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Pepper is a key agricultural crop susceptible to accumulating heavy metals like cadmium (Cd) and barium (Ba),
posing significant health risks. To address these issues, this study investigated the effects of foliar applications of
fulvic acid (FA), Zn-fulvic acid (Zn-FA), and Fe-fulvic acid (Fe-FA) on Ba and Cd uptake in pepper tissues, as well
as their impact on nutritional quality, biomass, and leaf enzyme activity. Results indicated that Fe-FA application
significantly reduced Cd and Ba in pepper fruit by 25 % and 93 %, respectively. Additionally, Fe-FA enhanced
pepper growth, increasing vitamin C and phenolic compounds by 136 % and 13 %, respectively. Metabolomics

analysis revealed that Fe-FA application up-regulated 857 metabolites and down-regulated 1045 metabolites.
Furthermore, Fe-FA primarily influenced amino acid, carbohydrate, and lipid metabolism, promoting pepper
growth. These findings suggest that Fe-FA foliar application offers a promising strategy for reducing Ba and Cd
accumulation in pepper fruits while enhancing its nutritional quality.

1. Introduction

Cadmium (Cd) and barium (Ba) are non-essential elements for
human health (Lamb et al., 2013). Cd, recognized as a Group 1 carcin-
ogen, can induce lung, kidney, prostate, and breast cancers with high
levels of exposure (Nawrot et al., 2015). Even at low-level, Cd exposure
is also associated with hypertension, metabolic syndrome, and athero-
sclerosis, leading to cerebrovascular and cardiovascular diseases
(Bimonte et al., 2021). Similarly, exposure to Ba can cause severe health
effects, including kidney disease, cardiovascular issues, pulmonary
edema, cardiac failure, respiratory paralysis, as well as neurological,
mental, and metabolic disorders (Peana et al., 2021). China is rich in Ba
ore resources, especially in Guizhou Province, which hosts the world’s
largest barite mine (Li, 2004). The extraction and processing of Ba ores
often involve the concomitant release of both Ba and Cd, leading to their
co-occurrence as pollutants in the environment. Previous studies have
shown that barite deposits are characterized by high levels of both Ba

and Cd. For example, the concentrations of Cd and Ba in the soil of the
Tianzhu barite mining area reach up to 91 mg/kg and 65,760 mg/kg,
respectively, demonstrating a strong positive correlation between the
two elements (Lu, Xu, Liang, et al., 2019; Lu, Xu, Xu, et al., 2019). This
results in substantial accumulation of Ba and Cd in crops, posing sig-
nificant risks to human and animal health through the food chain.
Consequently, developing effective strategies to alleviate Ba and Cd
uptake in crops is of paramount importance.

Pepper is a crucial vegetable (Souza et al., 2020). In Guizhou prov-
ince, due to the widely cultivated area of more than 380,000 ha and
large production of 7.87 million tons, pepper serves as a significant in-
come source of local residents (Zou & Zou, 2021). It is rich in essential
nutrients including vitamin C, flavonoids, carotenoids, and phenolic
compounds. Additionally, pepper has been traditionally utilized in the
treatment of various human ailments, such as ulcers, gastritis, and
rheumatism (Cho et al., 2017). However, previous studies have docu-
mented the potential of pepper to accumulate heavy metals (Jidesh &
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Kurumthottical, 2000), thus prolonged consumption of peppers
contaminated with these metals could pose substantial health risks.
Therefore, it is imperative to develop strategies to mitigate heavy metal
content in peppers to ensure food safety and protect public health.

Various strategies have been employed to mitigate the accumulation
of metal(loid)s in agricultural products, including soil amendments,
water management, and foliar spray (Hussan et al., 2021). Among these
methods, foliar spray has garnered significant research interest due to its
efficiency, operational simplicity, and cost-efficiency (Li, 2019). Fulvic
acid (FA), an important natural organic matter, is characterized by its
low molecular weight and is enriched with functional groups such as
carboxyl, phenolic hydroxyl, and acylamine groups, making it highly
suitable for foliar application. Its high solubility facilitates the modu-
lation of heavy metals’ migration toxicity and bioavailability (Li et al.,
2018). Additionally, FA application has been documented to signifi-
cantly enhance plant growth and nutrient uptake by improving nutrient
availability, alleviating plant stress, activating enzymes, and regulating
hormonal balance (Pettit, 2004). Moreover, chelation of FA with
essential plant growth elements (e.g., Zn and Fe) has demonstrated a
notable reduction in Cd accumulation in rice (Lu et al., 2024; Wang, Du,
et al., 2022). For instance, Wang, Du, et al. (2022) reported that the
foliar application of Fe-FA had a greater effect on reducing Cd content in
rice grains compared to the control, and an even greater effect than the
application of Fe alone. Nonetheless, the specific effects of FA and its
chelation with iron and zinc on the heavy metal contents (Ba and Cd) in
pepper fruits remain inadequately understood. Furthermore, it remains
uncertain whether these substances can effectively enhance the quality
of pepper fruits, including soluble sugar, protein, vitamin C, and total
phenol content, or their influence on the associated metabolic pathways.

In the present study, soil naturally co-contaminated with Ba and Cd
was collected for cultivating pepper plants in controlled pot experi-
ments. The study aims to achieve the following objectives: 1) to inves-
tigate the effects of FA and its chelates with Fe or Zn on the accumulation
of Ba and Cd in peppers; 2) to elucidate their influence on the growth
parameters of pepper plants and the activity of antioxidant enzymes in
the leaves; 3) to evaluate their effects on the nutritional quality of
pepper fruits; 4) to explore the impact of the most effective treatment on
the metabolite profile of pepper fruits. To the best of our knowledge, this
study is the first to concurrently address the reduction of Ba and Cd
while enhancing the quality of pepper fruits, offering a novel approach
for the safe cultivation of chili peppers.

2. Materials and methods
2.1. Pot experiment

The Cd and Ba-contaminated soil was collected from Tianzhu
County, Guizhou, southwest China. Pot experiments were conducted at
the open-air experimental site of Guizhou Medical University. Culti-
vated pepper plants (Capsicum annuum L.) were divided into four
treatment groups: a control group treated with ultra-pure water, a Fe-
fulvic acid (Fe-FA) treatment group, a Zn-fulvic acid (Zn-FA) treat-
ment group, and FA treatment group. The ratios of Fe to FA and Zn to FA
are 1.3 % and 1.5 %, respectively. Each reagent solution, at a concen-
tration of 3 g/L, was sprayed on both the front and back of the leaves at
intervals of 10 days during the fruiting period. Pesticides, fertilizers and
water management practices followed the local farming methods
throughout the growing season. All experiments were performed in
triplicate.

