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Abstract

Heavy metal contamination in soil impairs plant growth and disrupts cellular
functions. Brassica rapa L. exhibits phytoremediation potential owing to its strong
metal tolerance and accumulation capacity. This study evaluated the effects of

boron (B) and zinc (Zn), applied alone or together at 10-25 mg kg™, on growth,
biochemical traits, and heavy-metal stress tolerance in B. rapa L. The result established
B+Zn>B>Zn. Co-application of B and Zn at 15-20 mg kg~' significantly enhanced
growth and tolerance to metal-induced stress compared with individual treatments
(p<0.05). At 20 mg kg*] B+Zn, key biochemical markers, including chlorophyll, sugar,
phenolic, carotenoid, protein, and proline levels, were significantly higher compared
with individual treatments. Elemental analysis and PCA showed that the optimal
15-20 mg kg™' B+Zn dose promoted the uptake of essential elements such as Fe
and Mn. Simultaneously, reduced toxic metals accumulation (Cd and Pb). Conversely,
the 25 mg kg™ treatment clustered with elevated toxic metals, with Cd showing the
highest accumulation, followed by Cr and Pb. The weak linear correlation (R? < 0.1)
observed across parameters indicates that these physiological benefits arise from
complex, non-linear regulation. These findings underscore the critical role of precise
micronutrient synergy in enhancing heavy-metal tolerance mechanisms in crops, and
they are vital for optimizing phytoremediation and ensuring food safety in metal-
contaminated agroecosystems.

Keywords Heavy metal stress, Phytoremediation, Soil-plant transfer, Antioxidant

defense, Micronutrient

1 Introduction

Accumulated heavy metals such as cadmium (Cd), chromium (Cr), lead (Pb), and nickel
(Ni) in soil pose serious environmental and biological risks. Essential micronutrients, i.e.,
iron (Fe), manganese (Mn), magnesium (Mg), and zinc (Zn), become toxic at elevated
concentrations [1]. Agricultural intensification also accelerates soil degradation and
trace-metal accumulation in ecologically sensitive zones [2, 3]. Excessive accumulation
of heavy metals can disrupt physiological homeostasis, leading to toxicity and impaired

growth [4]. Heavy metals trigger reactive oxygen species (ROS), causing oxidative
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damage to lipids, proteins, and nucleic acids [5]. To mitigate this, plants activate enzy-
matic defenses like superoxide dismutase (SOD), catalase (CAT), and glutathione perox-
idase (GPX), which are commonly upregulated in metal-induced stress conditions [6]. In
parallel, metal exposure also induces transcriptional reprogramming of genes involved
in metal transporters and detoxification. Notably, the expression of iron-regulated trans-
porter 1 (IRT1) and heavy-metal ATPase (HAM?2) reflects enhanced metal uptake and
redistribution, while phytochelatins synthase 1 (PCS1) contributes to chelation and
sequestration of toxic ions [7]. These coordinated responses highlight the relevance of
investigating Zn and B supplementation, as both elements influence redox homeostasis
and metal transport pathways [8]. Plants employ crucial defense mechanisms to enhance
responses to metal-induced stress. Additionally, plants reduce toxic metal accumula-
tion through avoidance mechanisms such as root exudation and cell wall biosorption [9].
Furthermore, plant tolerance mechanisms are activated to detoxify metal ions. Metal-
responsive transcription factors (TFs), such as basic leucine zipper domain (bZIP) [10],
and WRKYs (TFs) [11], are upregulated under stress. These TFs regulate the synthesis
of detoxifying molecules, i.e., phytochelatins and metallothioneins. These molecules are
sequestered into vacuoles via ATP-binding cassette (ABC) transporters [12], cation dif-
fusion facilitator (CDF) proteins, and heavy metal ATPases (HMAs) [13, 14].

Essential micronutrients, including Fe, Mg, Mn, and Zn, are vital for physiological
processes like membrane stability and enzyme activation [15]. In contrast, Cr is not
essential for plants and is primarily associated with phytotoxic effects, especially under
elevated soil contamination [16]. Therefore, it is important to evaluate the inhibitory and
stimulating effects of trace metals, i.e., Zn and B, on plant species, especially in soils with
variable metal concentrations. Zn is a cofactor for enzymes in antioxidant defense and
metabolic regulation [17]. However, excessive Zn can induce toxicity and interfere with
enzyme-mediated reactions. Furthermore, excess Zn may disrupt nutrient homeostasis
by promoting manganese (Mn) accumulation in plant tissues [18]. Zn-induced toxicity
has been shown to inhibit photosystems I and II, thereby impairing ATP synthesis in
plants [19]. In vitro and metal-binding studies show that prolonged Zn?* exposure inter-
feres with the function of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO),
as Zn** competes with Mg?* for binding at the enzyme’s active site. This displacement
reduces RuBisCO’s carboxylase activity and decreases CO, fixation efficiency [20, 21].
Zn toxicity has also been linked to increased formation of calcium oxalate crystals
(CaC,0% and elevated free calcium levels in plant tissues [22].

