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Purpose: Microbe-assisted zinc (Zn) biofortification offers a sustainable strat-
egy for enhancing wheat productivity and nutritional value. This study evalu-
ated whether two endophytic bacteria from the Zn hyperaccumulator Sedum 
alfredii, applied individually or as a SynCom, could improve wheat growth, Zn 
uptake, physiological performance, and root exudate modulation under hydro-
ponic conditions.
Methods: Wheat seedlings were grown under hydroponic conditions and inocu-
lated with SaPA1 and SaBR2 individually or as a consortium, and their impacts 
on growth, Zn uptake, physiological characteristics, root morphology, and root 
exudate metabolomics were assessed after 30 days.
Results: All inoculated treatments improved Zn uptake, wheat growth, plant 
height, and leaf photosynthetic performance relative to the control, with the 
SynCom showing the strongest overall effect. Zn concentrations increased by 
42.49% in roots and 46.6% in shoots under the consortium treatment compared 
to the control. Zn accumulation was also significantly enhanced by endophytic 
inoculation, with the consortium producing the greatest increase, reaching about 
6-fold in roots and nearly 3-fold in shoots relative to the control. Additionally, 
non-targeted LC–MS profiling revealed clear treatment-dependent shifts in root 
exudates, with the SynCom showing the strongest metabolic reprogramming and 
greater organic acid exudation.
Conclusion: These findings show that endophytic bacteria derived from a Zn 
hyperaccumulator can improve wheat growth, Zn uptake, physiological perfor-
mance, and root exudate remodeling under hydroponic conditions. Overall, the 
results support the potential of endophytic bacteria, especially as a SynCom, as 
a microbial strategy for Zn biofortification in wheat.
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1 Introduction

Zinc (Zn) is an essential micronutrient for plant growth, which 
plays a critical role in photosynthesis, cell wall formation, gene regula-
tion, and stress tolerance (Shakeel et al., 2024). In higher plants, 
approximately 3,000 proteins depend on Zn prosthetic groups for 
structural integrity. Zn deficiency reduces plant growth, yield, and the 
nutritional quality of edible parts. Zn is also essential for human 
health, where it supports growth, immunological function, and several 
physiological processes. It functions as a neuromodulator within the 
central nervous system and has gained potential supportive treatment 
in COVID-19 therapy (Goldberg and Lippard, 2018; Skalny et al., 
2020). Zn deficiency is a major global health challenge, especially in 
developing countries. According to the World Health Organization 
(WHO), estimates it affects nearly 2 billion people world-wide, pre-
dominantly in Asia and Sub-Saharan Africa (Singh et al., 2023; 
Hussain et al., 2022). Additionally, Zn insufficiency disproportionately 
impacts vulnerable groups, particularly pregnant women and chil-
dren, where 82% of pregnant women globally consume inadequate 
Zn, often resulting in fetal growth abnormalities (Wang et al., 2020). 
Despite established dietary recommendations, the global Zn insuffi-
ciency persists as a major nutritional challenge (Wang et al., 2020).

Wheat (Triticum aestivum L.) is one of the worlds’ most important 
cereal crop, cultivated on over 240 million hectares globally, with an 
annual production of over 799 million tonnes (FAO, 2024). It serves 
as a primary food source for around 40% of the global population 
(Giraldo et al., 2019) and provide roughly 70% of daily calorie con-
sumption in many South Asian nations, including Nepal, Pakistan, 
India, and Bangladesh (Singh et al., 2023). Zn inadequacy in wheat is 
a serious concern, especially in addressing ‘hidden hunger,’ where 
micronutrient shortages significantly impact the human health, par-
ticularly in women and children (Biesalski, 2021; Abbaspour et al., 
2014). Despite being a staple diet, wheat naturally contain low Zn 
quantity, typically ranging from 20 to 35 mg kg−1, which is lower to 
meet daily Zn requirements. Therefore, biofortification of wheat with 
Zn is imperative to reduce the risk of Zn deficiency in people (Khalid 
et al., 2022). Current recommendations suggest that Zn content in 
wheat should be elevated to 45 mg kg−1 to adequately fulfill daily Zn 
requirements. To overcome this issue, several innovative strategies for 
biofortifying wheat with Zn have been implemented (Yadav et al., 
2023). One conventional approach involves the utilization of chemical 
fertilizers to directly supply micronutrients to plants. However, this 
method has some drawbacks, including the low absorption (2–4%) of 
applied Zn (Singh et al., 2017), negative environmental consequences 
associated with chemical use, such as disrupting nitrogen balance and 
reducing soil fertility (Lockhart et al., 2013; Wu and Ma, 2015). 
Excessive application of Zn fertilizer may lead to resource inefficiency 
and contribute to soil contamination (Liao et al., 2025). Furthermore, 
repeated high-rate Zn application may elevate heavy metal deposition 
in soil, thereby posing a possible hazard to soil ecology and function-
ality (Dai et al., 2023).

Microbial-mediated Zn biofortification has emerged as a promis-
ing alternative, offering both economic benefits and potential environ-
mental sustainability. This approach is particularly effective in 
enhancing Zn bioavailability and accumulation in wheat grains, which 
is essential for addressing worldwide Zn nutrition and health chal-
lenges (Mahmud et al., 2021). Zn-solubilizing bacteria (ZSB) possess 
the ability to convert inorganic Zn into bioavailable forms. Bacteria 
that solubilize Zn compounds achieve this by producing and excreting 

organic acids in the soil that acidify the surrounding environment, 
lowering the soil pH, chelate Zn cations, and mobilize available Zn 
fractions, thereby increasing Zn availability at the root interface (Rasul 
et al., 2019). As a result, ZSB can improve Zn intake, plant nutrition, 
and wheat growth. Endophytic Zn-solubilizing bacteria further con-
tribute to this process by colonizing internal plant tissues without 
causing damage, which may strengthen root-associated Zn mobiliza-
tion and uptake and improve Zn biofortification efficiency in wheat. 
These bacteria enhance plant development, nutrient absorption, and 
Zn levels in wheat by increasing Zn solubility and availability in the 
soil. These advantages are significantly associated with root exudation, 
which can alter rhizosphere chemistry and affect Zn bioavailability at 
the root interface. Root exudates comprise a complex combination of 
low-molecular-weight chemicals emitted by plant roots, crucial for 
influencing rhizosphere chemistry. These exudates can chelate metals 
and modify their solubility, thereby directly affecting the availability 
of Zn at the root–solution contact (Chen et al., 2014). It is closely con-
nected to plant–microbe interactions, as exudates facilitate the recruit-
ment and sustenance of rhizosphere microbes, while microbial activity 
can reciprocally influence exudation patterns, collectively impacting 
nutrient acquisition and stress responses.

