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Iron-modified biochar modulates

root metabolism, mitigates antimony
accumulation and enhances growth in rice
(Oryza sativa)
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Abstract

Background Antimony (Sb), with low biodegradability and high bioavailability in plants, poses significant health
risks via the food chain due to its chronic toxicity and carcinogenicity. Modified biochar represents a promising
amendment for ecological remediation of metal-contaminated croplands, yet the efficacy and mechanisms of its
application in mitigating Sb accumulation and improving plant growth in Sb-polluted agricultural systems remain
inadequately elucidated and require systematic investigation.

Results In this study, pristine biochar (BC) and iron-modified biochar (FeBC) were prepared from pomelo peel flesh
(PPF; Citrus maxima), and their effects on rice root growth, Sb content, and metabolism under 30 mg/L Sb stress
were evaluated. Treatment with 5 g/L BC and 5 g/L FeBC increased root length by 35.04% and 84.60%, respectively,
while reducing Sb accumulation in roots by 25.79% and 28.03%, respectively. Root metabolite analysis showed that,
compared to BC, FeBC significantly decreased levels of p-coumaroylagmatine, silibinin, and osmanthuside A by
75%, 37%, and 37%, respectively. Conversely, FeBC elevated levels of (S)-actinidine, phaeophorbide A, and 2-keto-
6-acetamidocaproate by 187%, 156%, and 122%, respectively. These altered metabolites were enriched in five

key metabolic pathways: phenylalanine, tyrosine, and tryptophan biosynthesis; phenylalanine biosynthesis; lysine
degradation; tryptophan metabolism; and pantothenate and CoA biosynthesis. Correlation analysis demonstrated
significant interrelationships among biochar-induced metabolites, root growth, and Sb accumulation dynamics under
Sb stress.

Conclusions The findings provided the insights that FeBC enhanced rice root metabolism and growth while
reducing root Sb accumulation. This study provided a methodological foundation for developing eco-friendly
remediation technologies in Sb-contaminated soils to enable safer and more sustainable rice production.
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Background
Antimony (Sb), a strategically important heavy metal
(HM), is extensively employed in industrial applications
including flame retardants, glass manufacturing, and
plastic catalysts [1]. Intensive anthropogenic activities
such as mining and smelting operations have resulted
in widespread Sb contamination of agricultural soils,
adversely affecting crop production and threatening
both ecosystem stability and public health [2—4]. Epide-
miological studies have established associations between
chronic Sb exposure and systemic toxicity, including car-
cinogenic, cardiovascular, immunological, neurological,
and reproductive impairments [5]. In plants, Sb stress
significantly inhibits growth parameters, reduces biomass
accumulation, impairs photosynthetic performance [6],
interferes with nutrient uptake [7], and disrupts osmotic
balance and hormonal regulation [7, 8]. Due to its envi-
ronmental persistence and increasing contamination
levels, Sb has been designated as a priority pollutant by
environmental agencies [9]. The primary route of human
Sb exposure occurs through consumption of contami-
nated crops [10], highlighting the urgent need for effec-
tive remediation approaches to reduce Sb bio-availability
in agricultural systems and protect human health [11].
Current remediation strategies for heavy metal (HM)-
contaminated soils encompass phytoremediation, micro-
bial remediation, and physicochemical approaches [12].

