.
d ODgoo measurements of C5 liquid cultures preserved in CMCS, SA, CMCS and SA

mixtures with added CacCl,, and other encapsulation materials such as PVP and MC
showed significant differences between 2 and 6 h. e The bacterial activity of C5
encapsulated with the different encapsulants mentioned above was determined at
weeks 1, 3 and 5. “*” indicates comparison with the C5-PMH (3:7) group in each
group. f Representative images of GFP-CS5 release by biofertilizers, scale bar=10 u
m. Each experiment was repeated three times independently with similar results in
(b, c-f). The error bars in (d, e) are the SD of 3 biological replicates (n =3). Statis-
tically significant differences between the means were analyzed with two-tailed
Student’s t-test (*p < 0.05; *p < 0.01; ***p < 0.001; ***p < 0.0001) in (d, e).

demonstrating that PMH can enhance the colonization rate of PGPRs in
the plant root system to promote plant growth.

To illustrate the effect of PMH-encapsulated PGPRs on the
deposition of suberin in the endodermis, we performed plate experi-
ments and stained whole roots of seedlings using Fluorol Yellow 088
and aniline blue. The results showed that the primary root length of
gpat5 became shorter under the same treatments (Fig. 5a, b). Fur-
thermore, in both WT and gpatS, the root zone with continuous acti-
vation of CK, C5 and C5-PMH groups were sequentially reduced and
sequentially expanded the root zone following a patchy pattern
(Fig. 5¢, f). Thus, C5-loaded PMHcould better optimize plant mineral
nutrient homeostasis and abiotic stress responses by regulating the
establishment of endodermal diffusion barriers in the root system®.

We used DRS::GFP transgenic plants to visualize growth hormone
distribution in the root system*°. Root fluorescence imaging showed
that C5-loaded PMH (C5-PMH) promoted the production and accu-
mulation of growth hormone in root tip and lateral root primordia
(Fig. 5d, e).The relative fluorescence intensity of CK, C5, and C5-PMH
group plants was significantly increased and there was no significant
difference between CK and PMH groups (Fig. 5g), demonstrating that
PMH can assist PGPRs to promote root growth by regulating the
growth hormone content of root tip and lateral root primordia to
promote root growth.

PMH contributes to enrichment of endophytic PGPRs abun-
dance in roots and enhancement of antioxidant activity and
metabolism in plants by binding PGPRs

To determine whether PMH is beneficial to the enrichment of endo-
phytic PGPRs, or whether they lead to changes in the entire microbial
community, we performed 16S rRNA sequencing of rhizosphere soils
(S) and roots (R) from each treatment. Differences in -diversity were
observed by principal coordinate analysis (PCoA, based on Bray-Curtis
distance), with large differences in species types and relative abun-
dance between groups, suggesting that the individual treatments were
effective (Fig. 6a, b). Colony composition analysis at the genus level
showed that Ensifer abundance was more abundant in the roots of the
C5 and C5-PMH groups and was significantly higher in the roots of the
C5-PMH group than in the C5 group, whereas Ensifer abundance was
less abundant in the roots of the CK and PMH groups and there was no
significant difference between them. Ensifer abundance in the rhizo-
sphere soils of all treatments was rare (Fig. 6¢). At the species level,
g_Ensifer was found to be the most prevalent and significantly differ-
ent between the C5 and C5-PMH groups (Fig. 6d). Further analysis at
the ASV level showed that CS5 content in roots was sequentially
increased in the CK, C5, and C5-PMH groups, and there was no sig-
nificant difference between the CK and PMH groups. (Fig. 6e). These
results suggest that PMH contributes to enriching the abundance of
PGPRs in the roots to improve the growth-promoting efficiency
of PGPRs.

To further investigate the mechanism of action of C5-loaded PMH
(C5-PMH), we performed LC-MS untargeted metabolomics analysis on
root samples. Principal component analysis (PCA) revealed that
wrapping C5 with PMH significantly altered the metabolites of B. napus
roots (Fig. 6f). The annotated biological processes of metabolites were