The plants were manually harvested at maturity, and their height
was measured from the soil surface to the top using a ruler. The har-
vested plants were separated into roots, stems, leaves, and fruits, which
were subsequently washed with tap water followed by ultrapure water.
The fresh and dry biomass of each tissue was weighed. Subsequently, the
fresh samples were stored in two portions. One portion was immediately
stored in a — 80 °C refrigerator for non-target metabolomics analysis,
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while the other portion was freeze-dried and ground to pass through a
200-mesh sieve for Ba and Cd analysis.

2.2. Ba and Cd concentration analysis

The dry samples of roots, stems, leaves, and fruits were digested with
HNO3/H30, for the analysis of Ba and Cd concentrations. The detailed
procedure is outlined in our previous reports (Lu, Xu, Liang, et al., 2019;
Lu, Xu, Xu, et al., 2019). Briefly, 0.2 g of dried samples were digested at
150 °C for 36 h. Subsequently, the digestion solution was heated on a hot
plate at 115 °C until the liquid phase completely evaporated. Finally, 3
mL of deionized water and 2 mL of ultra-pure HNO3 were added to the
residue. The Ba and Cd contents were subsequently determined using
inductively coupled plasma mass spectrometry (ICP-MS, PerkinElmer,
Waltham, MA, USA).

2.3. Determination of enzyme activities, soluble sugar, protein, vitamin C,
and total phenol

For the analysis of enzyme activities, leaf samples were ground in ice-
cold phosphate buffer at a weight to volume ratio of 1:10. The obtained
homogenate was centrifuged for 10 mins at 8000 xg and 4 °C. The su-
pernatant was then stored at —20 °C for subsequent analysis. The ac-
tivities of catalase (CAT), peroxidase (POD), and superoxide dismutase
(SOD) were measured using standard kits from Nanjing Jiancheng
Biotechnology Co., Ltd. (Jiangsu, China).

The soluble sugar content was measured using the anthrone-sulfuric
acid assay method (Leng et al., 2016). The concentration of soluble
proteins was determined by the Coomassie brilliant blue method (Cao
et al., 2016). Vitamin C content was determined using the 2,6-dichloro-
indophenol titration method (GB/T 6195-86, 1986). The content of
total phenols was determined using the Folin-Ciocalteu reagent
(Ainsworth & Gillespie, 2007).

2.4. Pepper fruit non-target metabolomics detection

Approximately 25 mg of pepper fruit from both the Fe-FA treatment
and control groups were weighed into an EP tube after liquid grinding
for non-target metabolomics detection. 500 L of the extraction solution
(methanol: acetonitrile: water = 2:2:1, with the isotopically-labelled
internal standard mixture) was added to the EP tube and homogenized
at 35 Hz for 4 mins. This was followed by sonication of 5 mins in an ice-
water bath. The homogenization and sonication processes were repeated
three times. Subsequently, the extracted mixture was incubated for 1 h
at —40 °C and centrifuged at 12000 rpm (RCF = 13,800 xg, R = 8.6 cm)
for 15 mins at 4 °C. The supernatant was then transferred to a glass vial
for analysis.

LC-MS/MS analyses were performed using a UHPLC system
(Vanquish, Thermo Fisher Scientific) with a UPLC HSS T3 column (2.1
mm x 100 mm, 1.8 pm) coupled to an Orbitrap Exploris 120 mass
spectrometer (Orbitrap Ms., Thermo). The raw data were converted to
mzXML format using ProteoWizard and processed with an in-house
program developed using R and based on XCMS, for peak detection,
extraction, alignment, and integration. Subsequently, an in-house MS2
database (BiotreeDB) was utilized to metabolite annotation, with the
cutoff for annotation set at 0.3.

2.5. Statistical analysis

Results are expressed as mean =+ standard deviation. Statistical sig-
nificance analysis was performed using SPSS 23. Figures were generated
using OriginPro 2021 and Excel 2013. Data of metabolomics were
analyzed using R software.
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3. Results
3.1. Cadmium and barium concentrations

The effects of the application of FA, Zn-FA, and Fe-FA on Cd accu-
mulation in the fruits, stems, and leaves of pepper is shown in Fig. 1a-c.
Compared to the control group, the foliar application of Fe-FA resulted
in a 25 % and 10 % reduction in Cd content in the fruits and leaves,
respectively, while no significant difference was observed for FA and Zn-
FA application. In the stems, foliar application of Zn-FA, Fe-FA, and FA
reduced Cd content by 19 %, 23 %, and 20 %, respectively, compared to
the control. The results indicated that the foliar application of Fe-FA
significantly inhibit Cd uptake, as evidenced by the markedly lower
Cd concentrations in pepper fruits, stems, and leaves compared to the
control.

Similarly, Ba concentration in the fruit was reduced with Fe-FA and
Zn-FA application (Fig. 1d), while an opposite trend was observed with
FA application. Specifically, the Ba concentration in the fruit decreased
from 9.2 mg/kg (control) to 0.64 mg/kg and 4.0 mg/kg, representing
reductions of 93 % and 56 %, with Fe-FA and Zn-FA application,
respectively. Conversely, Ba concentration increased from 9.2 mg/kg to
40 mg/kg with FA application. Furthermore, Ba concentration in the
stems decreased with Zn-FA and FA applications, while no significant
effects were observed with Fe-FA application (Fig. 1e). Specifically, Ba
contents in the stems decreased from 72 mg/kg to 44 mg/kg and 45 mg/
kg with the Zn-FA and FA application, respectively. In the leaves, Ba
contents in the treatment groups were reduced from 67 mg/kg (control
group) to 46 mg/kg and 39 mg/kg in the Zn-FA and Fe-FA treatment
groups, respectively, while FA application increased Ba contents from
67 mg/kg to 103 mg/kg (Fig. 1f).
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3.2. Growth parameters of pepper

The dry weights of pepper leaves, stems, and roots from each treat-
ment are presented in Table 1. Leaf biomass increased by 32 % and 66 %
with Zn-FA and Fe-FA applications, respectively, compared to the con-
trol group. Furthermore, all treatment groups exhibited an increase in
stem and root biomass relative to the control group. Additionally, the
single fruit weight and plant height of the pepper were determined
(Fig. S1). Compared to the control group, Fe-FA application increased
the single fruit weight by 14 % (from 28 g to 32 g). However, the
application of Zn-FA had no significant effect on the single fruit weight,
while FA application decreased it. Regarding height of the plant, both
Zn-FA and Fe-FA applications increased the height of the pepper
compared to the control group, while the FA application had no signif-
icant effect on the pepper height.