Biochar (BC), a porous carbonaceous material with high
chemical stability, demonstrates remarkable potential
for HM immobilization in soils while reducing plant
uptake [13, 14]. Beyond metal sequestration, BC applica-
tion improves soil fertility, enhances soil quality param-
eters, and contributes to carbon storage [13, 14]. Recent
research has focused on modified BC variants that
exhibit superior stability, specificity, and remediation
efficiency compared to pristine BC [15, 16]. Common
modification techniques include manganese oxide coat-
ing [17], iron modification (FeBC) [18], iron-manganese
co-modification [19], and iron-nickel modification [20].
Among these, FeBC demonstrates particularly high HM
immobilization capacity and bioavailability reduction
while improving soil health indicators [21]. Mechanistic
studies reveal that FeBC enhances arsenic-antimony co-
contamination remediation through iron-mediated elec-
trostatic attraction and electron complexation, achieving
13.5% and 27.1% reductions in As and Sb bioavailability
respectively compared to controls [22]. Similarly, iron-
nickel modified rice husk BC exhibits 92.76% toluene
removal efficiency, significantly outperforming unmodi-
fied BC [20]. These advancements underscore the ongo-
ing optimization of BC modification techniques for
enhanced environmental remediation applications.
Research on FeBC for mitigating Sb soil pollution
remains limited, with only two studies documented to
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date. For example, Teng et al. [23] demonstrated that
iron-modified rice husk hydrates reduced lead (Pb) and
Sb bioavailability by 25% and 40%, respectively, rep-
resenting eight-fold and five-fold improvements over
unmodified hydrates. Additionally, Tang et al. [24]
showed that combining FeBC with Ochrobactrum oryzae
inoculation enhanced soil nutrient availability, organic
carbon content, and enzyme activities, decreasing Sb
availability by 46.12% and bioavailability by 59.25%. These
studies establish that FeBC primarily immobilizes HMs
through synergistic mechanisms including electrostatic
adsorption, ion exchange, surface complexation, chela-
tion, co-precipitation, mineral encapsulation, and redox
reactions, collectively reducing HM bioavailability and
toxicity [23, 25, 26].

Furthermore, root systems dynamically modulate exu-
date profiles to regulate rhizosphere processes, with
emerging evidence highlighting their critical role in
HM accumulation. Plants actively restructure their root
metabolites to: (1) facilitate nutrient acquisition via
chelation and solubilization, (2) immobilize toxic ele-
ments through complexation, and (3) enhance biotic
stress resistance by secreting antimicrobial compounds
[27]. For example, under HM stress, metallophytes
such as Sedum plumbizincicola elevate alanine exuda-
tion, a strategic adaptation that reduces cadmium (Cd)
bioavailability while maintaining growth homeostasis
[28]. These findings underscore the vital, yet underex-
plored, link between root exudation patterns and HM
phytoavailability.

Pomelo peel fiber (PPF, Citrus maxima), an abun-
dant agricultural byproduct, features a hierarchically
porous structure with natural honeycomb-like pores in
its white flocculent layer. These pores are enriched with
hydroxyl and carboxyl functional groups, along with
bioactive compounds such as naringin and flavonoids,
which collectively provide both physical adsorption
sites and chemical binding moieties for HM immobiliza-
tion [29, 30]. Previous research has established that BC
derived from PPF exhibits superior adsorption capacity,
rendering it effective for wastewater treatment [31, 32].
However, the potential of PPF-derived BC and its FeBC
in alleviating Sb phytotoxicity and accumulation in rice
(Oryza sativa L.) remains unexplored. We hypothesize
that BC and FeBC amendments may mitigate Sb bioac-
cumulation in rice by modulating metabolic responses
under Sb stress. To test this hypothesis, we system-
atically characterized the structural properties of these
biochars and evaluated their effects on root growth and
metabolic profiles using metabolomic approaches. This
study can provide novel insights into the mechanisms
underlying Sb immobilization and metabolic reprogram-
ming in rice, offering valuable guidance for developing
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phytoremediation strategies in Sb-contaminated paddy
systems and optimizing functionalized biochar materials.

Materials and methods

Biochar materials

Fresh PPF samples were sectioned into 2 cm® cubes and
dehydrated at 100 °C in a convection oven. The dried
material underwent pyrolysis in a muffle furnace (500 °C,
2.5 h) under oxygen-limited conditions [33]. The result-
ing biochar was cooled to 70 °C under ambient condi-
tions prior to characterization. For FeBC synthesis, we
employed a hydrothermal modification protocol [34].
Briefly, FeCl; was dissolved in ethylene glycol and soni-
cated (30 min). After cooling, biochar and ammonium
acetate were introduced under continuous stirring. The
mixture was transferred to a 100 mL high-pressure reac-
tor (20 bar rating) and heated (200 °C, 12 h). The prod-
uct was subsequently treated with 50% (v/v) HNO; (5 h
stirring) to enhance surface hydrophilicity and iron oxide
formation. The modified material underwent rigorous
washing (>3 cycles) with deionized water under dynamic
agitation until achieving neutral pH (7.0£0.2), verified
by real-time monitoring. Between cycles, samples were
equilibrated (10 min) to minimize measurement artifacts
from residual acidity. Final products were oven-dried (60
°C) and stored for subsequent analyses [35].