SaPA1 (Pantoea agglomerans) and SaBR2 (Brevibacterium epider-
midis), identified from Sedum alfredii, have been previously reported 
to enhance wheat growth and Zn absorption in varying Zn concentra-
tion soils (Li et al., 2025). We hypothesized that endophytic strains 
(SaPA1, SaBR2, and SaPA1 + SaBR2) isolated from the Zn hyperac-
cumulator Sedum alfredii would successfully colonize wheat roots 
under hydroponic conditions, improve root morphology, plant 
growth, and enhance Zn uptake in both the roots and shoots, and 
modulate root exudate profiles. This study aimed to: (1) evaluate the 
effects of SaPA1, SaBR2, and their SynCom on wheat growth, root 
morphology, and Zn uptake under hydroponic conditions; (2) assess 
the impact of bacterial inoculation on photosynthetic performance; 
and (3) ascertain whether inoculation modifies root exudate profiles.

2 Materials and methods

2.1 Experimental setup and growth 
conditions

A nutrient-solution experiment was conducted in the growth 
chamber laboratory at the College of Environmental and Resource 
Sciences, Zhejiang University, from November to December 2025, 
using wheat (Triticum aestivum L.) cv. Jinchun 6 (津春6号; 
JINCHUN6HAO) as the test crop. Seeds were obtained from Hebei 
Fuyichun Seed Co., Ltd. visually healthy and uniform seeds were 
selected for germination. A hydroponic system was used to provide 
tightly controlled growth conditions and to reduce the impact of soil 
heterogeneity on treatment outcomes. Seeds were surface sterilized and 
germinated at 30 °C in darkness, after which uniform seedlings were 
promptly transferred to opaque 1.5-L black plastic pots filled with 
Hoagland’s nutritional solution. Seedlings were supported in a perfo-
rated lid using sponge plugs; each pot had a plastic foam cover with 
four small holes, and four seedlings were fixed with cotton in each hole 
(16 seedlings/pot) to maintain uniform plant density across treatments. 
The nutrient solution was replaced every three days and adjusted to pH 
5.5 ± 0.1 every day. Plants were grown in a growth chamber under a 
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photosynthetic photon flux density of 300 μmol m−2 s−1, a light/dark 
photoperiod of 10/14 h, day/night temperatures of 25/20 °C, and day/
night relative humidity levels of 70%/85%.

2.2 Inoculation with endophytic bacteria 
under hydroponic conditions

Two endophytic bacterial strains, SaPA1 (Pantoea agglomerans) 
and SaBR2 (Brevibacterium epidermidis), previously isolated from the 
Zn hyperaccumulator Sedum alfredii, were used in this hydroponic 
experiment (Li et al., 2025). Each strain was cultured separately in 
liquid Luria–Bertani (LB) medium for 48 h at 30 °C on a rotary shaker. 
Cells were collected by centrifugation, rinsed twice with phosphate-
buffered saline (PBS), and suspended in sterile physiological saline 
(0.85% NaCl). The inoculum density was calibrated to 108 CFU mL−1, 
and the resulting suspensions were used for inoculation. For bacterial 
treatments, 5 mL of inoculum was added to 1.5 L of nutrient solution 
using a pipette, ensuring no contact with above-ground tissues to 
reduce contamination; the control received Hoagland solution without 
bacterial solution. The experiment was performed in a growth cham-
ber, and treatments were randomly assigned with three replications. 
Plants were harvested at 30 days post-inoculation; shoots and roots 
were separated, fresh biomass was recorded, and samples were oven-
dried to a consistent weight for further analysis.

2.3 Assessment of root morphological 
parameters

At the end of the one-month hydroponic experiment, roots were 
carefully harvested and rinsed three times with distilled water to remove 
any remaining nutrient solution. The intact root systems were initially 
captured with a digital camera and then scanned under standardized 
conditions (EPSON scanner, Professional Mode, 600 dpi, 48-bit full 
color). The scanned images were analyzed in WinRHIZO using a con-
sistent procedure to measure root morphological characteristics.

2.4 Photosynthetic parameters

The net photosynthetic rate (AN_NN), stomatal conductance 
(gsw), intercellular CO2 concentration (Ci_ii), and transpiration rate 
(Emm_E) were quantified on completely expanded leaves using a por-
table photosynthesis system (LI-6400XT, LI-COR Biosciences, United 
States) fitted with a red–blue LED leaf chamber. Measurements were 
conducted at a photosynthetic photon flux density of 300 μmol m−2 s−1. 
During measurements, the reference CO2 concentration was kept at 
380 ± 5 μmol mol−1, the chamber airflow rate was adjusted to 
500 μmol s−1, and leaf temperature was regulated at 25 °C. The selected 
leaf from each plant was secured in the chamber and allowed to stabi-
lize before the recording of steady-state measurements. Measurement 
was conducted in the morning between 8:00 and 10:00 a.m., on three 
selected fully expanded leaves analyzed per treatment, to avoid pos-
sible stomatal closure during the middle of the day (Benhmimou et 
al., 2018).

2.5 Biomass assessment and mineral 
element analysis

At the end of the experiment, shoots and roots were separated and 
weighed to determine fresh biomass. Roots were thoroughly cleansed 

to eliminate externally adsorbed ions and then rinsed with deionized 
water. Plant tissues were dried at 65 °C; until achieving a constant 
weight and the dry weights of shoots and roots were recorded for bio-
mass determination and Zn accumulation calculations. Then dried 
shoot and root samples were then finely ground and subjected to acid 
digestion with 5 mL of HNO₃ and 1 mL of H₂O₂. After complete 
digestion, the solution was diluted to 40 mL with deionized water and 
subsequently filtered through a 0.22 μm cellulose acetate membrane 
before elemental analysis. Zn concentrations in shoot and root digests 
were measured via ICP–MS, employing a standard Zn solution for 
instrument calibration and incorporating routine blanks for quality 
assurance.

2.6 Collection of root exudates and 
examination

Root exudates were obtained according to the method of Chen et 
al. (2014) where intact plants were carefully extracted from the hydro-
ponic systems and the roots were placed in 100 mL of 0.5 mM CaCl₂ 
for 4 h. The obtained solution was subsequently purified by passing 
through [Amberlite IR-120 (H+ form)] and then through another 
resin column [Dowex 1 × 8,100–200 mesh (Cl− form)]. The exudate 
was dried using a rotary evaporator and reconstituted in methanol for 
subsequent LC–MS analysis (Agilent 1,200 series). Sample extraction 
and instrumental analysis for non-targeted metabolite profiling were 
conducted at a commercial metabolomics lab. Samples were kept at 
−80 °C until analysis. For extraction, 4 mL of each sample was thawed 
on ice and lyophilized; the residue was reconstituted with 100 μL of 
water and extracted with 400 μL of pre-chilled (−40 °C) methanol: 
acetonitrile (1:1, v/v) containing internal standards. This was followed 
by vortexing, ultrasonication in an ice-water bath, incubation at 
(−40 °C) for protein precipitation, and centrifugation at 12,000 rpm 
for 15 min at 4 °C. The supernatant was allocated for LC–MS analysis, 
and a pooled quality-control (QC) sample was created by combining 
equal aliquots from the samples. Chromatographic separation was 
conducted on a Vanquish UHPLC utilizing a Phenomenex Kinetex 
C18 column, employing water with 0.01% acetic acid as mobile phase 
A and a mixture of isopropanol and acetonitrile (1:1, v/v) as mobile 
phase B (autosampler maintained at 4 °C, injection volume of 2 μL). 
Mass spectra were obtained using an Orbitrap Exploris 120 in both 
positive and negative ionization modes, employing data-dependent 
MS/MS acquisition (full MS resolution 60,000; MS/MS resolution 
15,000; stepwise collision energy 20/30/40). Metabolomics Standards 
Initiative (MSI) framework, where Level 1 indicates matching of MS1, 
MS2, and retention time with authentic standards, Level 2 denotes 
alignment with public databases, Level 3 indicates putative com-
pound-level annotation, and Level 4 represents unknown compounds.