3.3. Activities of CAT, POD, and SOD

The enzyme activities of POD, CAT, and SOD in the leaves were
determined to assess the plant health and stress tolerance (Fig. 2). With
the application of Fe-FA, the activities of POD, CAT, and SOD were

Table 1
The dry biomass (g) of each pepper tissues with control, Zn-FA, Fe-FA, and FA
application.

g/pot Leaf Stem Root
Control 6.3 + 0.66 16+ 1.6 3.6 +£0.36
Zn-FA 83+25 19+ 2.1 6.8 £ 1.1**
Fe-FA 10 + 2.5 22 + 0.15%* 6.3 £ 0.70*
FA 58+1.3 18 +0.53 5.4 + 0.95

Note: one asterisk (*) indicates that p is less than 0.05. And two asterisks (**)
indicate that p is less than 0.01.
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Fig. 1. The effects of Zn-FA, Fe-FA, and FA application on concentration of Cd (a-c) and Ba (d-f) in fruits (a, d), stem (b, e), and leaves (c, f) samples.
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Fig. 2. Antioxidant enzymey activities of pepper leaves with Fe-FA, Zn-FA, FA and control application. (a) POD, (b) CAT, and (c) SOD.

significantly increased by 297 %, 578 % and 158 %, respectively,
compared to the control group. However, there was no significant dif-
ference in leaves sprayed with Zn-FA and FA, relative to control group.
With the highest levels of POD, CAT and SOD found in the Fe-FA group
among all treatments, the study revealed that Fe-FA application resulted
in the most significant improvement in antioxidant enzyme activity,
effectively counteracting the toxic effects of Cd by activating mecha-
nisms against oxidative stress.

3.4. Nutrients in pepper fruits

Overall, the application of Zn-FA, Fe-FA, and FA increased the levels
of soluble sugar, protein, vitamin C, and total phenol in pepper fruits
(Fig. 3), except for a decrease in soluble sugar content observed with FA
application. Specifically, compared to the control group, Zn-FA and Fe-
FA applications resulted in a 4.5 % and 12 % increase in soluble sugar
content, while a 30 % decrease was observed with FA application.
Similarly, the content of total protein in fruits was slightly increased by
8 % and 2 % for Zn-FA and Fe-FA applications, respectively. And there
was no change observed with the foliar application of FA. Additionally,

compared to the control group, the application of FA, Zn-FA, and Fe-FA
significantly increased vitamin C content by 127 %, 102 %, and 136 %,
respectively, with the highest vitamin C content up to 236 mg/100 g
observed with Fe-FA. Furthermore, Zn-FA and Fe-FA application
increased the total phenol level by 8 % and 13 % compared to the
control, respectively. Overall, the application of Zn-FA, Fe-FA, and FA
impacted the nutritional quality of pepper, with Fe-FA exhibiting the
most pronounced effects on nutrient composition.

3.5. Pepper fruits non-target metabolomics

Given that Fe-FA application demonstrated the most promising re-
sults in reducing Ba and Cd content in pepper fruits and improving fruit
quality, peppers treated with Fe-FA and the control were selected for the
non-target metabolism analysis. In both groups, 40,285 metabolites
were identified. The orthogonal partial least squares discriminant
analysis (OPLS-DA) revealed a clear separation between the Fe-FA
treatment and control groups, with the first and the second primary
components accounting for 20.8 % and 26.4 % of variance, respectively
(Fig. 4a). This indicates significant differences in the metabolites of
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Fig. 3. Nutritional quality of pepper fruits with Fe-FA, Zn-FA, FA, and control application. (a) soluble sugar content, (b) protein content, (c) VC content and (d) total

phenol content.
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Fig. 4. Effect of Fe-FA foliar application on the differentially metabolites in the
pepper fruits grown in Ba and Cd contaminated soil. (a) OPLS-DA score between
Fe-FA application (B) and control (A), (b) volcanic map between Fe-FA appli-
cation and control.

pepper between the two groups. Furthermore, a total of 1902 differen-
tial metabolites were identified between Fe-FA treatment and control
groups (VIP > 1; P < 0.05), with 857 up-regulated and 1045 down-
regulated (Fig. 4b). Classification analysis of differential metabolites
revealed that the majority (30.8 %) were categorized as lipids and lipid-
like molecules (Fig. S2), followed by organic oxygen compounds (15.8
%).

Differential metabolites between the control and Fe-FA applications
were clustered and presented in a heatmap (Fig. 5a). A total of 26
distinct metabolites exhibiting significant variance in concentration
were identified. The relative concentrations of Capsiamide (841 %),
(2R,6x)-7-Methyl-3-methylene-1,2,6,7-octanetetrol 2-glucoside (100
%), Butyl-3-hydroxybutyrate glucoside (834 %), Italipyrone (141 %),
Parakmerin A (73.7 %), Caryoptosidic acid (11,761 %), (7R*,8R*)-3-
Methoxy-3',4,7,9,9'-pentahydroxy-8,4"-oxyneolignan (366 %), Taur-
ocholic acid (5922 %), and PS (20:5(5Z,87,117,14Z,177)/15:0) (12,187
%) were significantly up-regulated by foliar application of Fe-FA
(Figs. 5a and S3). Furthermore, the Kyoto Encyclopedia of Genes and
Genomes (KEGG) was applied to examine the substances found in both
the control and Fe-FA treatment groups (Fig. 5b). These differential
metabolites are mainly involved in various pathways, such as valine,
leucine, and isoleucine biosynthesis, as well as taurine and hypotaurine
metabolism, and glycine, serine and threonine metabolism.

To further explore the interconnections among various metabolic
pathways, a network-based enrichment analysis was performed using
the identified differential metabolites. The results, as depicted in Fig. 6,
revealed a strong correlation among valine, leucine, and isoleucine
biosynthesis, Taurine and hypotaurine metabolism, C5-Branched
dibasic acid metabolism, and betalain biosynthesis.