Determination of BC properties

Surface morphology of BC and FeBC samples was ana-
lyzed using scanning electron microscopy (SEM). Sam-
ples were dispersed in anhydrous ethanol via sonication,
then deposited onto conductive adhesive-mounted alu-
minum foil. After infrared drying, specimens were gold-
coated prior to SEM imaging [36].

Crystalline structure and phase composition were
determined by X-ray diffraction (XRD) analysis [37].
Scans were performed from 10° to 80° (208) at 2°/min
with 0.04° sampling intervals. Mineral identification was
achieved through d-spacing analysis of characteristic dif-
fraction patterns [38].

Elemental composition analysis was performed using
energy dispersive spectroscopy (EDS) coupled with scan-
ning electron microscopy. Samples (30 mg) were pre-
treated through milling and drying procedures before
being mounted on conductive adhesive tape. EDS anal-
ysis was conducted by collecting characteristic X-rays
emitted from electron beam-excited FeBC samples,
enabling simultaneous elemental mapping and quantita-
tive analysis [39]. Acquired X-ray spectra were processed
to determine both qualitative and quantitative elemental
distributions [40].

Functional group characterization was performed
using a Thermo Nicolet iS5 FTIR spectrometer [41].
Prior to analysis, 30 mg aliquots of BC and FeBC samples
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were thoroughly dried to minimize spectral interference
from moisture. Samples were homogenized with KBr
(1:100 ratio) and ground to <2 pm particle size. FTIR
spectra were acquired in the 400-4000 cm™ range with
5 mm optical path length [42]. All spectra underwent
standard preprocessing including baseline correction and
noise reduction prior to comparative analysis of func-
tional group signatures.

Plant culture

Rice cultivation was conducted hydroponically using
modified Hoagland solution. Seeds of O. sativa were sur-
face-sterilized with 8% (v/v) H,O, for 20 min, followed
by deionized water rinsing. Germination was carried
out in distilled water at 25+ 1 °C under dark conditions
for 10 days. Uniform seedlings were then transferred to
hydroponic systems (85x85x5 cm) containing quarter-
strength Hoagland solution for 3 days acclimation, with
subsequent nutrient concentration adjustment to half-
strength for seven days [6, 43].

Seedlings (1 c¢cm root length) were transferred to 50%
Hoagland solution containing 30 mg/L Sb (C4H,K,0,,Sb,
-3H,0) [44]. This Sb concentration reflects environmen-
tal contamination levels, with reported values ranging
from 37 to 63 mg/L in polluted rivers to 1,300 -21,790
mg/L in mining wastewater [45]. Previous studies have
used 10-50 mg/L of Sb to examine its phytotoxic effects
on rice [46]. Three experimental groups were established:
control (Sb only), Sb + pristine BC (5 g/L), and Sb + FeBC
(5 g/L). The biochar dosage was selected based on previ-
ous hydroponic studies demonstrating effective contami-
nant mitigation at 1.3-26.6 g/L [47] and optimal plant
growth enhancement at 5 g/L [48].

Each treatment comprised three replicates with 12
plants per replicate (36 plants total). Sb(III) solution was
renewed every three days by replacing 50% of the vol-
ume [49]. Plants were maintained at 25-30 °C, 51-63%
relative humidity, and 12 h natural photoperiod. After
4 weeks, roots were analyzed using an LA-S system for
length measurement. Roots were then divided into two
subgroups: one for Sb quantification and another for
metabolite profiling [41, 50].

Determination of Sb content

Root samples (0.2 g) were digested in 100 mL tubes
with 10 mL mixed acid (perchloric acid and nitric acid
in a ratio of 3:10) at room temperature for 12 h. Diges-
tion was completed using an HM digester at 135-145 °C.
The digestate was transferred to 25 mL volumetric flasks,
diluted with 1% HNO,, and homogenized prior to analy-
sis [51]. Sb concentrations were quantified by atomic
absorption spectrometry (pinAAcle 900) [52].
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Measurement of root metabolism

Root samples from CK, BC, and FeBC treatments were
rinsed with phosphate-buffered saline (pH 7.0) and flash-
frozen in liquid nitrogen (15 min). Metabolites were
extracted with 0.8 mL 100% methanol and 10 pL phenyl-
alanine, followed by sequential homogenization (60 Hz,
3 min), ice-water bath sonication (40 kHz, 30 min), and
centrifugation (12,000 rpm, 15 min, 4 °C). Filtered super-
natants (0.22 um) were analyzed by LC-MS (QE mass
spectrometer) in both ESI+ (3.5 kV) and ESI- (-2.5 kV)
modes with the following parameters: gas flow 11 L/min,
temperature 350 °C, mass range m/z 81-1000 (resolution
60,000). Mass axis accuracy was dynamically monitored
throughout analyses [53].