summarized by KEGG enrichment analysis, the “arachidonic acid
metabolism” pathway and the “ascorbate and aldarate metabolism”
pathway were significantly enriched in the C5-PMH group (Fig. 6g).
Arachidonic acid is an w-6 polyunsaturated fatty acid that acts as a
signaling molecule in plants, triggering fatty acid-mediated defense
responses and triggering a general stress signaling network, thereby
improving antioxidant and disease resistance properties of plants*%,
The “ascorbate and aldarate metabolism” pathway is recognized as an
antioxidant defense-related pathway that protects cells from oxidative
stress*>**, The variable importance in projection (VIP) score was uti-
lized to determine the separation potential of the metabolites.
According to our predefined criteria (p<0.05, VIP>1 and |[fold
change | > 1.2), 16 metabolites were demonstrated to be differentially
expressed after wrapping C5 with PMH (Fig. 6h). The intermediates
12(R)-HPETE and 8,9-Epoxyeicosatrienoic acid of the “arachidonic acid
metabolism” pathway were considerably increased, which favored the
upward movement of arachidonic acid content. Interestingly, Lipoa-
mide was significantly up-regulated in expression, while Pyruvic acid
was significantly down-regulated. A plausible explanation for this may
be that Lipoamide is a key cofactor in the pyruvate dehydrogenase
complex (PDC) and the a-ketoglutarate dehydrogenase complex that
catalyzes acyl transfer. All of these complexes act in cellular metabo-
lism, especially linking glycolysis and the tricarboxylic acid cycle. And
they are responsible for the conversion of pyruvic acid produced in the
metabolism of sugars into acetyl CoA, which in turn is involved in the
production of energy®~*’. Furthermore, the activity of dihydrolipoic
amide dehydrogenase, one of the components of the above complex,
stimulates photosynthetic carbon assimilation and plant growth by
boosting the efficiency of photorespiration*®. These results suggest
that C5-loaded PMH enhances plant antioxidant activity and partici-
pate in energy production and plant photorespiration.

PMH mitigates soil acidity for endophytic PGPRs, thereby
enhancing the adaptabiligy of crops to acidic soil

To investigate whether PMH has the potential to contribute to the
resistance of PGPRs to abiotic stresses, such as acidic soil, we tested
the rheological properties of PMH with different ratios of components
and the effect of PMH on C5 in an acidic environment (pH=5.5). We
found that PMH (3:7) remained structurally stable and elastic in acidic
environment (pH=5.5), making it an ideal material for microbial
encapsulants (Supplementary Fig. 7a-e). By making a growth curve in
LB medium at pH=5.5 (Fig. 7a), we found that the C5-PMH group
showed a significant increase in ODgoo compared to the C5 group
(p<0.05), and the results were similar on the solid plate (Supple-
mentary Fig. 7f). Plate experiments further verified that PMH can resist
acidic environment for PGPRs (Fig. 7b—h). Shoot fresh weight, root
fresh weight, and lateral root length were similar to the results in the
neutral environment, and were increased to 1.40, 1.51, and 1.35 times in
the C5-PMH group compared with the C5 group, respectively
(Fig. 7c-e). It is noteworthy that due to the inhibition of C5 by the
acidic environment, there was no significant difference (p>0.05)
between the C5 and CK groups in terms of lateral root number and
lateral root density, whereas the promotion efficiency of the C5-PMH
group was significantly increased to 1.32,1.34 times, respectively, when
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compared with that of the C5 group (Fig. 7f, g). By measuring the
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promoting effects result from the fact that PMH mitigates the loss of
vigor of PGPRs and promotes the colonization of endogenous PGPRs
within the root system, thereby mediating the regulation of the root
endodermal diffusion barrier in acidic environments (Supplementary
Figs. 8, 9), which provides a promising solution to the problem of crop
yield limitation by acidic soils.
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Fig. 3 | PMH significantly enhances the growth-promoting efficiency of PGPRs
to promote growth in different plant species (with Supplementary Figs. 3-6).
a, b Representative images of Brassica napus (Zhongshuang 11) seedlings grown in
potted soil (unsterilized) treated with the control group (CK), polymeric hydrogel
(PMH), plant growth-promoting rhizobacteria C5, and C5-loaded PMH (C5-PMH),

scale bar =5 cm. ¢, d Quantification of fresh weight (c) and dry weight (d) of shoot
and root. e-h Quantification of leaf area (e) stem diameter (f), root length (g) and
net photosynthetic rate (h). i Representative images of Zhongshuang 11 seedlings
grown in field soil treated with the control group (CK), polymeric hydrogel (PMH),

plant growth-promoting rhizobacteria C5, and C5-loaded PMH (C5-PMH), scale
bar =10 cm. j Distribution of individual treatment groups of Zhongshuang 11 cul-
tivated in Chongqing Academy of Agricultural Sciences (106°21'78”E, 29°27’57"N).
k Representative images of yields for each treatment in the field experiment, scale
bar =5 cm. I, m Quantification of number of pods (I) and yield (m). The error bars in
(c-h) are the SD of 5 plants per biological repeat (n = 5); those in (I, m) are the SD of
8 plants per biological repeat (n = 8). Statistically significant differences between
the means were analyzed with two-tailed Student’s ¢-test in (c-h, I-m).