Food Chemistry: X 24 (2024) 101904

4. Discussion
4.1. Effect of FA, Fe-FA, and Zn-FA application on Cd and Ba uptake

High levels of Cd and Ba in crops pose a potential health threat to
humans through dietary intake. Therefore, mitigating the uptake of Cd
and Ba by plants is essential to ensure the safety of food production. In
this study, the application of Zn-FA reduced the Ba content in pepper
fruit, while Fe-FA applied not only decreased the Cd content but also
simultaneously reduced the Ba content in pepper fruits (Fig. 1). Previous
study indicated that Zn-FA application decreased the Cd content in rice
grains by increasing the ratios of pectates and protein integration in the
stems, alongside undissolved Cd phosphate in the leaves (Lu et al.,
2024). Similarly, Wang, Du, et al. (2022) explored the impact of Fe-OM
complexes on the accumulation of Cd in rice grains and found that Fe-FA
exhibited the highest efficiency in reducing the Cd content in rice. They
also found that the reduction achieved by Fe-FA application (from 0.48
+ 0.04 mg/kg to 0.19 + 0.01 mg/kg) was significantly greater compared
to Fe application alone (from 0.48 + 0.04 mg/kg to 0.34 + 0.01 mg/kg).
Additionally, Fe-FA downregulated the expression of OsNrampl and
OsNramp5 in roots and stems, and upregulated the expression of OsLCT1
genes in leaves. However, the application of FA did not reduce Cd and Ba
content in pepper fruits, which partially contrasts with findings with
previous studies. For instance, Wang et al. (2019) demonstrated that FA
application reduced the Cd content in lettuce. This discrepancy is likely
attributed to the variations in crop varieties, Cd concentration ranges,
and the growth conditions.

4.2. Effects of FA, Fe-FA, and Zn-FA application on the growth and
nutritional quality of pepper

Due to geological and anthropogenic activities, farmland soil
contaminated with heavy metals is widespread in many countries,
including China (Sun et al., 2019). Previous studies have indicated that
Cd exposure can reduce plant growth, trigger reactive oxygen species
production, and affect plant metabolism (Ahmad et al., 2016; Li et al.,
2022). Similarly, Ba, a nonessential element in plants, can also affect
plant growth and enzyme activity (Sleimi et al., 2021).

In this study, the effects of foliar applications of FA, Fe-FA, and Zn-FA
on the accumulation of Ba and Cd in peppers, as well as their impact on
biomass, enzyme activity, and beneficial nutrient components, were
comprehensively studied. Results demonstrated that foliar application
of these reagents increased the biomass of the stem and root of peppers.
Particularly, Fe-FA exhibited a significant increase in the weight of in-
dividual pepper fruits. The comparatively lower biomass observed in the
control can be attributed to the toxic effects of Cd and Ba. Cadmium
inhibits normal cell division, decreases photosynthesis, and disrupts
nutrient balance, leading to a lower biomass production (Rizwan et al.,
2018). Similarly, Ba is also toxic for plants and affects growth, disturbing
homeostasis and inhibiting photosynthesis (Sleimi et al., 2021; Suwa
et al., 2008).

The results of this study illustrate that FA has the potential to
enhance plant growth under Cd and Ba stress by alleviating Cd and Ba
toxicity (Fig. S1 and Table 1). This result aligns with previous studies.
For instance, Wang et al. (2019) found that FA application increased
chlorophyll content and facilitated the nutrient element translocation
from root to shoot. FA, as a key constituent of organic matter charac-
terized by its low molecular weight, high solubility, and strong migra-
tion activity, plays an important role in enhancing plant responses to
environmental stress (Chiasson-Gould et al., 2014). This contributes to
the higher root and stem biomass of pepper with FA application
compared to the control group (Table 1). Furthermore, this study
showed that Fe-FA was the most effective in promoting the growth of
peppers. This is mainly attributed to the fact that Fe is crucial for plant
growth and development, playing a vital role in multiple physiological
processes, such as photosynthesis, respiration, and protein synthesis
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Fig. 5. Heatmap (a) and KEGG pathways (b) of differential metabolites in peppers with foliar application of Fe-FA (B) and control (A).

(Said-Al Ahl & Omer, 2009). This study also suggested that the con-
current application of FA and Fe had a synergistic effect on promoting
the growth of peppers by improving the antioxidant system of peppers
and modifying their metabolites (Figs. 2, 4, and 5).

Antioxidant enzymes such as POD, CAT, and SOD efficiently elimi-
nate free radicals and peroxides, which are typically generated in plants
under stress, thereby protecting crops from oxidative damage. Previous
studies have indicated that Cd exposure to Cd leads to oxidative damage
in plant cells, which hinders plant growth and photosynthesis (Molina
etal., 2020). In this study, the application of Fe-FA notably enhanced the

activity of POD, SOD, and CAT in pepper leaves, facilitating the miti-
gation of heavy metal (including Cd and Ba) induced oxidative stress,
and consequently enhancing plant growth (Fig. 2). Similarly, Zhao et al.
(2019) found that the application of auxin and brassinosteroid increased
the gene expression of antioxidant enzymes in Tetraselmis cordifolmis.
The application of H,O2 reduced oxidative stress caused by heavy metals
by increasing the activity of antioxidant enzymes and promoting the
expression of SOD proteins (Asgher et al., 2021). Wang, Jia, et al. (2022)
demonstrated that arbuscular mycorrhizal fungi can alleviate heavy
metal stress in plants by stimulating antioxidant enzymes like CAT, SOD,
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and POD. Additionally, for pepper seedlings, melatonin relieved heavy
metal-induced oxidative damage by enhancing the activity of anti-
oxidative enzymes (Altaf et al., 2023). Collectively, the findings of this
study suggest that Fe-FA application exerts a protective effect on pepper
plants under Cd and Ba stress by stimulating antioxidative enzymes.
Foliar sprays of FA, Fe-FA, and Zn-FA positively affect the nutritional
quality of pepper fruits, including soluble sugar, protein, vitamin C, and
total phenol, particularly for vitamin C with a notable improvement.
Vitamin C is an essential nutrient for the human body (Olatunji & Afo-
layan, 2018), and its deficiency can lead to scurvy, characterized by
symptoms like purple spots on the skin, swollen gums, and tooth decay
(Larralde et al., 2007). In this study, the vitamin C content of pepper
fruits increased by 127 % (FA), 102 % (Zn-FA), and 136 % (Fe-FA)
compared to the control group. Similarly, Li et al. (2022) also reported
that FA application significantly increased the vitamin C content in to-
matoes. The enhancement of vitamin C content is likely attributed to the
promotion of gene expression related to vitamin C biosynthesis, such as
PMI (phosphomannose isomerase), PMM (phosphomannose mutase),
and VTC1 (GDP-mannose pyrophosphorylase), as observed in Brassica
chinensis L. (Wolucka & Van Montagu, 2007). Additionally, a previous
study demonstrated that up-regulated expression of L-GLDH in tobacco

resulted in an increase in vitamin C content (Tokunaga et al., 2005).