Statistical analysis

Root length, Sb content, and metabolomic data were
analyzed using SPSS 23.0 and GraphPad Prism 8.0.1. Sig-
nificant differences among treatment groups were deter-
mined by one-way ANOVA with Tukey’s post hoc test
(p<0.05) [41].

Results

Comparative analysis of BC and FeBC characterization
There were notable differences in the surface structure
between BC and FeBC (Fig. 1). The surface of BC was
smooth (Fig. 1a), with striated cracks and pores of differ-
ent diameters (Fig. 1c and e). FeBC formed a new surface
structure, with a rough surface and some small particles
visible (Fig. 1b) as well as obvious honeycomb and tubu-
lar porous structures (Fig. 1d and f). EDS confirmed that
the atomic percentages of C, O, and Fe in FeBC were
75.5%, 19.6%, and 4.9%, respectively (Fig. 2A). EDS found
that Fe was evenly distributed on the surface of the FeBC
(Fig. 2B and C).

Infrared spectroscopy analysis confirmed that the
structures of FeBC and BC both had an absorption peak
at 3433 cm!, which was the vibration of C-C bonds,
indicating that the structures of both FeBC and BC were
stable (Fig. 3A and B). XRD analysis confirmed that dif-
fraction peaks appeared at 20 angles of 18.28°, 30.07°,
35.42°, 37.05°, 43.04°, 47.13°, 53.34°, and 62.50°. After
matching and comparing with X-ray standard cards
(89-0950), it was determined that the product was iron
tetroxide (Fe;O,) with good crystallinity (Fig. 3C).

Significant alterations in root length and Sb concentration
induced by BC/FeBC treatments under Sb stress

In the 0 mg/L Sb treatment group, neither the addition
of BC nor FeBC resulted in a significant effect on root
growth (p>0.05) (Fig. 4A). In the 30 mg/L Sb treatment
group, the addition of both BC and FeBC significantly
improved root growth. Compared to the CK, the BC
group increased root length by 35.04% (p=0.0012) and
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Fig. 1 Scanning electron microscopy images showing morphological differences between BC (a, ¢, ) and FeBC (b, d, f). Scale bars were 20 ym (a, b), 5

um (¢, d), and 500 nm (e, f), respectively

the FeBC group increased root length by 84.6% (p <0.001)
(Fig. 4B). In the 30 mg/L Sb treatment group, the addi-
tion of BC and FeBC significantly decreased the Sb con-
centration in the roots. Compared to the CK group, the
BC group and the FeBC group reduced Sb concentration
(p<0.001) by 25.8% and 28.03%, respectively (p<0.001)
(Fig. 4C).

Metabolic alterations in rice roots induced by BC/FeBC
treatments under Sb stress

The PLS-DA results demonstrated the complete separa-
tion of metabolites in the anionic and cationic modes in
the CK, BC, and FeBC groups. This indicated that the BC
and FeBC treatment significantly altered the metabolite
profiles of rice roots (Fig. 5A and B). The PLS-DA model
showed that R2 was above Q2 in both cation and anion
modes, and the intercepts of the Q2 regression line and

the Y-axis were —0.0005 and 0.3403, respectively. This
indicated that the model fit well with strong predictabil-
ity, and was suitable for subsequent data analysis (Fig. 5C
and D).

Compared to the CK, there were 242 and 483 different
metabolites in the BC and FeBC treatments, respectively
(Fig. 6A and B), and 349 different metabolites between
the BC and FeBC treatments (Fig. 6C). The top 30 metab-
olites with the most significant differences between dif-
ferent treatments included six glycosides, six organic
acids, four lipids, and 14 other compounds (Table 1).