2.7 Statistical analysis

Statistical analysis was conducted using SPSS 25.0 (IBM Corp., 
USA) and Minitab 18. The data were provided as mean ± standard 
deviation (SD) with three biological replicates for each treatment. 
Plant variables were analyzed using one-way ANOVA at p < 0.05. 
Upon ANOVA revealing significant treatment effects, Tukey’s test was 
used for pairwise comparisons across all treatments, while Dunnett’s 
test was used to compare each inoculated treatment with the control. 
Alphabet letters denoted statistically significant differences between 
the treatment group and the control group, indicating p < 0.05, 
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respectively. The graphical work was performed using GraphPad 
Prism 8 (GraphPad Software Inc., United States) and Origin Pro 
(Graphics and Analysis). Raw files of root exudates were converted 
into mzXML format using ProteoWizard, and metabolites were anno-
tated using proprietary and plant-specific databases. For metabolo-
mics, raw data were preprocessed by the service provider via 
RSD-based noise filtering, missing-value filtering, half-minimum 
imputation, and TIC normalization. PCA was performed following 
log transformation and centering, while OPLS-DA was executed after 
log transformation and UV scaling. The robustness of the model was 
evaluated using 7-fold cross-validation and 200 permutation tests. 
Differential metabolites were screened based on variable importance 
in projection (VIP) > 1 from the OPLS-DA model and p < 0.05 from 
Student’s t-test. Q-values were generated in the metabolomics output, 
and adjusted statistics, including Holm and FDR adjustments, were 
presented in subsequent pathway-level studies.

3 Results

3.1 Enhancement in root and shoot fresh 
biomass and plant height

Bacterial inoculation markedly enhanced the shoot and root fresh 
biomass (p < 0.05). It was noted that SaPA1 + SaBR2 consortia yielded 
the highest shoot and root fresh weights (36.46 g and 15.98 g, respec-
tively) in contrast to the control (20.61 g and 2.24 g). In addition, 
single-strain inoculation also enhanced the biomass, with shoot fresh 
weight reaching 24.58 g for SaPA1 and 29.21 g for SaBR2, while root 
fresh weight increased to 10.15 g and 10.41 g, respectively.

Plant height also exhibited a consistent rise from 5 to 30 days 
across all treatments, with distinct differences among inoculation pro-
tocols. The consortium (SaPA1 + SaBR2) yielded the tallest plants, 
growing from 14 to 54 cm over the experimental period, followed by 
SaBR2 (12–49 cm) and SaPA1 (10–45 cm), while CK remained the 
shortest at 8–43 cm. The differences in treatment effects increased as 
the experiment progressed, ending in the most significant height 
advantage at 30 days.

The inoculation of endophytic bacteria markedly enhanced the 
wheat root morphology. The consortium treatment (SaPA1 + SaBR2) 
exhibited the most pronounced response, producing the longest total 
root length (29.5 cm plant−1) and the largest root surface area 
(1263.48 cm2 plant−1) in comparison to the control (18.53 cm plant−1; 
807.46 cm2 plant−1) and the individual treatments. SaPA1 (19.03 cm 
plant−1; 989.53 ± 5.8 cm2 plant−1) and SaBR2 (22.03 cm plant−1; 
1121.32 cm2 plant−1) (Table 1).

3.2 Zn concentration in roots and shoots

Endophytic bacterial inoculation markedly increased the Zn con-
centration in both roots and shoots (p < 0.05). Compared to the con-
trol, SaPA1 increased the Zn levels by 20.31% (root) and 24.27% 
(shoot), whereas SaBR2 enhanced it by 31.56% (root) and 33.77% 
(shoot). The consortium (SaPA1 + SaBR2) achieved the highest 
improvement, increasing Zn concentration by 42.49% in roots and 
46.66% in shoots relative to the control group (Figures 1a,b). In par-
ticular, Zn accumulation in the consortium treatment increased by 
almost six-fold in roots and nearly three-fold in shoots compared with 

the control, suggesting a synergistic effect of the two strains 
(Figures 1c,d).

3.3 Impact of endophytic inoculation on 
leaf gas exchange metrics

It was observed that transpiration rate (E) differed among treat-
ments. The control showed an average of 3.2077 mmol H₂O m−2 s−1, 
SaPA1 3.2315 mmol H₂O m−2 s−1, and SaBR2 showed a higher value 
of 4.7024 mmol H₂O m−2 s−1, while the consortium (SaPA1 + SaBR2) 
recorded the highest value at 5.083 mmol H₂O m−2 s−1. Stomatal con-
ductance (gsw) also varied across treatments. CK had the lowest value 
0.217 mol H₂O m−2  s−1, whereas SaPA1 and SaBR2 increased to 
0.36155 and 0.2537 mol H₂O m−2 s−1, respectively. The consortium 
showed the highest gsw values 0.37607 mol H₂O m−2 s−1. Net photo-
synthetic rate (A) showed treatment-dependent differences. The con-
trol showed the value of 14.7601 μmol CO₂ m−2 s−1, while SaPA1, 
SaBR2, and SaPA1 + SaBR2 recorded 13.2234, 16.593, and 
17.485 μmol CO₂ m−2 s−1, respectively. Intercellular CO2 concentration 
(Ci) increased progressively across treatments. The highest concentra-
tion was observed in the SaPA1 + SaBR2 treatment 
(325.451 μmol mol−1), followed by SaBR2 (314.745 μmol mol−1). and 
SaPA1 (306.136 μmol mol−1). Overall, all photosynthetic parameters 
(E, gsw, A, and Ci) differed significantly among treatments at p < 0.05.

3.4 Bacterial inoculation transforms wheat 
root exudates metabolites

Non-targeted LC–MS profiling of wheat root exudates identified 
37,248 metabolic features in total across all the samples. PCA demon-
strated close clustering of QC injections and consistent performance 
throughout the analytical process, indicating high reproducibility and 
minimal drift (Figure 2). Biological replicates were grouped consis-
tently, and treatment groups exhibited distinct separation in PCA 
space (Figure 2a). OPLS-DA score plots further indicated clear separa-
tion of SaPA1, SaBR2, and SaPA1 + SaBR2 samples from the control, 
confirming treatment-dependent shifts of the root exudate metabo-
lites (Figures 2b–d). The OPLS-DA models demonstrated robustness, 
evidenced by good explanatory and predictive values (R2Y = 0.999–
1.000; Q2 = 0.910–0.939), with permutation testing further validating 
model reliability. Differential feature analysis revealed 11,775 modified 
features in SaPA1 (4,436 up; 7,339 down), 9,967 in SaBR2 (3,979 up; 
5,988 down), and 6,826 in the SaPA1 + SaBR2 (3,681 up; 3,145 down). 
Volcano plots revealed significantly changed metabolites between each 
inoculation treatment and the control (p < 0.05) (Figure 2e). 
Differential metabolites were identified using a combined criterion of 

TABLE 1  Root parameters and main interactive effect of bacterial consortium on total root 

length and root surface area of wheat.