4.3. The mechanism of Fe-FA application on Cd and Ba accumulation
through non-target metabolomics analysis

In total, 26 distinct metabolites were identified, which significantly
differed in their contents. The relative concentrations of capsiamide,
(2R,6x)-7-Methyl-3-methylene-1,2,6,7-octanetetrol 2-glucoside, butyl-
3-hydroxybutyrate glucoside, italipyrone, parakmerin A, caryoptosidic
acid, (7R*,8R*)-3-methoxy-3',4,7,9,9"-pentahydroxy-8,4-oxyneolignan,
taurocholic acid, and PS (20:5(5Z,8Z,11Z,14Z,17Z)/15:0) were found to
be higher in peppers treated with Fe-FA foliar application compared to
the control (Fig. 5a). Among these, capsiamide is an analog of capsaicin,
the pungent component in chili peppers (Govindarajan & Sathyanar-
ayana, 1991). Capsaicin has been extensively studied and is known for
its therapeutic properties. It plays important biological roles, such as
stimulating alkali and mucus secretion, inhibiting acid secretion, and
particularly enhancing gastric mucosal blood flow, which contributes to
the prevention and healing of gastric ulcers (Castro-Munoz et al., 2022).

According to the KEGG database, differential metabolites were
analyzed to identify significant metabolic pathways through enrichment
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analysis. This study demonstrated that these different metabolites pri-
marily participated in 13 metabolic pathways (Fig. 5b). The results
showed that glycine, serine and threonine metabolism; valine, leucine
and isoleucine biosynthesis; C5-Branched dibasic acid metabolism;
glyoxylate and dicarboxylate metabolism; pentose phosphate pathway,
taurine and hypotaurine metabolism; betalain biosynthesis and glycer-
olipid metabolism were the most influenced biological pathways in the
peppers treated with Fe-FA application, with a P-value less than 0.05
(Table S1). These pathways were primarily related to amino acid, car-
bohydrate, and lipid metabolism.

Amino acids play essential and central functions in various plant
physiological processes, including the regulation of ion transport,
involvement in heavy metal detoxification, and influence on the syn-
thesis and interaction of numerous vital cellular enzymes (Sharma &
Dietz, 2006). Zhao et al. (2023) showed that plants can enhance Cd
tolerance by increasing amino acid metabolism, alleviating the inhibi-
tory effect of Cd on growth. The biosynthesis of valine, leucine, and
isoleucine plays a crucial role in counteracting osmotic stress caused by
environmental pollutants (Xie et al., 2019). Additionally, plants can
obtain more energy by increasing C5-Branched dibasic acid metabolism
(Dong et al, 2023). The application of Fe-FA resulted in the
up-regulation of amino acid and carbohydrate metabolism, which are
crucial for protein synthesis, various physiological processes, energy
production, metabolites, and aiding plants in adapting to changing
environmental conditions. Previous studies have also indicated a close
relationship between carbohydrate metabolism and plant responses to
environmental stresses. Plants may modify their carbohydrate meta-
bolism to maintain cellular homeostasis and increase their tolerance to
stress when they are under stress conditions such as drought, high
salinity, or extreme temperatures (Hasanuzzaman et al., 2018).
Furthermore, earlier studies reported that glyceric acid and amino acids
facilitate the detoxification of excessive heavy metals (e.g., Cu) in or-
ganisms (Feng et al., 2021). Therefore, the upregulation of glyceric acid
through Fe-FA application may partially contribute to the mechanisms
involved in the detoxification of Cd and Ba. Additionally, glycerolipid
metabolism is a major tertiary metabolism of lipid metabolism (Wu
et al., 2016). Lipids play an important role in regulating the stress
resistance of plant cells. The impact of lipids on mitigating metal stress
has been demonstrated (Zhang, Slaski, Archambault, & Taylor, 1997).
Sun et al. (2020) reported that plants exposed to Cd stress experience a
significant reduction in lipid concentration. Therefore, Fe-FA applica-
tion might reduce Cd toxicity by increasing the glycerolipid metabolism.
In the current study, the application of Fe-FA improved the amino acid
pathway, carbohydrate metabolism pathway, and lipid metabolism,
supporting the growth of pepper plants by enhancement in nutrient and
energy availability.

5. Conclusions

Foliar application of FA, Fe-FA, and Zn-FA increased the biomass of
chili pepper stems and roots. Notably, Fe-FA application led to a sig-
nificant increase in the weight of pepper fruits and a marked reduction
in Ba and Cd concentrations. Additionally, Fe-FA application enhanced
the activity of POD, SOD, and CAT enzymes in pepper leaves, which
positively impacted the nutritious quality of pepper fruits, including
soluble sugar, protein, vitamin C, and total phenol content, particularly
with a notable increase of vitamin C content. Metabolomics analysis
revealed that Fe-FA application mainly affects amino acid, carbohydrate
and lipid metabolism of plants, consequently providing more energy and
nutrients for pepper plants under Cd and Ba stress. These findings offer
valuable insights into the reduction of Ba and Cd accumulation and the
improvement of quality in pepper fruits, providing effective measures
for future research and practical application.

Food Chemistry: X 24 (2024) 101904
CRediT authorship contribution statement

Qinhui Lu: Writing — review & editing, Writing — original draft,
Funding acquisition. Zhidong Xu: Writing — review & editing, Writing —
original draft, Funding acquisition. Qinghai Zhang: Writing — review &
editing. Zhi Zhang: Methodology, Investigation. Yuxin Zhang: Meth-
odology. Ting Zhang: Investigation. Jun Li: Writing — review & editing,
Supervision. Xiaolin Wang: Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgments

This study was financially supported by the Doctoral Scientific
Research Foundation of Guizhou Medical University (J[2021]069), the
Science and Technology Planning Program of Guizhou Province (Qian-
KeHe-ZK [2024]-147), and Guizhou Provincial 2021 Science and
Technology Subsidies (No.GZ2021SIG).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.fochx.2024.101904.