Compared to the CK, the FeBC group signifi-
cantly decreased the relative abundance of isow-
ertin  2”-rhamnoside  (p=0.3614*10"%,  cyanidin
3-0O-(6”-malonyl-3"-glucosyl-glucoside)  (p=3.784e-7),
and 2-hydroxybenzaldehyde O-[xylosyl-(1->6)-gluco-
side] (p=0.2591*10"%), protocatechuic acid 4-glucoside
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(p=3.387e-7), swertiamarin (p=0.1851*107°), by 39%,
30%, 14%, 24%, and 28%, respectively. Compared to
the CK, the FeBC group significantly increased the
relative abundance of 2-keto-6-acetamidocaproate
(p=0.206*10""), (S)-actinidine (p=0.3878*10"°), and
4-methylimidazole (p=0.7318*107%), by 124%, 186%, and
138%, respectively (Table 1).

Compared to the BC, the FeBC group significantly
decreased the relative abundance of lepidimoic acid

(»=0.01051), p-coumaroylagmatine (p=0.2724*10"°),
osmanthuside A (p=0.4873*107%), silibinin
(»=0.2335*10"%), and sojagol (p=0.7082*107%), by 23%,
75%, 37%, 37%, and 35%, respectively. Compared to the
BC, the FeBC group significantly increased the relative
abundance of indole-3-acetaldehyde (p=0.366*107%),
2-keto-6-acetamidocaproate (p= 0.1729*107%), (S)-
Actinidine (p=0.4273*10"°), and phaeophorbide a
(p=0.1353*10°), 4-Methylimidazole (p = 0.7057*107%), by
111%, 122%, 187%, 156%, and 109%, respectively (Table
1).

BC remediation had a significant impact on the metab-
olism of rice under Sb stress (Fig. 7). The main metabolic
changes between the CK group and the BC group were
enriched in (1) biosynthesis of starch and sucrose metab-
olism, (2) pantothenate and CoA biosynthesis, (3) phen-
ylpropanoid biosynthesis, and (4) biotin metabolism (Fig.
7A). The main metabolic changes between the CK group
and the FeBC group were enriched in (1) tryptophan
metabolism, (2) lysine biosynthesis, (3) phenylpropanoid
biosynthesis, as well as (4) tropane, piperidine and pyri-
dine metabolism (Fig. 7B). Between the BC group and the
FeBC group, the main metabolic changes were enriched
in (1) tryptophan metabolism, (2) pantothenate and CoA
biosynthesis, as well as (3) phenylalanine, tyrosine and
tryptophan biosynthesis (Fig. 7C). In total, the BC group
and the FeBC group mainly affected plant metabolism
through the following five metabolic pathways: (1) phe-
nylalanine, tyrosine, and tryptophan biosynthesis, (2)
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phenylpropanoid biosynthesis, (3) lysine degradation, (4)
tryptophan metabolism, and (5) pantothenate and CoA
biosynthesis (Fig. 8).

Discussion

Structural modifications of biochar surface characteristics
induced by iron modification

FTIR analysis confirmed C-C bonds in both FeBC and
BC, with FeBC showing a characteristic Fe-O vibration
at 575 cm™, indicating the presence of Fe-O bonds and
confirming the successful loading of iron onto the surface

of BC [54]. EDS/XRD verified iron trioxide (Fe,O3) depo-
sition on FeBC surfaces, exhibiting uniform C-O-Fe dis-
tribution (99.99% purity) with optimal elemental ratios
[55]. SEM revealed FeBC’s enhanced surface roughness
and tubular porosity (Fig. 1), attributed to gas-induced
structural dispersion during modification. These modifi-
cations increased surface area for improved adsorption
performance through enhanced metal complexation,
ion exchange capacity, and physical adsorption sites. The
permanent iron-carbon bonding via pyrolysis was consis-
tent with previous reports [56, 57].
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Dual effects of FeBC/BC amendments: enhanced root
biomass production coupled with the decrease of Sb
accumulation

The addition of both BC and FeBC significantly decreased
Sb accumulation in rice roots while promoting plant
growth (Fig. 4). The porous structure and high surface
area of BC improved water/nutrient retention, sustaining
plant nutrition under stress [58, 59]. These findings align
with reported BC-induced stress tolerance across plant
species, including upregulated gdh3/gdh2 expression in
cotton roots that enhances nitrogen assimilation [60].
FeBC demonstrated superior efficacy to BC, potentially
through iron film formation on roots that inhibits heavy
metal translocation [61]. Although iron plaque formation
was not directly examined here, established mechanisms
suggest Fe(II) oxidation generates Fe(III)-(oxyhydr)oxide
precipitates that restrict metal uptake via surface com-
plexation [62]. Our data indicate FeBC may mimic natu-
ral iron plaque function, though controlled rhizosphere
studies are needed to verify this mechanism.