Treatments Total root 
length (cm 

plant−1)

Surface area 
(cm2 plant−1)

Control 18.53 ± 1.86 c 807.46 ± 8.75 d

SaPA1 19.03 ± 3.13 c 989.53 ± 5.8 c

SaBR2 22.03 ± 2.25b 1121.32 ± 8 b

SaPA1 + SaBR2 29.5 ± 3.49 a 1263.48 ± 7.31 a

Values are presented as mean ± SD. Different lowercase letters within a column indicate 
significant differences among treatments at p < 0.05.
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VIP > 1 from the OPLS-DA model and a Student’s t-test (p < 0.05). 
KEGG enrichment analysis showed significant pathway-level shifts 
after inoculation (p < 0.05) (Figure 2f). Across treatments, up-regu-
lated features were mostly enriched in lipid-related pathways (fatty 
acid biosynthesis and associated processes), while down-regulated 
features were typically associated with amino acid and carbohydrate 
metabolism (including amino acid biosynthesis and branched-chain 
amino acid pathways). The consortium integrated a balanced differ-
ential profile with enrichment of secondary metabolism pathways 
(including flavonoid and flavone/flavonol-related pathways), facilitat-
ing targeted pathway-level remodeling of root exudation instead of 
diffuse changes (Figure 2f).

Root exudates from wheat plants subjected to various bacterial 
treatments (Control, SaPA1, SaBR2, SaPA1 + SaBR2) were examined 
for organic acid. Overall, organic acid concentrations elevated with 
bacterial inoculation. Oxalic acid exudation was 90% more in the 
SaPA1 + SaBR2 consortium treatment (86.87 mg/kg h FW) than in 
the control (45.77 mg/kg h FW). The exudation of citric acid also 
increased, with the consortium treatment (30.86 mg/kg h FW) exhib-
iting a 111% elevation compared to the control (14.55 mg/kg h FW). 
Malic acid and tartaric acid increased by 40–50% in the SaPA1 + SaBR2 
treatment, yielding values of 45.11 mg/kg h FW and 47.56 mg/kg h 
FW, respectively, in contrast to the control values of 32.91 mg/kg h FW 

and 16.74 mg/kg h FW. Additionally, pyrogulamate exudation was 
seen in the consortium treatment (32.36 mg/kg h FW) in contrast to 
the control (16.25 mg/kg h FW).

4 Discussion

4.1 Effects of endophytic inoculation on 
plant growth root architecture

Root and shoot biomass increased across all bacterial treatments 
relative to the control, with the greatest increase observed in the con-
sortium (SaPA1 + SaBR2) (Figure 3). This coordinated increase in 
below- and above-ground fresh biomass suggests that inoculation 
promoted overall plant growth rather than reallocating resources to a 
single organ. A similar pattern has been reported previously, with 
endophytic inoculation increasing both shoot and root biomass 
(Zhang et al., 2013). This is biologically reasonable because a large root 
system can improve water and nutrient uptake, thereby supporting 
carbon assimilation and shoot development (Chen et al., 2014). The 
biomass responses were also associated with improved Zn acquisition. 
The changes in oxalic acid exudation followed trends similar to those 

FIGURE 1

Effects of endophytic bacterial inoculations on zinc concentration and accumulation in wheat. (a) Zn concentration in roots and (b) Zn concentration in 
shoots, (c) Zn accumulation in roots, and (d) Zn accumulation in shoot under different treatments. Different lowercase letters on the column indicate 
significant differences among treatments at p < 0.05.

https://doi.org/10.3389/fmicb.2026.1844753
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Abbasi et al.� 10.3389/fmicb.2026.1844753

Frontiers in Microbiology 06 frontiersin.org

of biomass increase and Zn accumulation, suggesting a root-mediated 
process in which endophyte-driven changes at the root interface may 
facilitate Zn mobilization and uptake (Chen et al., 2014). Overall, bac-
terial inoculation increased root and shoot biomass, supporting plant 
establishment and productivity. The accompanying improvement in 
root function may also have contributed to increased Zn uptake and 
internal distribution. Together, these responses support the potential 
application of endophytic bacteria as a microbe-assisted approach for 
yield improvement and Zn biofortification.

Our plant-height data (Figure 4) indicate that all inoculated treat-
ments increased plant height relative to the control, with treatment 
differences becoming clearer as the plants matured. By day 30, the 
consortium (SaPA1 + SaBR2) produced the tallest plants (54 cm), fol-
lowed by SaBR2 (49 cm), and SaPA1 (45 cm), and the control (43 cm) 
(Figure 4). This trend suggests that co-inoculation under hydroponic 
conditions may have promoted plant growth more effectively than 
single-strain inoculation, supporting the idea that strains combining 
can produce a stronger cumulative effect. Mechanistically, the 

FIGURE 2

Multivariate and differential metabolite analyses of wheat root exudates under different bacterial treatments: (a) PCA score plot, (b) OPLS-DA score plot 
for Control vs. SaPA1, (c) OPLS-DA score plot for Control vs. SaBR2, (d) OPLS-DA score plot for Control vs. SaPA1 + SaBR2, (e) volcano plots of 
differential metabolites, and (f) KEGG pathway enrichment analysis of differential metabolites.
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observed growth pattern aligns with prior research, showing that 
endophytic inoculation can promote plant development through 
phytohormone-related effects, improved nutrient acquisition, and 
enhanced root-associated functioning (Liao et al., 2025). Similarly, 
Wang et al. (2014) reported that endophytic strains isolated from 
Sedum alfredii markedly enhanced plant growth under hydroponic 
conditions, supporting a clear growth-promoting effect in a nutrient-
solution system. In the present study, the greater plant height observed 
under consortium inoculation may reflect improved root-associated 
functioning and nutrient acquisition, thereby supporting shoot 
elongation.

Root morphology is a crucial factor in plant nutrient uptake, 
because an extensive root system enhances the contact area between 
roots and the surrounding nutritional media. This study demonstrated 
that bacterial inoculation enhanced total root length and root surface 

area, suggesting that endophytic bacteria facilitated root system devel-
opment (Table 1). The root images confirm this trend, as inoculated 
plants exhibited more extensive and denser root systems compared to 
the control. These structural enhancements may improve the root-
solution interface, hence augmenting the plant’s ability to absorb water 
and nutrients. The most robust response in the consortium treatment 
indicates that the combination of bacterial strains may produce syn-
ergistic effects on root development. Microbial consortia often possess 
complementary plant-growth promoting traits, including the synthe-
sis of phytohormones, nutrient solubilization, and alteration of rhizo-
sphere conditions (Emami et al., 2019). These pathways may promote 
root extension and branching, hence enhancing root architecture. 
Prior research has similarly reported that microbes associated with 
plants enhance root growth and area, hence improving nutrient 
uptake efficiency (Chen et al., 2014). In the present study, this relation-
ship was also evident at the treatment level; the consortium showed 
the largest total root length and root surface area, along with the high-
est Zn concentration and accumulation, whereas the control group 
showed the lowest values across these traits.