Discussion

In this study, we developed a biomaterial-based method for encapsu-
lating, preserving, and delivering PGPRs. The inexpensive and easy-to-
prepare PMH can maintain the activity of PGPRs over time, facilitate
the colonization of endogenous PGPRs in the stele of the plant root
system, influence phytohormone secretion and suberin accumulation,
enhance plant antioxidant activity and metabolic capacity, and thus
promote plant growth and protect PGPRs from the acidic environment
(Fig. 8). As biodegradable biomaterials, they are not toxic to the plants
and the environment, indicating their potential prospects for exten-
sive application in agriculture.

CMCS and SA are natural polysaccharides, inexpensive, bio-
compatible, biodegradable, and simply mixed in the preparation of
biofertilizers, whereas many other materials do not satisfy all these
advantages at the same time, which is very important for the large-
scale use of microbial fertilizers>******°, We compared the rheologi-
cal properties of CMCS:SA =1.9, 3:7, 5:5, 7:3, and 9:1, and screened PMH
(3:7) as the optimal ratio, which is structurally stable and resilient, and
is a potential microbial encapsulant®. Encapsulants are crucial for the
long-term preservation of the activity of PGPRs, and we compared
them with the common commercially available PGPR encapsulants
PVP and MC, and PMH (3:7) still performed well and efficiently released
PGPRs>*,

We selected endophytic PGPRs isolated from within the root
system of B. napus, which reduces competition between PGPRs and the
soil microbiota compared to selecting biofertilizers with none-
ndophytic bacteria because these microorganisms colonize the inter-
nal tissues of the plant and are thus protected for consistent and stable
growth promotion®?%, However, endophytic PGPRs still require pro-
tection against abiotic environmental stresses and need protection to
help them colonize efficiently in the interior™ ™. Surprisingly, we found
that PMH was able to promote the colonization of PGPRs in the stele of
the plant root system, thus acting directly to improve the growth-
promoting efficiency. In the fields of biology, food and medicine, it has
been shown that biocompatible microbial encapsulants can protect
and release probiotics and promote their colonization at the target
site, thus creating a dose effect and amplifying the effects of probio-
tics, which coincides with the results of this study®*.

Physicochemical characterization of strain C5 showed several
significant plant growth-promoting parameters such as aiding Indole-
3-Acetic Acid secretion, promoting lateral root growth, and altering
the root diffusion barriers****. Visualization results of DRS::GFP trans-
genic plants and whole-root suberin staining of A. thaliana seedlings
proved the dosage effect of PMH on C5. PMH assisted CS5 in regulating
the accumulation of auxin at the root tip and thus promoted root
growth”. PMH increased the impact of C5 on the deposition of suberin
in the endodermis of the root, resulting in fewer contiguous zones and
more patchy zones of suberin in the root, which supported the
homeostasis of phytomineral nutrients**°. In the metabolome data,
indoles were increased to 1.1-1.2 times in the roots of the C5-PMH
group compared to the C5 group (p < 0.05), probably due to the fact
that the same mass of samples was analyzed and the biomass of the
roots of the C5-PMH group was about 1.5 times of the biomass of the
roots of the C5 group, and thus, the amount of indoles in the roots of a

single root of the C5-PMH group was still significantly higher than that
of the C5 group. In addition, this method improves the metabolic
activity and antioxidant capacity of the plant™.

Acidic soils dramatically limit crop yields globally, since approxi-
mately 50 percent of all arable land in the world is acidic”. We tested
the rheological properties of PMH in acidic environments, and similar
to neutral environments, PMH (3:7) remains the most desirable
microbial encapsulant material. In the biomedical field, probiotics
encapsulated with the active ingredient alginate, when administered
orally, can reduce the loss of viability of probiotics as they pass
through the acidic environment of the stomach because alginate
shrinks and produces a barrier-like structure to block the acid®®*.
Excitingly, we also found that PMH can contribute to the resistance of
PGPRs to abiotic stresses, such as acidic soil. Additionally, similar to
neutral environments, in acidic environments, we discovered that PMH
also promoted the colonization of PGPRs inside the root system and
influenced the deposition of suberin in the roots, which resulted in a
better optimization of plant mineral nutrient homeostasis and abiotic
stress responses. These results offer a promising solution for
improving crop yields in acidic soils.