References

Ahmad, P., Abd Allah, E., Hashem, A., Sarwat, M., & Gucel, S. (2016). Exogenous
application of selenium mitigates cadmium toxicity in Brassica juncea L. (Czern &
Cross) by up-regulating antioxidative system and secondary metabolites. Journal of
Plant Growth Regulation, 35, 936-950.

Ainsworth, E. A., & Gillespie, K. M. (2007). Estimation of total phenolic content and
other oxidation substrates in plant tissues using Folin—Ciocalteu reagent. Nature
Protocols, 2(4), 875-877.

Altaf, M. A, Hao, Y. Y., Shu, H. Y., Mumtaz, M. A., Cheng, S. H., Alyemeni, M. N., ...
Wang, Z. W. (2023). Melatonin enhanced the heavy metal-stress tolerance of pepper
by mitigating the oxidative damage and reducing the heavy metal accumulation.
Journal of Hazardous Materials, 454.

Asgher, M., Ahmed, S., Sehar, Z., Gautam, H., Gandhi, S. G., & Khan, N. A. (2021).
Hydrogen peroxide modulates activity and expression of antioxidant enzymes and
protects photosynthetic activity from arsenic damage in rice (Oryza sativa L.).
Journal of Hazardous Materials, 401, Article 123365.

Bimonte, V., Besharat, Z., Antonioni, A., Cella, V., Lenzi, A., Ferretti, E., & Migliaccio, S.
(2021). The endocrine disruptor cadmium: A new player in the pathophysiology of
metabolic diseases. Journal of Endocrinological Investigation, 44, 1363-1377.

Cao, Y., Zhao, J., & Xiong, Y. L. (2016). Coomassie brilliant blue-binding: A simple and
effective method for the determination of water-insoluble protein surface
hydrophobicity. Analytical Methods, 8(4), 790-795.

Castro-Munoz, R., Gontarek-Castro, E., & Jafari, S. M. (2022). Up-to-date strategies and
future trends towards the extraction and purification of capsaicin: A comprehensive
review. Trends in Food Science & Technology, 123, 161-171.

Chiasson-Gould, S. A., Blais, J. M., & Poulain, A. J. (2014). Dissolved organic matter
kinetically controls mercury bioavailability to Bacteria. Environmental Science &
Technology, 48(6), 3153-3161.

Cho, S.-C., Lee, H., & Choi, B. Y. (2017). An updated review on molecular mechanisms
underlying the anticancer effects of capsaicin. Food Science and Biotechnology, 26,
1-13.

Dong, Q., Chen, M., Zhang, Y., Yang, H., Zhao, Y., Yu, C., & &Zhang, L. (2023).
Integrated physiologic and proteomic analysis of Stropharia rugosoannulata mycelia
in response to Cd stress. Journal of hazardous materials, 441.

Feng, Z., Ji, S. Y., Ping, J. F., & Cui, D. (2021). Recent advances in metabolomics for
studying heavy metal stress in plants. TrAC Trends in Analytical Chemistry, 143,
Article 116402.

GB/T 6195—86. (1986). Determination of vitamin C in vegetables and fruits (2,6-dichloro-
indophenol titration method) (in Chinese).

Govindarajan, V. S., & Sathyanarayana, M. N. (1991). Capsicum — Production,
technology, chemistry, and quality. Part V. Impact on physiology, pharmacology,
nutrition, and metabolism; structure, pungency, pain, and desensitization sequences.
Critical Reviews in Food Science and Nutrition, 29(6), 435-474.


https://doi.org/10.1016/j.fochx.2024.101904
https://doi.org/10.1016/j.fochx.2024.101904
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0005
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0005
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0005
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0005
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0010
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0010
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0010
http://refhub.elsevier.com/S2590-1575(24)00792-2/optxsz6aPJcTA
http://refhub.elsevier.com/S2590-1575(24)00792-2/optxsz6aPJcTA
http://refhub.elsevier.com/S2590-1575(24)00792-2/optxsz6aPJcTA
http://refhub.elsevier.com/S2590-1575(24)00792-2/optxsz6aPJcTA
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0015
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0015
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0015
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0015
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0020
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0020
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0020
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0025
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0025
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0025
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0030
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0030
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0030
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0035
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0035
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0035
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0040
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0040
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0040
http://refhub.elsevier.com/S2590-1575(24)00792-2/optzRDfCzX35t
http://refhub.elsevier.com/S2590-1575(24)00792-2/optzRDfCzX35t
http://refhub.elsevier.com/S2590-1575(24)00792-2/optzRDfCzX35t
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0045
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0045
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0045
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0050
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0050
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0055
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0055
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0055
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0055

Q Luetal

Hasanuzzaman, M., Bhuyan, M. H. M. B., Nahar, K., Hossain, M. S., Mahmud, J. A.,
Hossen, M. S., ... Fujita, M. (2018). Potassium: A vital regulator of plant responses
and tolerance to abiotic stresses. Agronomy, 8(3), 31.

Hussan, M., Hafeez, M., Saleem, M., Khan, S., Hussain, S., & Ahmad, N. (2021). Impact of
soil applied humic acid, zinc and boron supplementation on the growth, yield and
zinc translocation in winter wheat. Asian Journal of Agriculture and Biology, 10.

Jidesh, C., & Kurumthottical, S. T. (2000). Selective retention of cadmium and lead in
different parts of chilli (Capsicum annuum L.). Journal of Tropical Agriculture, 38(1),
51-54.

Lamb, D. T., Matanitobua, V. P., Palanisami, T., Megharaj, M., & Naidu, R. (2013).
Bioavailability of barium to plants and invertebrates in soils contaminated by barite.
Environmental Science & Technology, 47(9), 4670-4676.

Larralde, M., Santos Munoz, A., Boggio, P., Di Gruccio, V., Weis, I., & Schygiel, A. (2007).
Scurvy in a 10-month-old boy. International Journal of Dermatology, 46(2), 194-198.

Leng, F., Sun, S., Jing, Y., Wang, F., Wei, Q., Wang, X., & Zhu, X. (2016). A rapid and
sensitive method for determination of trace amounts of glucose by anthrone-sulfuric
acid method. Bulgarian Chemical Communications, 48(1), 109-113.