4.2 Improving Zn biofortification in wheat 
using individual and consortium bacterial 
inoculations

The endophytic bacterial strains selected for this study were origi-
nally isolated from Sedum alfredii, a well-characterized 
Zn-accumulating plant known for its strong capacity to absorb and 
accumulate Zn.

Our findings show that single-strain inoculation increased Zn 
levels, whereas the bacterial consortium produced the greatest 
increase in Zn concentration and accumulations in both roots and 
shoots, suggesting a synergistic effect on Zn uptake. Zn concentrations 
remained higher in roots than in shoots, across all treatments, indicat-
ing substantial Zn retention in root tissues, alongside enhanced 
uptake. This pattern aligns with prior endophyte-based studies, show-
ing that bacterial inoculation can improve Zn uptake in certain plant 
systems by augmenting Zn availability near the roots and supporting 

FIGURE 3

Effects of bacterial inoculation on (a) root fresh biomass and (b) shoot fresh biomass in wheat. Error bars denote standard deviation and statistical 
significance, as shown using ANOVA (p < 0.05).

FIGURE 4

Changes in plant height at 5, 15, and 30 days under different 
treatments are displayed in a bar-graph. Different lowercase letters 
indicate significant differences among treatments at the same 
sampling time according to ANOVA (p < 0.05).
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plant Zn absorption (Chen et al., 2014). A similar trend has also been 
reported in rice inoculated with endophytes derived from Sedum alfre-
dii, where Zn concentration and accumulation increased in both roots 
and shoots (Wang et al., 2014). Overall, these findings indicate that 
endophytic inoculation may improve Zn acquisition in specific plant–
microbe combinations, although the extent and expression of this 
response are expected to vary among crop species and experimental 
conditions.

Specifically, endophytic inoculation has been associated with 
improvements in root traits that increase the root-soil contact inter-
face, such as greater roots length, more root tips, and larger root sur-
face area, thereby improving Zn acquisition. Consistent with this 
pattern, our data further show that the consortium increased total Zn 
uptake and allocation between roots and shoots in comparison to 
single-strain inoculations, suggesting a more coordinated “Zn capture 
and distribution” response in wheat. This interpretation is supported 
by Emami et al. (2019), who reported that “rhizospheric–endophytic 
mixed inoculants with multiple plant probiotic traits improved plant 
growth and micronutrient concentration. Similarly, Zhang et al. 
(2020) described plant probiotic consortia as bacterial assemblages 
that collaboratively promoted the plant growth and reduced the stress. 
In addition, improved root development and altered root exudation 
may have facilitated more efficient Zn uptake in plants. Our previous 
study showed that endophytic bacteria from Sedum alfredii exhibit 
plant-growth-promoting and Zn-solubilizing traits that support 
micronutrient uptake, while transporter-related responses, including 

TaZIP-mediated Zn transport, have been reported in wheat under 
Zn-related conditions (Li et al., 2025). Together, these findings sup-
port the potential of Zn-solubilizing bacteria as promising biofertil-
izers for enhancing agronomic Zn utilization (Singh et al., 2017). 
Overall, our findings suggest a consortium-driven enhancement in (i) 
Zn availability within the root zone and (ii) the uptake and handling 
capacity of plants through root-interface interactions, resulting in 
increased Zn retention in roots and its translocation to shoots.

4.3 Bacterial regulation of leaf gas exchange 
and photosynthetic efficacy

Endophytic inoculation was associated with higher net photosyn-
thetic rate (A), stomatal conductance (gsw), intercellular CO₂ concen-
tration (Ci), and transpiration rate (Emm/E) (Figure 5). All measured 
photosynthetic metrics increased under bacterial treatments, particu-
larly in the consortium, suggesting that inoculation may support greater 
CO₂ assimilation and more active gas-exchange relative to the control. 
These findings align with a previous study indicating that growth-pro-
moting endophytic bacteria enhance photosynthetic efficiency in inocu-
lated plants (Yuan et al., 2018). Physiologically, stomatal opening is 
essential for CO₂ entry during photosynthesis, while transpiration facili-
tates water transfer and enhances plant absorption. Transpiration also 
helps preserve tissue hydration and turgor, stabilize cellular structure, 
distribute inorganic ions, and eliminate excess heat produced during 
photosynthesis and oxidative metabolism (Li JiangHua et al., 2009). 

FIGURE 5

Effects of different bacterial treatments on leaf-gas exchange parameters in wheat leaves: (a) net photosynthetic rate, (b) stomatal conductance, (c) 
intercellular CO2 concentration, and (d) transpiration rate. Error bars denote standard deviation. Different lowercase letters indicate significant 
differences among treatments, as shown using ANOVA (p < 0.05).
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Prior research suggests that endophytic bacteria may augment chloro-
phyll-related functions and photosynthetic efficiency, potentially lead-
ing to enhanced plant growth (Yuan et al., 2018). The observed 
enhancement in photosynthetic efficiency may have contributed to 
greater carbon assimilation, which may have been translocated below-
ground and influenced root exudation, suggesting a possible physiologi-
cal and functional connection between leaf-level carbon fixation and 
root-zone metabolic processes (Kaiser et al., 2015). In addition to sup-
porting photosynthesis, these microorganisms may provide dual advan-
tages for crop performance. By supporting gas exchange and the 
transpiration stream, they may contribute to more effective Zn uptake 
and its internal distribution within the plant. Simultaneously, elevated 
photosynthetic activity may increase carbon availability for growth, 
thereby supporting broader developmental improvement (Yuan et al., 
2018). Thus, the observed responses align with the potential of endo-
phytic inoculation as a microbe-assisted approach to enhance plant 
growth and nutrient uptake efficiency.

4.4 Root exudates

Root exudates consist of a complex array of compounds that facili-
tate nutrient mobilization and modify the rhizosphere (Jones et al., 
1996). The combined evidence from PCA/OPLS-DA, volcano plots, 
and KEGG enrichment suggests that endophytic inoculation (SaPA1, 
SaBR2, and SaPA1 + SaBR2) reprogrammed wheat root exudation, 
generating stable, treatment-dependent metabolic states relevant to 
rhizosphere conditioning and Zn uptake efficiency. Accordingly, the 
clear separation of inoculated groups from the control in PCA and the 
directional discrimination in OPLS-DA are consistent with a regulated 
shift in exudate chemistry driven by bacterial colonization rather than 
random variation (Figures 2a–d). The volcano profiles indicate broad 
metabolomics remodeling, particularly in the consortium, which 
showed a more balanced regulation pattern (Figure 2e). KEGG analy-
sis indicates that inoculation altered pathways linked to primary 
metabolism, particularly organic acid and amino acid metabolism, in 
addition to secondary and defense-related pathways, including phen-
ylpropanoid/flavonoid and lipid metabolism. This pattern suggests 
that bacterial inoculation may have modified both the substrate avail-
ability for exudation and the metabolic processes related to root pro-
tection and plant–microbe interactions.