Our study shows that for sustainable applications of agricultural
improvement, the utilization of functional engineered material plat-
forms for plant growth is reliable and not limited to delivery and
enrichment of PGPRs, e.g., to potentiate plant disease resistance, we
can exploit the material itself or as a carrier for delivery of nutrients or
drugs to target specific plant pathogens®®®'. Our research informs the
design of biofertilizers or biopesticides involving the plant root sys-
tem, but the molecular mechanisms involved in the plant response and
the complex components (e.g., organic matter) of the soil environ-
ment need to be explored in further depth.

Methods

Chemical reagents

All reagents were used directly as received without further purification.
Sodium Alginate (SA), Methylcellulose (MC) were purchased from
Aladdin. Carboxymethyl Chitosan (CMCS), Polyvinylpyrrolidone (PVP)
were purchased from McLean. Calcium Chloride (CaCl,) was pur-
chased from ChronChemicals. Alamar Blue was purchased from Yea-
sen. L-(+)-Lactic acid was purchased from Sangon Biotech. Fluorol
Yellow 088 and aniline blue were purchased from Sigma-Aldrich.
Sodium Hypochlorite was purchased from Energy Chemical.

Synthesis of PMH

SA powder was dissolved in 0.15 mol/L NaCl solution to achieve a
concentration of 1.4% (wt/vol); CMCS powder was dissolved in an
aqueous solution to achieve a concentration of 0.6% (wt/vol); and a
CaCl, chelating solution with a concentration of 0.07 mol/L was
equipped. The sterilized SA solution and CMCS solution were mixed at
a volume ratio of 11 to a final concentration of 7g/L and 3g/L,
respectively, and mixed well, then a sterile CaCl, solution with 10% of
the above polymer volume was added and mixed well to obtain CMCS/
SA/CaCl, PMH. PVP and MC powders were dissolved in water,
respectively, to obtain the biopolymer solution with a concentration
equal to the above PMH and sterilized.
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Fig. 4 | PMH facilitates the colonization of PGPRs within the plant root system.  root transverse sections (h) which suggest that PMH assists PGPRs enrichment
a-g Fluorescence images show the amount of C5 colonized in the primary roots (@),  inside the plant root system. a-e were created by figdraw.com. The error bars in
the lateral roots (c) the different stages of lateral root primordia (e), and the lateral ~ (b-h) are the SD of 3 plants per biological repeat (n = 3). Statistically significant
root transverse sections (g) of Brassica napus treated with GFP-CS or GFP-C5- differences between the means were analyzed with two-tailed Student’s ¢-test
loaded PMH. b, d, f and h Relative fluorescence intensity of the primary roots (b) in (b-h).

the lateral roots (d) the different stages of lateral root primordia (f), and the lateral
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Characterization of PMH

The FTIR spectrum were recorded by a BRUKER TENSOR 27 (Bru-
ker, Germany) with the wavenumber ranging from 4000 -
400 cm™. Each sample was prepared using the potassium bromide
method®”. The surface and cross-section of the lyophilized speci-
mens was sprayed by gold and the morphologies of the samples
were examined by a Phenom Pro SEM (Phenom World, the

—~ 150 CK PMH C5 mm C5-PVH
=}

8

2 P = 4.00E-06

2 100

g

& P=8.14E-04
§ _P=00125 P = 6.45E-04

@ 50 P=0.2001

@ =

o I +x P = 0.8965

S > >

[T 0

T T
Primary root tip Lateral root primordia

Netherlands). The sterile CMCS solution and SA solution as
described above were mixed in total ratios of CMCS to SA of 1.9,
3:7, 5:5, 7:3, and 9:1, respectively. Subsequently, a sterile CaCl,
solution, constituting 10% of the polymer volume, was added to
the mixture and uniformly blended to obtain a hydrogel. The
hydrogel was then applied to cover the testing probe model PP25.
The rheological properties of the CMCS/SA/CaCl, hydrogels were