Additionally, the application of modified biochar
demonstrates enhanced Sb immobilization capacity in
environmental systems [23, 26]. Comparative studies
reveal that iron-modified rice husk biochar significantly
improve Sb immobilization in soil systems, with iron-
modified rice husk biochar reducing Pb and Sb bioavail-
ability by 25% and 40% respectively [23]. The 4nZVI-BC
(nano-zero-valent iron) variant exhibited particularly
high Sb(IIT) adsorption capacity (93.60 mg-g™), rep-
resenting a 208.6% increase over unmodified biochar
[26]. These modifications limit Sb rhizosphere mobility
through: Surface complexation, Redox-mediated immo-
bilization. The observed reduction in Sb translocation to
rice roots aligns with established mechanisms of metal
immobilization by iron-rich amendments [23, 26].

Differential metabolites and associated pathways changed
by FeBC

Comparative metabolomic analysis revealed distinct
metabolic reprogramming induced by FeBC versus BC
(Table 1). Compared to BC, FeBC treatment significantly
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Table 1 Differential accumulation patterns of root metabolites in response to biochar and iron-biochar amendments

Class Metabolite BC FeBC CK
Glycosides Isowertin 2"-rhamnoside 6.647+0.07860 b 4.393+0.23760 ¢ 7.223+0.05480 a
Cyanidin 3-O-(6"-malonyl-3"-glucosyl-glucoside) 5671+£0.10260 a 3.922+0.04409 b 5649+0.01747 a
2-Hydroxybenzaldehyde O-[xylosyl-(1->6)-glucoside] 4.638+0.16960 b 4.420+0.04409 ¢ 5.133+0.03530a
Protocatechuic acid 4-glucoside 4351+0.82610a 3.566+£0.00926 b 4677+0.02820a
Swertiamarin 4.232+0.56900 a 3.641+0.04409 b 5.076+0.03863 a
Lepidimoic acid 4.847+0.42500 a 3.727+£0.04409 b 5.581+£0.09798 a
Organic acid Lucuminic acid 6.011+0.16210a 5.680+0.03246 b 6.331+0.02284 a
Ferulic Acid 5.554+£040510a 4.172+£001716 b 5527+£0.04176 a
3,4-Dimethoxycinnamic Acid 5.620+0.02495 a 4.593+0.05880 c 5.110+0.16390 b
Nafenopin 4445+0.11970 b 3.306+£0.00926 ¢ 5.099+0.08874 a
5-p-Coumaroylquinic acid 4.823+0.24130a 4.578+0.04410b 5368+£0.05190 a
4-Hydroxybutyric acid 4.929+0.06038 a 3.863+0.08534 ¢ 4472+0.07681 b
Lipids Osmanthuside A 5.332+0.17800 b 3.359+0.04408 ¢ 5941+£005161 a
Silibinin 6.958+0.19410 b 4.349+0.05379 ¢ 7.395+£0.05279 a
2-Keto-6-acetamidocaproate 5212+0.02381b 6.373£0.07964 a 5.147£0.04536 ¢
2-Chloromaleylacetate 5.264+0.23850b 3.398+0.03967 ¢ 5.627+0.08651 a
Coumarin dyes derivatives Sojagol 5.130+£0.32840 b 3.328+£0.04408 ¢ 5.850+0.10140 a
P-Coumaroylagmatine 5.025+0.16490 b 1.247+£0.04157 ¢ 5443+0.39650 a
native compound Pelargonidin 3-sophoroside 4.358+0.74960 b 3.181+0.04407 c 5403+0.02001 a
2,2-Anhydrocytidine 5.190+0.32550 a 2.537+0.04397 b 5.192+0.07429 a
Alcohols Galloyl glucose 4.894+0.55150 a 4.373+£0.00927 b 5235+0.02174 a
Pantetheine 4812+0.04338a 3.823+0.05862 b 5.532+0.10590 a
Aldehyde Sinapoy! aldehyde 5.244+0.12610 a 4637+0.04383 b 5512+0.03328a
Indole-3-acetaldehyde 5.137+0.04982 a 5.715+0.15630 b 6.041+£0.05252 a
Hormones Luteone 5.324+0.22360 b 2.866+0.04404 ¢ 5.961+0.06758 a
Alkaloids (S)-Actinidine 2416+£0.03151 ¢ 4.532+0.10180 a 2432+001717 b
Amino acid Asp-Glu 5.798+0.02869 a 5.563+0.08457 b 6.238+0.02643 a
Alcohols Pheophorbide a 39104003163 ¢ 6.084+0.07582 a 5.745+0.68630 b
Acridone derivatives Acrimarine H 4.210+0.66640 b 3472+0.04321 ¢ 5417+0.05871 a
Iminazole derivatives 4-Methylimidazole 4.245+0.08951 a 5.742+0.12360 a 4.152+0.10720 b