Primary metabolism supplies substrates and energy equivalents 
that shape exudate pools, whereas secondary metabolism provides 
bioactive molecules that stabilize root function and stress tolerance 
during microbial interaction. Secondary metabolites, such as flavo-
noids and phenolics, are important for stress tolerance and plant-
microbe interactions, enhancing the stability of root function under 
changing rhizosphere conditions (Wu et al., 2025; Li et al., 2022). 
Furthermore, lignin synthesis resulting from phenylpropanoid metab-
olism facilitates structural fortification and the detoxification of reac-
tive oxygen species (ROS) during microbial colonization (Barros and 
Dixon, 2020). Within this metabolic framework, Zn uptake may be 
promoted when exudate chemistry, especially organic acids, alters 
rhizosphere conditions. Organic acids released in root exudates may 
decrease rhizosphere pH and chelate Zn, thereby mobilizing less avail-
able Zn fractions and enhancing Zn availability for plant uptake. 
Previous studies, including Chen et al. (2014), have shown that low-
molecular-weight organic acids, such as malate, citrate, and oxalate, 
play a crucial role in Zn solubilization and rhizosphere-mediated 
metal activation.

Notably, the enrichment of organic acid metabolism pathways 
indicates an increased metabolic flux towards the synthesis and secre-
tion of organic acids. This pathway-level regulation is reflected in the 
heightened accumulation of organic acids identified in root exudates. 
The organic acid profile demonstrates a clear elevation between treat-
ments, with the highest levels observed in the consortium, especially 
for oxalic acid, followed by malic, citric, and tartaric acids. This pat-
tern suggests that organic acid synthesis was closely associated with 
treatment-dependent metabolite reprogramming (Chen et al., 2014). 
These findings align with previous studies indicating that organic 
acids containing two or more carboxylic groups can bind Zn and 
increase its mobility in the root environment, thereby contributing to 
greater metal bioavailability (Hoberg et al., 2005). In the present study, 
the elevated exudation observed under bacterial consortium inocula-
tion was associated with the improved plant growth, root develop-
ment, and higher Zn concentration and accumulation in both roots 
and shoots, suggesting a coordinated relationship between exudate 
remodeling and Zn acquisition. This pattern suggests a coordinated 
response in which metabolite reprogramming enhances organic acid 
exudation, potentially improving nutrient bioavailability, and support-
ing plant development and root function. These physiological 
enhancements can, in turn, influence plant metabolic activity and 
exudation patterns, hence strengthening the feedback link between 
metabolism and rhizosphere processes. This integrated response 
aligns with the function of root exudates in altering rhizosphere con-
ditions via pH regulation and nutrient mobilization (Lu et al., 2013). 
Overall, these findings suggest that microbial inoculation reshaped 
root exudation in a way that likely contributed to rhizosphere condi-
tioning and improved Zn uptake efficiency, thereby promoting wheat 
growth and Zn biofortification (see Figure 6).

Overall, our findings align with previous research indicating that 
endophytic bacteria can improve plant growth, root development, and 
Zn uptake through changes at the root interface and root exudation. 
However, the present study extends this existing literature by demon-
strating, under controlled hydroponic conditions, that the SynCom of 
SaPA1 and SaBR2 produced the strongest combined effect on wheat 

FIGURE 6

Relative abundance of major organic acids in wheat root exudates 
under different bacterial treatments. Error bars denote standard 
deviation (SD), and different lowercase indicates significant 
differences among treatments for organic acid at p < 0.05 (a.u., 
arbitrary units).
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growth, photosynthetic efficiency, Zn accumulation, and root exudate 
reprogramming. A particular strength of this work is the integration 
of physiological, nutritional, and metabolomic evidence within the 
same experimental framework, offering a more complete mechanistic 
basis for endophyte-assisted Zn biofortification in wheat. Nevertheless, 
we acknowledge that hydroponic conditions cannot entirely repro-
duce the complexity of soil composition, microbial interactions, and 
nutrient dynamics in agronomic environments. Consequently, the 
current results should be interpreted as mechanistic evidence obtained 
under controlled conditions, whereas our broader pot and field exper-
iments, conducted with distinct strains and bacterial consortia across 
various soil types and Zn fertilizer applications, offer supplementary 
validation for the applicability of these findings to soil-based systems.

5 Conclusion

This hydroponic study showed that endophytic bacteria derived 
from Sedum alfredii can significantly improve wheat growth, physi-
ological performance, and Zn nutrition under controlled soil-free 
nutrient solution environments. Inoculation with SaPA1, SaBR2, and 
especially the SynCom (SaPA1 + SaBR2) enhanced the observed 
responses, with the SynCom showing the strongest overall effect and 
highlighting the potential advantage of co-inoculation for Zn biofor-
tification in wheat. Furthermore, non-targeted LC–MS profiling indi-
cated that inoculation altered root exudation and reprogrammed 
essential metabolic pathways, establishing a reliable foundation for 
rhizosphere conditioning that enhances Zn acquisition. Overall, the 
results highlight that endophytic inoculation, particularly the 
SaPA1 + SaBR2 consortium, is an effective microbe-assisted strategy 
that enhances plant productivity while promoting Zn biofortification 
potential in wheat. The metabolomics results further suggested that 
bacterial inoculation reshaped root exudation and altered essential 
metabolic pathways associated with root-interface processes and Zn 
acquisition. Overall, these findings support the potential of endo-
phytic inoculation, specifically the SaPA1 + SaBR2 consortium, as a 
promising microbe-assisted approach for enhancing wheat produc-
tivity and Zn biofortification. However, as this study was performed 
in hydroponic conditions, the results should be regarded as con-
trolled mechanistic evidence. Their wider agronomic significance will 
be presented in our future manuscripts reporting the complementary 
pot and field experiments conducted under soil-based conditions.

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary material, further inquiries can be directed 
to the corresponding authors.

Author contributions

NA: Formal analysis, Validation, Supervision, Data curation, 
Writing – review & editing, Methodology, Investigation, Writing – 
original draft, Conceptualization, Funding acquisition, Visualization. 
AP: Data curation, Conceptualization, Writing – review & editing. JS: 
Visualization, Data curation, Methodology, Investigation, Writing – 
review & editing. QL: Investigation, Writing – review & editing. IM: 

Writing  – review & editing, Visualization. GO: Formal analysis, 
Writing – review & editing. MSS: Writing – review & editing, Funding 
acquisition. YH: Writing – review & editing, Formal analysis, Data 
curation. YF: Data curation, Writing  – original draft, 
Conceptualization, Writing – review & editing, Supervision.

Funding

The author(s) declared that financial support was received for this 
work and/or its publication. This study was performed as part of the 
project NPOO.C3.2.R3-I1.04.0143, funded by the European Union 
– NextGenerationEU and National Natural Science Foundation 
of China.