Nature Communications | (2025)16:1684


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56988-3

Fig. 5 | PMH assists PGPRs to mediate the regulation of endodermal root dif-
fusion barriers and plant hormones. a Representative images of A. thaliana (Col-
0 and gpat5) seedlings grown in culture medium treated with the control group
(CK), polymeric hydrogel (PMH), plant growth-promoting rhizobacteria C5, and C5-
loaded PMH (C5-PMH), scale bar =2 cm. b Quantification of primary root length.
c Fluorescence images show suberin in similar parts of the root of A. thaliana (Col-0
and gpat5) treated with Fluorol Yellow 088 and aniline blue, scale bar =50 pm.

d, e Fluorescence images show auxin expression in primary root tip (d) and lateral
root primordia (e) of A. thaliana (DRS5::GFP) treated with polymeric hydrogel (PMH),
plant growth-promoting rhizobacteria C5, and C5-loaded PMH (C5-PMH), scale

bar =50 pm. f Quantification of suberin deposition in three different regions: non-
suberized; patchy; and continuous. g Relative fluorescence intensity of the primary
root tip and lateral root primordia. Each experiment was repeated three times
independently with similar results in a and c-e. The error bars in (b) are the SD of 5
plants per biological repeat (n = 5); those in (f) are the SD of 6 plants per biological
repeat (n=6) and those in (g) are the SD of 3 plants per biological repeat (n=3).
Different letters indicate statistically significant differences among genotypes (b, f)
based on one-way ANOVA and Tukey’s HSD test analysis (p < 0.05). Statistically
significant differences between the means were analyzed with two-tailed Student’s
t-test in (g).
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Fig. 6 | Effects of C5-loaded PMH on microbial diversity and metabolome.

a, b Principal co-ordinates analysis (PCoA) of 16S rRNA sequencing of Brassica
napus root (R) (a) and rhizosphere soil (S) (b) samples treated with the control
group (CK), polymeric hydrogel (PMH), plant growth-promoting rhizobacteria C5,
and C5-loaded PMH (C5-PMH) at the Amplicon Sequence Variant (ASV) level.

¢ Community barplot analysis of 16S rRNA sequencing of Brassica napus root and
rhizosphere soil samples at the genus level. d Student’s ¢-test bar plot of 16S rRNA
sequencing of Brassica napus root samples from C5 and C5-PMH groups on the
species level. e Bar diagram of 16S rRNA sequencing of Brassica napus root and
rhizosphere soil samples on the ASV level. f Principal component analysis (PCA) of

Brassica napus root metabolites identified by LC-MS. g Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis of differentially enriched metabolites
in Brassica napus roots. Fisher’s two-tailed test is first conducted, followed by the
use of the BH method for multiple testing correction. h Heatmaps of differential
metabolites in Brassica napus roots. Biological repetitions are all three (n=3). The
error bars in (d, e) are the SD of 3 plants per biological repeat (n = 3). Statistically
significant differences between the means were analyzed with two-tailed Student’s
t-test (*p <0.05; **p < 0.01; **p < 0.001; **p < 0.0001) in (d, e).
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Fig. 7 | PMH preserves PGPRs and boosts their proliferation rate, thereby
promoting plant growth in acidic environments (with Supplementary

Figs. 7-9). a Growth curve of plant growth-promoting rhizobacteria C5 and C5-
loaded PMH (C5-PMH) measured at ODgqg in LB culture medium (pH =5.5).

b Representative images of Brassica napus (Zhongshuang 11) seedlings grown in
culture medium (pH = 5.5) treated with the control group (CK), polymeric hydrogel
(PMH), C5, and C5-loaded PMH (C5-PMH), scale bar =5 cm. ¢, d Quantification of
fresh weight of shoot (c) and root (d). e Growth curve on the lateral root number of

Zhongshuang 11 seedlings (“*” indicates significant difference between the C5 and
C5-PMH groups, there is no significant difference between the CK, PMH, and C5
groups). f-h Quantification of lateral root length (f), number (g) and density (h).
The error bars in (a) represent the SD of 3 biological replicates (n = 3); those in (c-h)
are the SD of 5 plants per biological repeat (n =5). Statistically significant differ-
ences between the means were analyzed with two-tailed Student’s t-test (*p < 0.05;
**p <0.0L; **p <0.001; ***p <0.0001) in (a, c-h).

measured using a MCR 102 Modular Compact Rheometer (Anton
Paar, Austria). In partial-component rheological measurements in
PMH, the content of each component is consistent with it being in
PMH. The oscillatory frequency sweep tests were carried out from
0.1 to 100Hz at 25°C. All the measurements were repeated
three times.