reduced the relative abundance of lepidimoic acid, p-cou-
maroylagmatine, osmanthuside A, silibinin, and sojagol,
by 23%, 75%, 37%, 37%, and 35%, respectively. Notably,
lepidimoic acid is a stimulating allelopathic substance
that can affect various plant hormones and cause plant
growth disorders [63]. The suppression of lepidimoic acid
suggests a protective mechanism against Sb stress. Con-
currently, FeBC enhanced production of defense-related
metabolites including indole-3-acetaldehyde, (S)-Actin-
idine, and phaeophorbide a, by 111%, 187%, and 156%,
respectively (Table 1). These changes correlate with acti-
vated indole-based pathogen defense pathways [64] and
alkaloid-mediated growth regulation [65].

The observed increases in traumatic, shikimic and
citric acids further indicate the role of FeBC in stress-
responsive metabolic restructuring. Correlation analyses
revealed functional connections between FeBC-induced
metabolic changes, root development and Sb accumula-
tion (Fig. S1). For example, FeBC increased the exudation
of traumatic acid, which was associated with enhanced
root growth, consistent with its established growth-
promoting function [66]. Shikimic acid participates

in flavonoid biosynthesis and reactive oxygen species
scavenging [67, 68]. The accumulation of shikimic acid
induced by FeBC indicates an enhanced antioxidant
capacity of rice under Sb stress. Furthermore, FeBC
increased the content of citric acid, which may chelate
HMs and alter their mobility [69]. The elevated citric acid
content induced by FeBC suggests that addition of the
amendment material increased the dual protective mech-
anisms of the plant including (1) modulating enzymatic
activities and metabolic processes to improve stress tol-
erance, and (2) reducing Sb translocation through metal
complexation. Taken together, these findings demon-
strate that the addition of FeBC mediates rice responses
to Sb stress through metabolic reprogramming, which
directly influencing HM translocation capacity and stress
defence mechanisms via coordinated changes in root
metabolite profiles.

In addition, FeBC mainly impacted five metabolic
pathways including (1) phenylalanine, tyrosine and
tryptophan biosynthesis, (2) phenylpropanoid biosyn-
thesis, (3) lysine degradation, (4) tryptophan metabo-
lism, and (5) pantothenate and CoA biosynthesis (Fig.
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Fig. 7 KEGG pathway analysis of root metabolites showing differential regulation between A CK and BC, B CK and FeBC, and € BC and FeBC treatment
groups. (1) betalain biosynthesis, (2) starch and sucrose metabolism, (3) pantothenate and CoA biosynthesis, (4) biotin metabolism, (5) lysine degradation,
(6) phenylalanine, tyrosine and tryptophan biosynthesis, (7) tropane, piperidine and pyridine metabolism, (8) phenylpropanoid biosynthesis, (9) galactose
metabolism, (10) valine, leucine and isoleucine biosynthesis, (11) arginine biosynthesis, (12) arginine and proline metabolism, (13) lysine biosynthesis, (14)

arachidonic acid metabolism, (15) tryptophan metabolism

8). Phenylalanine, tyrosine and tryptophan are primar-
ily used in protein synthesis and serve as precursors for
many natural plant products, including cell wall compo-
nents, pigments and hormones [70]. These amino acids
enable plant cell walls to harden, thereby reducing their
exposure to biological and non-biological environmental
stresses [71]. For example, Cd stress impacts the biosyn-
thesis of these amino acids, enhancing the antioxidant
capacity of plants, promoting growth, and strengthen-
ing defence responses [72]. This study demonstrated
that applying FeBC resulted in the up-regulation of these
amino acid synthesis pathways in plants, helping rice
resist Sb stress.