Acknowledgments

The authors like to convey their sincere gratitude to Mingke 
Biotechnology (Hangzhou) Co., Ltd., Zhejiang Province, China, for 
root-exudates metabolomics analysis. His collaborative efforts were 
essential to the accomplishment of this study.

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that Generative AI was used in the creation 
of this manuscript. During the preparation of this work, the authors 
used AI tools for the sole purpose of polishing the language. After 
using this tool, the authors reviewed and edited the content as needed 
and took full responsibility for the publication.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2026.1844753/
full#supplementary-material

https://doi.org/10.3389/fmicb.2026.1844753
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2026.1844753/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2026.1844753/full#supplementary-material


Abbasi et al.� 10.3389/fmicb.2026.1844753

Frontiers in Microbiology 11 frontiersin.org

References
Abbaspour, N., Hurrell, R., and Kelishadi, R. (2014). Review on iron and its importance 
for human health. J. Res. Med. Sci. 19:164.

Barros, J., and Dixon, R. A. (2020). Plant phenylalanine/tyrosine ammonia-lyases. Trends 
Plant Sci. 25, 66–79. doi: 10.1016/j.tplants.2019.09.011

Benhmimou, A., Ibriz, M., Faïz, C., Gaboun, F., Shaimi, N., Amchra, F. Z., et al. (2018). Effects of 
water stress on growth, yield, quality and physiological responses of two stevia (Stevia rebaudiana 
Bertoni) varieties in Rabat region, Morocco. Asian J. Agric. Biol. 6, 21–34.

Biesalski, H. K. (2021). Obesity, vitamin D deficiency and old age a serious combination 
with respect to coronavirus disease-2019 severity and outcome. Curr. Opin. Clin. Nutr. 
Metab. Care 24, 18–24. doi: 10.1097/MCO.0000000000000700

Chen, B., Shen, J., Zhang, X., Pan, F., Yang, X., and Feng, Y. (2014). The endophytic bac-
terium, Sphingomonas SaMR12, improves the potential for zinc phytoremediation by its 
host, Sedum alfredii. PLoS One 9:e106826. doi: 10.1371/journal.pone.0106826

Dai, Z., Guo, X., Lin, J., Wang, X., He, D., Zeng, R., et al. (2023). Metallic micronutrients 
are associated with the structure and function of the soil microbiome. Nat. Commun. 
14:8456. doi: 10.1038/s41467-023-44182-2

Emami, S., Alikhani, H. A., Pourbabaei, A. A., Etesami, H., Sarmadian, F., and 
Motessharezadeh, B. (2019). Effect of rhizospheric and endophytic bacteria with multiple 
plant growth promoting traits on wheat growth. Environ. Sci. Pollut. Res. 26, 19804–19813. 
doi: 10.1007/s11356-019-05284-x

FAO (2024). Agricultural production statistics 2010–2023. FAOSTAT Analytical 
Briefs, No. 96.

Giraldo, P., Benavente, E., Manzano-Agugliaro, F., and Gimenez, E. (2019). Worldwide 
research trends on wheat and barley: a bibliometric comparative analysis. Agronomy 
9:352. doi: 10.3390/agronomy9070352

Goldberg, J. M., and Lippard, S. J. (2018). New Tools Uncover New Functions for Mobile 
Zinc in the Brain. Washington, DC: American Chemical Society.

Hoberg, E., Marschner, P., and Lieberei, R. (2005). Organic acid exudation and pH 
changes by Gordonia sp. and Pseudomonas fluorescens grown with P adsorbed to goethite. 
Microbiol. Res. 160, 177–187. doi: 10.1016/j.micres.2005.01.003

Hussain, A., Jiang, W., Wang, X., Shahid, S., Saba, N., Ahmad, M., et al. (2022). 
Mechanistic impact of zinc deficiency in human development. Front. Nutr. 9:717064. doi: 
10.3389/fnut.2022.717064

Jones, D. L., Darah, P. R., and Kochian, L. V. (1996). Critical evaluation of organic acid 
mediated iron dissolution in the rhizosphere and its potential role in root iron uptake. 
Plant Soil 180:57-66. doi: 10.1007/bf00015411

Kaiser, C., Kilburn, M. R., Clode, P. L., Fuchslueger, L., Koranda, M., Cliff, J. B., et al. 
(2015). Exploring the transfer of recent plant photosynthates to soil microbes: mycor-
rhizal pathway vs direct root exudation. New Phytol. 205, 1537–1551. doi: 10.1111/
nph.13138

Khalid, S., Amanullah, and Ahmed, I. (2022). Enhancing zinc biofortification of wheat 
through integration of zinc, compost, and zinc-solubilizing bacteria. Agriculture 12:968. 
doi: 10.3390/agriculture12070968

Li, Z., Huang, L., Chen, X., Liu, Q., Liu, Y., Liu, C., et al. (2025). Contribution of plant growth-
promoting endophytic bacteria from hyperaccumulator to non-host plant zinc nutrition and 
health. Int. J. Phytoremediation 27, 23–35. doi: 10.1080/15226514.2024.2395983

Li Jianghua, L. J., Yang Qingping, Y. Q., Guo Ziwu, G. Z., Chen Shuanglin, C. S., Yu 
Minzhi, Y. M., Zheng Lianxi, Z. L., et al. (2009). Affecting factors to chlorophyll content 
in leaves of Phyllostachys iridescens.

Li, H., Wang, X.-H., Li, Q., Xu, P., Liu, Z.-N., Xu, M., et al. (2022). Gmcipk21, a Cbl-
interacting protein kinase confers salt tolerance in soybean (Glycine max. L). Plant 
Physiol. Biochem. 184, 47–55. doi: 10.1016/j.plaphy.2022.05.027

Liao, J., Li, Z., Chen, X., Hu, Z., Fan, Z., Pan, A., et al. (2025). Facilitate zinc biofortifica-
tion and nutritional quality of wheat by spraying endophytic bacteria from zinc hyperac-
cumulator Sedum alfredii Hance. Plant Soil, 1–17.