Feasibility analysis of wrapping PGPRs by PMH

For the culture and treatment of bacteria, LB medium was autoclaved
at 121°C for 20 min, the microorganisms were cultured in a shaker
incubator at 200 rpm and 30 °C until an ODggg of 0.7, 11 mL of bacterial
broth solution was centrifuged, supernatant was discarded to take the
bacterial body, 11 mL of biopolymer solution was pipetted into the
bacteria, and mixed.

The same concentration of bacterial suspension and biofertilizer
were prepared and then lyophilized. After sputter-coating with gold,
the morphology of the samples was examined using a Phenom Pro
SEM (Phenom World, the Netherlands). The bacterial suspension and
biofertilizer were separately deposited onto copper grids, air-dried,

and then imaged by a HT7800 transmission electron microscopy
(HITACHI, Japan).

The same concentration of bacterial solution and different
wrapping agent wrapped bio-fertilizers were placed in LB medium and
incubated in shaker incubator at 200 rpm and 30 °C. After a period of
time, the absorbance value of the solution at 600 nm was detected to
make a growth curve.

For the bacterial activity assay, standard curves were made and
Alamar Blue experiments were performed according to the manu-
facturer’s protocol (Supplementary Fig. 2)*°>, The samples were
prepared in the dark and stored wrapped in aluminum foil prior to
analysis. 100 pL of Ensifer C5 solution encapsulated with CMCS, SA,
CMCS and SA mixtures with CaCl,, and other encapsulation mate-
rials (e.g., PVP and MC) were inoculated into transparent 96-well
plates and stored out of light. Bacterial activity was determined
after 1, 3 and 5 weeks of storage. 10 pL of Alamar Blue was added to
each well and incubated away from light. When the color of the
solution started to change from indocyanine blue to pink (1.5 h), it
was detected by a Varioskan LUX Multifunctional Enzyme-linked
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Fig. 8 | Schematic diagram of the capacity for PMH to conserve, deliver and
facilitate the colonization of PGPRs for plant growth and resistance to acidic
environments. Carboxymethyl chitosan (CMCS), sodium alginate (SA), and cal-
cium chloride (CaCl,) were cross-linked with each other to form biocompatible and
biodegradable polymeric hydrogel (PMH). PMH can be used for encapsulation,
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preservation, and delivery of PGPRs, to enhance the colonization efficiency of

PGPRs, produce a dosage effect to promote plant growth, and attenuate the loss of
viability of PGPRs in acidic environments. Some of the elements of this figure are by
figdraw.com. Created in BioRender. QR, F. (2025) https://BioRender.com/i02e296.

Immunosorbent Assay (ELISA) Reader (ThermoFisher Scientific,
USA) at 530nm excitation and at 590nm emission. The
degree of reduction of Alamar Blue is the percentage of bacterial
viability.

To determine the efficacy of the CMCS/SA/Ca** polymer matrix in
releasing PGPRs, we monitored the release process. Biofertilizers
encapsulating GFP-C5 were placed in culture medium, and the release
of bacteria from the biofertilizers into the surrounding medium was
periodically imaged using an LSM780 Laser Scanning Confocal
Microscope (Carl Zeiss, Germany). An increase in the number of

bacteria observed in the field of view over time would confirm the
effectiveness of the system.

Plant growth conditions and phenotypic analysis

Brassica napus (Zhongshuang 11), Pakchoi (Jinzhi 30), Arabidopsis
thaliana Columbia-0 (Col-0), genetically modified line DR5::GFP*° and
mutant gpat5** were used in this study. The seeds were successively
treated with 70% alcohol and 10% NaClO solution for 1 min and 10 min,
rinsed with distilled water, and set aside. Soil chemical factors of
sampling sites were listed in Supplementary Tables S1, S2.
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For soil cultivation experiments, B. napus and Pakchoi were sown
to grow in soil collected from Shilin County, Kunming, Yunnan Pro-
vince (103°27’15”E, 24°75’90”N), and placed in a light incubator at 23 °C
(16 h of light at 20,000 lux/8 h of darkness) for 21 days. Seedlings were
treated with a combination of filtered water (CK), polymeric hydrogel
(PMH), plant growth promoting rhizobacteria C5, and C5-loaded PMH
(C5-PMH), respectively. On the day of sowing, 5mL of the corre-
sponding solution was applied to each plant. Thereafter, applications
were made once a week. For the C5 and C5-PMH groups, the bacterial
ODgo0 of the applied solutions was 0.7. All nutrient solutions poured
are low phosphorus nutrient solutions (12.5umol/L). 21days after
planting, the net photosynthetic rate or SPAD value of the plants was
determined with a LI-6800 Portable Photosynthesis Measurement
System (LI-COR, USA) or a SPAD meter, and then the plants were dug
up and rinsed with water. Leaf area was analyzed by Image ] after
photographing with a camera. Root length and stem diameter were
measured with a soft ruler and vernier calipers, and fresh and dry
weights of plant tissues were determined.