The phenylpropanoid biosynthetic pathway produces
and accumulates various phenolic compounds that
inhibit the production of harmful reactive oxygen spe-
cies. This pathway can be activated in response to abi-
otic stresses, such as HMs and drought [73]. It has been
demonstrated that rice can mitigate the environmen-
tal impact of Cd through phenylpropanoid biosynthesis
[74]. This study showed that adding a FeBC can stimulate
these synthetic pathways, potentially acting as a signal-
ling molecule to help plants respond to Sb stress.

Lysine is an essential amino acid for plant growth and
development. It is also involved in transcriptional and
post-transcriptional control in individual plants [75].
Enhancing the lysine degradation pathway increases
the activity of antioxidant enzymes in plants, thereby
reducing Cd stress and improving yield and quality [76].
This study demonstrated that adding a FeBC increased
the activity of the lysine degradation pathway, thereby
enhancing rice tolerance to Sb stress.

Pantothenate and CoA can enhance plant nutrition
and growth, thereby boosting their resilience to adverse
environmental conditions. For example, the biosynthesis
pathways of pantothenate and coenzymes are enriched in
salt-stressed Zygophyllum plants [77]. CoA plays a cru-
cial role in the storage and accumulation of lipids [78].
It has been shown that maize roots promote their own
growth by synthesising pantothenate and CoA, thereby
reducing their absorption of Cd [79]. This study indicates
that adding FeBC significantly stimulates the biosynthe-
sis of pantothenate and CoA in rice, helping the plant to
regulate its defence mechanism and resist Sb stress.

Tryptophan metabolism is an important component of
the plant immune system [80]. When plants experience
environmental stress, the tryptophan metabolic pathway



Duan et al. BMC Plant Biology (2025) 25:1037

(1]2]3 (0) no change :
1 BC/CK |
I

2feBcick @ VP |
3BCFeBC @ down :
I

I

|

I

I

00279 l :

C00074 —>

0
=
=
(=3
~
-
w
-
~
)
=
=
C
=
—
—_
-
=
=

Page 11 of 14

C02666

’

Sinapoyl aldehyde

C-f

I |

L-Phenylalanine -€—— L -Tyrosine

L-Tryptophane

|

|

I
Oml:
: |

: |

: |

\J [

L-kynurenine :

ss JEEN
[ryptophan :
|

metabolism ('0“.722

C00049

v

C00010 <-e—— Pantetheine

Fig. 8 A comprehensive overview of treatment-induced alterations in root metabolome

acts as a signalling molecule that activates the produc-
tion of growth-promoting substances [81]. Furthermore,
tryptophan metabolism can enhance tolerance to HMs
and promote growth by regulating auxins, such as indole-
3-acetic acid [82].

Overall, we hypothesise that FeBC mitigates the accu-
mulation of Sb in rice via three integrated mechanisms:
(1) Surface modification: Fe-oxide enrichment increases
the specific surface area and the number of adsorption
sites, thereby enhancing metal complexation and ion
exchange capacity. (2) Physical barrier: the hierarchical
pore structure facilitates Sb adsorption and induces iron
plaque formation, thereby reducing soluble Sb in the rhi-
zosphere. (3) Rhizosphere regulation: FeBC alters root
exudation, thereby improving plant tolerance. Together,
these mechanisms limit Sb translocation while improving
rice growth under Sb stress.

Conclusions

This study elucidates the dual functionality of hydrother-
mally synthesized FeBC in simultaneously (1) enhancing
root biomass and (2) reducing grain Sb accumulation.

Metabolomic analyses identified key pathway modula-
tions that concurrently promote stress tolerance and
growth vigor. The technique is applicable to Sb-contam-
inated rice fields and has the potential to improve food
security without compromising yields. Limitations of the
technique include uncharacterized Sb speciation, unde-
fined recovery rates, and incomplete material character-
ization (surface area/porosity). Field applicability may
vary with soil properties (pH, organic matter) and crop
genotypes. Future work should employ X-ray absorp-
tion near-edge structure and column leaching tests to
evaluate practical feasibility. Nevertheless, these findings
advance biochar-based solutions for simultaneous soil
remediation and agricultural productivity in developing
regions.
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