Lockhart, K., King, A., and Harter, T. (2013). Identifying sources of groundwater nitrate 
contamination in a large alluvial groundwater basin with highly diversified intensive agri-
cultural production. J. Contam. Hydrol. 151, 140–154. doi: 10.1016/j.
jconhyd.2013.05.008

Lu, L.-L., Tian, S.-K., Yang, X.-E., Peng, H.-Y., and Li, T.-Q. (2013). Improved cadmium 
uptake and accumulation in the hyperaccumulator Sedum alfredii: the impact of citric 
acid and tartaric acid. J Zhejiang Univ Sci B 14, 106–114. doi: 10.1631/jzus.B1200211

Mahmud, A. A., Upadhyay, S. K., Srivastava, A. K., and Bhojiya, A. A. (2021). 
Biofertilizers: a nexus between soil fertility and crop productivity under abiotic stress. 
Curr. Res. Environ. Sustain. 3:100063. doi: 10.1016/j.crsust.2021.100063

Rasul, M., Yasmin, S., Suleman, M., Zaheer, A., Reitz, T., Tarkka, M. T., et al. (2019). Glucose 
dehydrogenase gene containing phosphobacteria for biofortification of phosphorus with 
growth promotion of rice. Microbiol. Res. 223, 1–12. doi: 10.1016/j.micres.2019.03.004

Shakeel, M., Hafeez, F. Y., Malik, I. R., Rauf, A., Jan, F., Khan, I., et al. (2024). Zinc solu-
bilizing bacteria synergize the effect of zinc sulfate on growth, yield and grain zinc content 
of rice (Oryza sativa). Cereal Res. Commun. 52, 961–971. doi: 10.1007/s42976-023-00439-6

Singh, S., Kaur, J., Ram, H., Singh, J., and Kaur, S. (2023). Agronomic bio-fortification of 
wheat (Triticum aestivum L.) to alleviate zinc deficiency in human being. Rev. Environ. 
Sci. Biotechnol. 22, 505–526. doi: 10.1007/s11157-023-09653-4

Singh, D., Rajawat, M. V. S., Kaushik, R., Prasanna, R., and Saxena, A. K. (2017). Beneficial 
role of endophytes in biofortification of Zn in wheat genotypes varying in nutrient use 
efficiency grown in soils sufficient and deficient in Zn. Plant Soil 416, 107–116. doi: 
10.1007/s11104-017-3189-x

Skalny, A. V., Rink, L., Ajsuvakova, O. P., Aschner, M., Gritsenko, V. A., Alekseenko, S. I., 
et al. (2020). Zinc and respiratory tract infections: perspectives for Covid-19. Int. J. Mol. 
Med. 46, 17–26. doi: 10.3892/ijmm.2020.4575

Wang, M., Kong, F., Liu, R., Fan, Q., and Zhang, X. (2020). Zinc in wheat grain, process-
ing, and food. Front. Nutr. 7:124. doi: 10.3389/fnut.2020.00124

Wang, Y., Yang, X., Zhang, X., Dong, L., Zhang, J., Wei, Y., et al. (2014). Improved plant 
growth and Zn accumulation in grains of rice (Oryza sativa L.) by inoculation of endo-
phytic microbes isolated from a Zn Hyperaccumulator, Sedum alfredii H. J. Agric. Food 
Chem. 62, 1783–1791. doi: 10.1021/jf404152u

Wu, W., and Ma, B. (2015). Integrated nutrient management (INM) for sustaining crop 
productivity and reducing environmental impact: a review. Sci. Total Environ. 512, 
415–427. doi: 10.1016/j.scitotenv.2014.12.101

Wu, Y., Zhao, H., Xiao, M., Liu, H., He, H., Peng, L., et al. (2025). A plant growth-promot-
ing bacterium supports cadmium detoxification of rice by inducing phenylpropanoid and 
flavonoid biosynthesis. J. Hazard. Mater. 484:136795. doi: 10.1016/j.jhazmat.2024.136795

Yadav, A. K., Seth, A., Kumar, V., and Datta, A. (2023). Agronomic biofortification of 
wheat through proper fertilizer management to alleviate zinc malnutrition: a review. 
Commun. Soil Sci. Plant Anal. 54, 154–177. doi: 10.1080/00103624.2022.2110892

Yuan, Z.-S., Liu, F., Xie, B.-G., and Zhang, G.-F. (2018). The growth-promoting effects of 
endophytic bacteria on Phyllostachys edulis. Arch. Microbiol. 200, 921–927. doi: 10.1007/
s00203-018-1500-8

Zhang, X., Lin, L., Zhu, Z., Yang, X., Wang, Y., and An, Q. (2013). Colonization and 
modulation of host growth and metal uptake by endophytic bacteria of Sedum alfredii. 
Int. J. Phytoremediation 15, 51–64. doi: 10.1080/15226514.2012.670315

Zhang, J., Wei, L., Yang, J., Ahmed, W., Wang, Y., Fu, L., et al. (2020). Probiotic consortia: 
reshaping the rhizospheric microbiome and its role in suppressing root-rot disease of 
Panax notoginseng. Front. Microbiol. 11:701. doi: 10.3389/fmicb.2020.00701

https://doi.org/10.3389/fmicb.2026.1844753
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.tplants.2019.09.011
https://doi.org/10.1097/MCO.0000000000000700
https://doi.org/10.1371/journal.pone.0106826
https://doi.org/10.1038/s41467-023-44182-2
https://doi.org/10.1007/s11356-019-05284-x
https://doi.org/10.3390/agronomy9070352
https://doi.org/10.1016/j.micres.2005.01.003
https://doi.org/10.3389/fnut.2022.717064
https://doi.org/10.1007/bf00015411
https://doi.org/10.1111/nph.13138
https://doi.org/10.1111/nph.13138
https://doi.org/10.3390/agriculture12070968
https://doi.org/10.1080/15226514.2024.2395983
https://doi.org/10.1016/j.plaphy.2022.05.027
https://doi.org/10.1016/j.jconhyd.2013.05.008
https://doi.org/10.1016/j.jconhyd.2013.05.008
https://doi.org/10.1631/jzus.B1200211
https://doi.org/10.1016/j.crsust.2021.100063
https://doi.org/10.1016/j.micres.2019.03.004
https://doi.org/10.1007/s42976-023-00439-6
https://doi.org/10.1007/s11157-023-09653-4
https://doi.org/10.1007/s11104-017-3189-x
https://doi.org/10.3892/ijmm.2020.4575
https://doi.org/10.3389/fnut.2020.00124
https://doi.org/10.1021/jf404152u
https://doi.org/10.1016/j.scitotenv.2014.12.101
https://doi.org/10.1016/j.jhazmat.2024.136795
https://doi.org/10.1080/00103624.2022.2110892
https://doi.org/10.1007/s00203-018-1500-8
https://doi.org/10.1007/s00203-018-1500-8
https://doi.org/10.1080/15226514.2012.670315
https://doi.org/10.3389/fmicb.2020.00701

	Co-inoculation of endophytic bacteria enhances hydroponic wheat performance and zinc biofortification through root exudates modulation
	1 Introduction
	2 Materials and methods
	2.1 Experimental setup and growth conditions
	2.2 Inoculation with endophytic bacteria under hydroponic conditions
	2.3 Assessment of root morphological parameters
	2.4 Photosynthetic parameters
	2.5 Biomass assessment and mineral element analysis
	2.6 Collection of root exudates and examination
	2.7 Statistical analysis

	3 Results
	3.1 Enhancement in root and shoot fresh biomass and plant height
	3.2 Zn concentration in roots and shoots
	3.3 Impact of endophytic inoculation on leaf gas exchange metrics
	3.4 Bacterial inoculation transforms wheat root exudates metabolites

	4 Discussion
	4.1 Effects of endophytic inoculation on plant growth root architecture
	4.2 Improving Zn biofortification in wheat using individual and consortium bacterial inoculations
	4.3 Bacterial regulation of leaf gas exchange and photosynthetic efficacy
	4.4 Root exudates

	5 Conclusion

	Acknowledgments
	References