For field experiments, the field was divided into 12 plots of
1.5m x 1.5 m each with 0.5 m row spacing, and B. napus were planted in
a scatter design with the plots arranged in randomized complete
blocks of three replications. B. napus grown in the greenhouse for
1month were transplanted to the soil of Chongqing Academy of
Agricultural Sciences (106°21'78”E, 29°27’57"N) with water (CK), poly-
meric hydrogel (PMH), plant growth promoting rhizobacteria C5, and
C5- loaded PMH (C5-PMH) in a combination of treatments. On the day
of transplanting, 50 mL of the corresponding solution was applied to
each plant. Thereafter, applications were made once a month. For the
C5 and C5-PMH groups, the bacterial OD¢oq of the applied solutions
was 0.7. All applied fertilizers contain only 50% P (compared to nor-
mal). Fungicides and insecticides were sprayed to control pests and
diseases, and weeds were periodically removed by hand. After
2 months, plant height and stem diameter were measured with a soft
ruler and vernier calipers, and fresh and dry weights of plant tissues
were determined. After maturation, the number of pods and the yield
of each plant were counted.

For plate experiments, A. thaliana (pre-vernalized at 4 °C for
2 days) and B. napus were seeded into medium containing 1/2 MS (-P)
and 1% agar, potassium dihydrogen phosphate was added to bring the
P content to 12.5umol/L, and the pH of the plates was adjusted or
treated with PMH, C5, or C5-loaded PMH according to experimental
requirements. Plates were placed vertically in a light incubator at 22 °C
(16 h of light / 8 h of darkness). Light intensity was 12,000 lux for A.
thaliana and 20,000 lux for B. napus. Images of seedlings were taken
at 14 days of growth. Lateral root length and lateral root density were
analyzed with Image ).

Microscopic imaging of roots

Roots were imaged using an LSM780 Laser Scanning Confocal Micro-
scope (Carl Zeiss, Germany). For bacterial colonization analysis, B.
napus seeds were sown and grown in 1/2 MS solid medium for 5 days,
seedlings were removed and roots were immersed in GFP-C5 bacterial
solution or GFP-C5 bacterial fertilizer for 2 days, primary and lateral
roots were cut, and lateral roots were transected with a Leica VT1000S
Vibrating Microtome (Leica Corporation, Germany). Wash the roots
with PBS buffer solution before imaging. Roots were carefully placed
on slides, appropriate amount of PBS buffer solution was added
dropwise, and coverslips were applied. The roots were then subjected
to confocal microimaging®. For suberin staining of roots, seedlings
grown for 5days were incubated in a freshly prepared solution of
Fluorol Yellow 088 (0.01% w/v, in lactic acid) for 1h at room tem-
perature, and then counterstained with aniline blue (0.5% w/v aqueous
solution) for 30 min at room temperature in the dark. They were
washed three times with water (10 min each), prepared in 50% glycerol
and observed under a confocal microscope®. For the detection of

DR5::GFP, roots were collected and subjected to confocal microscopy
imaging.

Sample collection and DNA extraction
Fresh plant plants were collected, and after removing large pieces of soil
and loose soil from the roots, residual soil was collected from the roots
using sterile brushes, homogenized, and frozen at -80 °C as a sample of
rhizosphere soil; plant roots were ultrasonically washed three times
(50 Hz) and frozen at -80 °C as a sample for root endophyte testing®®*’.
Total root and rhizosphere soil genomic DNA was extracted from
samples using a MagAtrract PowerSoil Pro DNA Kit (Qiagen, Germany)
according to the manufacturer’s instructions. The quality and con-
centration of DNA were determined by 1.0% agarose gel electrophor-
esis and a NanoDrop2000 spectrophotometer (Thermo Scientific,
USA) and stored at =80 °C prior to further use.