Li, L., Qi, G., Wang, B., Yue, D., Wang, Y., & Sato, T. (2018). Fulvic acid anchored layered
double hydroxides: A multifunctional composite adsorbent for the removal of
anionic dye and toxic metal. Journal of Hazardous Materials, 343, 19-28.

Li, X. (2019). Technical solutions for the safe utilization of heavy metal-contaminated
farmland in China: A critical review. Land Degradation & Development, 30,
1773-1784.

Li, X., Tian, L., Li, B., Chen, H., Zhao, G., Qin, X, ... Xu, J. (2022). Polyaspartic acid
enhances the cd phytoextraction efficiency of Bidens pilosa by remolding the
rhizospheric environment and reprogramming plant metabolism. Chemosphere, 307,
Article 136068.

Li, Z. (2004). Barite resources distribution and development prospect in China. China
Non-Metallic Mining Industry Herald, 5, 86-88 (in Chinese).

Ly, Q., Xu, X., Liang, L., Xu, Z., Shang, L., Guo, J., Xiao, D., & Qiu, G. (2019). Barium
concentration, phytoavailability, and risk assessment in soil-rice systems from an
active barium mining region. Applied Geochemistry, 106, 142-148.

Lu, Q., Xu, Z., Chen, Z., & Qiu, G. (2024). Effects of foliar application of Zn combined
with organic matters on cd accumulation and its chemical forms in rice.
Environmental Science and Pollution Research, 31(17), 25182-25191.

Lu, Q., Xu, Z., Xu, X., Liu, L., Liang, L., Chen, Z., Dong, X., Li, C., Wang, Y., & Qiu, G.
(2019). Cadmium contamination in a soil-rice system and the associated health risk:
An addressing concern caused by barium mining. Ecotoxicology and Environmental
Safety, 183, Article 109590.

Molina, A. S., Lugo, M. A., Chaca, M. V. P., Vargas-Gil, S., Zirulnik, F., Leporati, J.,
Ferrol, N., & Azcon-Aguilar, C. (2020). Effect of arbuscular mycorrhizal colonization
on cadmium-mediated oxidative stress in Glycine max (L.) Merr. Plants-Basel, 9(1).

Nawrot, T. S., Martens, D. S., Hara, A., Plusquin, M., Vangronsveld, J., Roels, H. A., &
Staessen, J. A. (2015). Association of total cancer and lung cancer with
environmental exposure to cadmium: The meta-analytical evidence. Cancer Causes &
Control, 26, 1281-1288.

Olatunji, T. L., & Afolayan, A. J. (2018). The suitability of chili pepper (Capsicum annuum
L.) for alleviating human micronutrient dietary deficiencies: A review. Food Science
& Nutrition, 6(8), 2239-2251.

Peana, M., Medici, S., Dadar, M., Zoroddu, M. A., Pelucelli, A., Chasapis, C. T., &
Bjorklund, G. (2021). Environmental barium: Potential exposure and health-hazards.
Archives of Toxicology, 95(8), 2605-2612.

Pettit, R. E. (2004). Organic matter, humus, humate, humic acid, fulvic acid and humin:
Their importance in soil fertility and plant health. CTI Research, 10, 1-7.

Rizwan, M., Ali, S., Rehman, M. Z. U., Rinklebe, J., Tsang, D. C. W., Bashir, A.,
Magbool, A., Tack, F. M. G., & Ok, Y. S. (2018). Cadmium phytoremediation
potential of Brassica crop species: A review. Science of the Total Environment, 631-
632, 1175-1191.

Food Chemistry: X 24 (2024) 101904

Said-Al Ahl, H., & Omer, E. (2009). Effect of spraying with zinc and/or iron on growth
and chemical composition of coriander (Coriandrum sativum L.) harvested at three
stages of development. Journal of Medicinal Food Plants, 1(2), 30-46.

Sharma, S. S., & Dietz, K. J. (2006). The significance of amino acids and amino acid-
derived molecules in plant responses and adaptation to heavy metal stress. Journal of
Experimental Botany, 57(4), 711-726.

Sleimi, N., Kouki, R., Ammar, M. H., Ferreira, R., & Pérez-Clemente, R. (2021). Barium
effect on germination, plant growth, and antioxidant enzymes in Cucumis sativus L.
plants. Food Science & Nutrition, 9(4), 2086-2094.

Souza, F. G. D., Helena, L., Chaves, G., Cavalcante, A. R., & Guimaraes, J. P. (2020).
Concentrations of hydrogen peroxide on the growth of hydroponic pepper under salt
stress. Sylwan, 164(7), 310.

Sun, L. J., Cao, X. Y., Tan, C. Y., Deng, Y. Q., Cai, R. Z., Peng, X., & Bai, J. (2020).
Analysis of the effect of cadmium stress on root exudates of Sedum plumbizincicola
based on metabolomics. Ecotoxicology and Environmental Safety, 205.

Sun, Y. M., Li, H., Guo, G. L., Semple, K. T., & Jones, K. C. (2019). Soil contamination in
China: Current priorities, defining background levels and standards for heavy metals.
Journal of Environmental Management, 251, Article 109512.

Suwa, R., Jayachandran, K., Nguyen, N. T., Boulenouar, A., Fujita, K., & Saneoka, H.
(2008). Barium toxicity effects in soybean plants. Archives of Environmental
Contamination and Toxicology, 55(3), 397-403.

Tokunaga, T., Miyahara, K., Tabata, K., & Esaka, M. (2005). Generation and properties of
ascorbic acid-overproducing transgenic tobacco cells expressing sense RNA for L-
galactono-1,4-lactone dehydrogenase. Planta, 220(6), 854-863.

Wang, L., Jia, X, Zhao, Y. H., Zhang, C. Y., & Zhao, J. M. (2022). Effect of arbuscular
mycorrhizal fungi in roots on antioxidant enzyme activity in leaves of Robinia
pseudoacacia L. seedlings under elevated CO, and Cd exposure. Environmental
Pollution, 294, Article 118652.

Wang, X. Q., Du, Y. H,, Li, F. B,, Fang, L. P, Pang, T. T., Wu, W. J,, ... Chen, L. (2022).
Unique feature of Fe-OM complexes for limiting cd accumulation in grains by target-
regulating gene expression in rice tissues. Journal of Hazardous Materials, 424, Article
127361.