16 S rRNA gene amplicon sequencing for bacterial community
analysis

The hypervariable region V5-V7 of the bacterial 16 S rRNA gene was
amplified using an ABI GeneAmp® 9700 PCR Thermal Cycler (Applied
Biosystems, USA) with amplification primers 799 F (5-AACMGGAT-
TAGATACCCKG-3) and 1193R (5-ACGTCATCCCCACCTTCC-3)*%%°,
PCR conditions were as follows: initial denaturation at 95 °C for 3 min,
followed by denaturation at 95 °C for 30 s, annealing at 55°C for 30s,
extension at 72 °C for 45 s, followed by a single extension at 72 °C for
10 min, and termination at 4 °C. PCR product concentrations were
measured using a QuantiFluor™ -ST blue fluorescence quantification
system (Promega, USA) and all samples were standardized. Purified
amplicons were pooled in equimolar form and subjected to bipartite
sequencing on the Illumina MiSeq PE250 platform (lllumina, USA)
according to the standard protocols of Majorbio Bio-Pharm Technol-
ogy Co. Ltd (Shanghai, China). After the PE reads obtained from
sequencing were sample split, the bipartite reads were quality con-
trolled and filtered according to the sequencing quality, and at the
same time spliced according to the overlap relationship between the
bipartite Reads, to obtain the optimized data after quality controlled
splicing. DADA2 is used for quality filtering (i.e., filtering, de-duplica-
tion, de-noising, merging, and evaluating chimeras) of raw 16S rRNA
gene amplicon sequencing reads through QIIME2”°. Amplicon
Sequence Variant (ASV) identified as chloroplasts or mitochondria was
removed. Next, the feature table generated by DADA?2 is filtered to
remove ASVs with frequencies <2 to obtain ASV representative
sequences and abundance information™. Principal co-ordinates ana-
lysis (PCoA) and Bray-Curtis distance calculations were performed by R
(version 3.3.1) based on relative abundance of ASVs. Community Bar
maps were analyzed by python-2.7. Species difference analysis was
done based on Student’s t-test. The C5 sequences were compared with
the representative sequences of ASVs, and the ASVs with the highest
similarity were selected for C5 enrichment analysis.

Root metabolite analysis

Metabolites were extracted from plant root samples using metha-
nol:water = 4:1 (v/v) solution, the mixture was crushed, sonicated and
centrifuged, and the supernatant was transferred to sample bottles for
machine analysis’>. Quality control (QC) samples were prepared by
mixing equal volumes of all sample metabolites to examine the
reproducibility of the entire analytical process™. The samples were
analyzed by LC-MS on a UHPLC-Q Exactive HF-X system (Thermo
Fisher Scientific, USA) equipped with an ACQUITY HSS T3 column
(100 mm x 2.1 mm i.d., 1.8 pm; Waters, USA). After analysis, LC-MS raw
data were imported into the metabolomics processing software Pro-
genesis QI (Waters Corporation, USA) for peak detection and align-
ment. Data analysis was performed on an online analysis platform
(Majorbio Biotech Co., Ltd., Shanghai, China). The identified metabo-
lites were annotated to the KEGG database (https://www.kegg.jp/).
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Reverse transcription-polymerase chain reaction (RT-PCR)

B. napus (Zhongshuang 11) seedlings were cultivated in in soil for
21 days. The root samples were harvested to extract RNA using EZ-10
DNAaway RNA Mini-Preps kit (Product Number: B618133-0250, Sangon
Biotech, China). Reverse transcription was performed with Biometra
TOne 96 G Gradient PCR Thermal Cycler (Jena Analytical Instruments
GmbH, Germany) and PrimeScript™ RT reagent Kit with gDNA Eraser
(Perfect Real Time) (Code No. RRO47A, Takara, Japan). PCR was per-
formed on QuantStudio 1 Real-time quantitative PCR system (Thermo
Fisher Scientific, USA). Actin7 was used as an internal reference. The
primers for RT-PCR were listed in Supplementary Table S3 (Tsingke
Biotech, China).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The 16S rRNA data from this study have been submitted to NCBI and
and can be accessed through BioProject PRJNA1212299: http://www.
ncbi.nlm.nih.gov/bioproject/1212299. The metabolomics data have
been uploaded to Figshare and can be accessed via https://doi.org/10.
6084/m9.figshare.28233716. Genome information for C5 been uploa-
ded to Figshare and can be accessed via https://doi.org/10.6084/m9.
figshare.28233677. Source data is available for Figs. 1-7 and Supple-
mentary Figs. 1-9 in the associated source data file. Source data are
provided with this paper.
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