Wang, X. Q., Yu, H. Y., Li, F. B, Liu, T. X., Wu, W. J,, Liu, C. P., Liu, C. S., & Zhang, X. Q.
(2019). Enhanced immobilization of arsenic and cadmium in a paddy soil by
combined applications of woody peat and Fe(NO3)s: Possible mechanisms and
environmental implications. Science of the Total Environment, 649, 535-543.

Wolucka, B. A., & Van Montagu, M. (2007). The VTC2 cycle and the de novo biosynthesis
pathways for vitamin C in plants: An opinion. Phytochemistry, 68(21), 2602-2613.

Wu, Z. X., Hao, Z. P, Sun, Y. Q., Guo, L. P., Huang, L. Q., Zeng, Y., ... Chen, B. D. (2016).
Comparison on the structure and function of the rhizosphere microbial community
between healthy and root-rot Panax notoginseng. Applied Soil Ecology, 107, 99-107.

Xie, M. D., Chen, W. Q., Lai, X. C., Dai, H. B., Sun., H., Zhou, X. Y., & Chen, T. B. (2019).
Metabolic responses and their correlations with phytochelatins in
Amaranthushypochondriacus under cadmium stress. Environmental Pollution, 252,
1791-1800.

Zhang, G. C., Slaski, J. J., Archambault, D. J., & Taylor, G. J. (1997). Alternation of
plasma membrane lipids in aluminum-resistant and aluminum-sensitive wheat
genotypes in response to aluminum stress. Physiologia Plantarum, 99(2), 302-308.

Zhao, P. C., Wang, Y. M., Lin, Z. Y., Zhou, J., Chai, H. X., He, Q., Li, Y. C., & Wang, J. L.
(2019). The alleviative effect of exogenous phytohormones on the growth,
physiology and gene expression of Tetraselmis cordiformis under high ammonia-
nitrogen stress. Bioresource Technology, 282, 339-347.

Zhao, W., Chen, Z. B., Yang, X. Q., Sheng, L. Y., Huan, M., & Zhu, S. X. (2023). Integrated
transcriptomics and metabolomics reveal key metabolic pathway responses in Pistia
stratiotes under Cd stress. Journal of hazardous materials, 452.

Zou, Z. Y., & Zou, X. X. (2021). Geographical and ecological differences in pepper
cultivation and consumption in China. Frontiers in Nutrition, 8, Article 718517.


http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0060
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0060
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0060
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0065
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0065
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0065
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0070
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0070
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0070
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0075
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0075
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0075
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0080
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0080
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0085
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0085
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0085
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0090
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0090
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0090
http://refhub.elsevier.com/S2590-1575(24)00792-2/optr9hvzZZxsJ
http://refhub.elsevier.com/S2590-1575(24)00792-2/optr9hvzZZxsJ
http://refhub.elsevier.com/S2590-1575(24)00792-2/optr9hvzZZxsJ
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0095
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0095
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0095
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0095
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf9210
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf9210
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0100
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0100
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0100
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0105
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0105
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0105
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0110
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0110
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0110
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0110
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0115
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0115
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0115
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0120
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0120
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0120
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0120
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0125
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0125
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0125
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0130
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0130
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0130
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0135
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0135
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0140
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0140
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0140
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0140
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0145
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0145
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0145
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0150
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0150
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0150
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0155
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0155
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0155
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0160
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0160
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0160
http://refhub.elsevier.com/S2590-1575(24)00792-2/optkG5YEqs6o8
http://refhub.elsevier.com/S2590-1575(24)00792-2/optkG5YEqs6o8
http://refhub.elsevier.com/S2590-1575(24)00792-2/optkG5YEqs6o8
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0165
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0165
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0165
http://refhub.elsevier.com/S2590-1575(24)00792-2/optdcIbW9FdJ8
http://refhub.elsevier.com/S2590-1575(24)00792-2/optdcIbW9FdJ8
http://refhub.elsevier.com/S2590-1575(24)00792-2/optdcIbW9FdJ8
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0170
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0170
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0170
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0175
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0175
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0175
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0175
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0180
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0180
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0180
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0180
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0185
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0185
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0185
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0185
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0190
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0190
http://refhub.elsevier.com/S2590-1575(24)00792-2/optbnDkJnzAa6
http://refhub.elsevier.com/S2590-1575(24)00792-2/optbnDkJnzAa6
http://refhub.elsevier.com/S2590-1575(24)00792-2/optbnDkJnzAa6
http://refhub.elsevier.com/S2590-1575(24)00792-2/optrQpd7gFrRX
http://refhub.elsevier.com/S2590-1575(24)00792-2/optrQpd7gFrRX
http://refhub.elsevier.com/S2590-1575(24)00792-2/optrQpd7gFrRX
http://refhub.elsevier.com/S2590-1575(24)00792-2/optrQpd7gFrRX
http://refhub.elsevier.com/S2590-1575(24)00792-2/opt0SJuCqSzj6
http://refhub.elsevier.com/S2590-1575(24)00792-2/opt0SJuCqSzj6
http://refhub.elsevier.com/S2590-1575(24)00792-2/opt0SJuCqSzj6
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0195
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0195
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0195
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0195
http://refhub.elsevier.com/S2590-1575(24)00792-2/optrYNQe7aCDo
http://refhub.elsevier.com/S2590-1575(24)00792-2/optrYNQe7aCDo
http://refhub.elsevier.com/S2590-1575(24)00792-2/optrYNQe7aCDo
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0200
http://refhub.elsevier.com/S2590-1575(24)00792-2/rf0200

	Foliar application of Fe-fulvic acid: A strategy to reduce heavy metal accumulation and enhance nutritional quality
	1 Introduction
	2 Materials and methods
	2.1 Pot experiment
	2.2 Ba and Cd concentration analysis
	2.3 Determination of enzyme activities, soluble sugar, protein, vitamin C, and total phenol
	2.4 Pepper fruit non-target metabolomics detection
	2.5 Statistical analysis

	3 Results
	3.1 Cadmium and barium concentrations
	3.2 Growth parameters of pepper
	3.3 Activities of CAT, POD, and SOD
	3.4 Nutrients in pepper fruits
	3.5 Pepper fruits non-target metabolomics

	4 Discussion
	4.1 Effect of FA, Fe-FA, and Zn-FA application on Cd and Ba uptake
	4.2 Effects of FA, Fe-FA, and Zn-FA application on the growth and nutritional quality of pepper
	4.3 The mechanism of Fe-FA application on Cd and Ba accumulation through non-target metabolomics analysis

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