B deficiency impairs key enzymes such as phenylalanine-ammonium lyase (PAL),
disrupting phenolic metabolism in vascular plants [23]. Excess B alters the cell wall by
binding cis-hydroxyl groups and disrupting cell division [24]. Phytoremediation offers a
cost-effective strategy to mitigate soil metal toxicity, relying on plant uptake and trans-
location [25, 26]. Metal transfer from soil to plant tissues has been previously studied
[27]. Soil properties strongly influence metal accumulation in plants [28, 29]. Soil pH,
electrical conductivity (EC), organic matter (OM) content, and cation exchange capacity
(CEC) critically affect metal uptake in plants [30]. Turnip (Brassica rapa var. rapa Lin.)
is globally cultivated and known for accumulating Cd, Pb, and Cu [31, 32]. Its nutritional
value has increased the consumption of B. rapa L [33, 34]. Due to micronutrient limita-
tions in soil, farmers apply fertilizers to sustain plant productivity. Imbalanced nutrient
supply and soil contamination disrupt Zn and B availability, impairing plant metabolism
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and yield [35]. Zn and B deficiencies severely impair B. rapa L. growth and development
[36]. Although growth regulators have been studied in other Brassica species , studies
on Zn-B synergy in B. rapa L. under heavy metal-induced stress remain limited [37, 38].

We hypothesize that the combined B and Zn application will exert a synergistic effect
in B. rapa L. This treatment is expected to enhance growth, improve physiological resil-
ience, and improve heavy-metal tolerance. Our study also aimed to evaluate the opti-
mal concentration range for synergistic interaction. Zn and B were selected for their key
roles in membrane stability, enzyme activity, and redox homeostasis. Thus, we aimed to
optimize B and Zn application to improve yield and stress tolerance under heavy metal-
induced stress. Our study advances the understanding of micronutrient synergy in stress
tolerance under diverse environmental conditions.

2 Materials and methods
2.1 Experimental workflow
The overall experimental design is illustrated in Fig. 1 and outlines the work described

below.

2.2 Preparation of soil to grow Bbrassica r apa L. seeds

Air-dried silt loam soil was collected from an agricultural field with a long-term history
of cultivation. The soil was sieved through a 5-mm mesh and divided into separate 1-kg
portions for each group: zinc (Zn), boron (B), and a combined Zn + B application. Zn
was supplied as zinc sulfate heptahydrate (ZnSO,-7H,0), and B as boric acid (H;BOs).
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Fig. 1 Schematic representation of the experimental workflow. The process included soil preparation and spiking
with varying Boron (B) and Zinc (Zn) concentration, seed germination, plant growth under controlled conditions,
and subsequent biochemical and physiological analysis of B. rapa L. tissues
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Treatments were applied at four concentration levels: 10, 15, 20, and 25 mg kg™! of soil.
In the Zn + B group, each dose consisted of equal concentrations of Zn and B (e.g., 10 mg
kg™! Zn+10 mg kg™ B). Untreated soil was analyzed for baseline concentrations of sev-
eral metals, including Ni, Zn, Cd, Cr, Fe, Pb, Ca, Mg, and Mn, using atomic absorption
spectrometry (AAS) (Supplementary Table S1). Although the soil was not sourced from
a certified contaminated site, residual metal content was present due to prior field use.
After the amendment, soils were thoroughly homogenized and re-sieved before potting.
Each treatment, including the non-amended control, was replicated three times (n = 3) .
Plants were cultivated in plastic pots (15-cm diameter x 20-cm height), each filled with
1 kg of treated soil. All pots were maintained under controlled greenhouse conditions

with uniform irrigation and temperature.

2.3 Preparation of B. rapa L. seeds

Seeds of B. rapa L. (var. Magsood) were purchased from the Institute of Biotechnology
and Genetic Engineering (IBGE), University of Agriculture, Peshawar, Pakistan. The cul-
tivation experiments were conducted at the Department of Botany, Abdul Wali Khan
University, Mardan (34.2131° N, 72.0680° E). The seeds were surface-sterilized in 30%
hydrogen peroxide for 15 min. The samples were carefully washed with deionized water.
These disinfected seeds of B. rapa L. were then germinated on moistened filter paper
placed in Petri dishes. The germination chamber was maintained at 25 + 1 °C with a
16/8 h light/dark photoperiod and a light intensity of approximately 150 pmol m~2 s71,
Relative humidity was maintained at approximately 70%, and filter papers were re-moist-
ened daily to ensure consistent hydration. After four days, uniformly germinated healthy
seedlings measuring approximately 3—5 cm in height and bearing one to two leaves were
selected for transplantation into prepared pots. Plants were cultivated in a climate-con-
trolled greenhouse following the conditions described by [39], where temperature (25 °C
Day/19 °C night), relative humidity (52%), and a 12-h photoperiod were actively main-
tained throughout the experiment. Seedlings were irrigated with distilled water through-
out the experiment. Each pot received 100 mL of distilled water every two days, adjusted
as needed to maintain consistent soil moisture without waterlogging. Each pot was regu-
larly rotated to ensure uniform exposure to light and temperature. Irrigation volumes
were determined based on preliminary trials and monitored visually to ensure uniform
hydration across treatments. Two weeks after cultivation, the aboveground parts of B.
rapa L. plants were harvested and washed with distilled water to remove any adhering

soil particles.

2.4 Determination of total chlorophyll contents in fresh B. rapa L. leaves

Chlorophyll content in fresh B. rapa L. leaves was determined using the [40] method.
Briefly, to prepare a 0.1 M ammonium hydroxide solution (NH,OH), 0.35 g of NH,OH
was dissolved in 100 mL of distilled water. An extraction solution was prepared by mix-
ing NH,OH solution and 80% acetone in a 1:9 ratio (10 mL:90 mL). An 80% acetone
solution was prepared by mixing 20 mL of distilled water with 80 mL of acetone. Fresh
B. rapa L. leaves were ground; approximately 1.0 g of leaf tissue was homogenized thor-
oughly using a mortar and pestle. The homogenate was then transferred into an extrac-
tion solution containing 10 mL of NH,OH and 90 mL of acetone. The mixture was
centrifuged at 1000 rpm for 10 min, and the supernatant was collected. The volume was
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adjusted to 100 mL with 80% acetone and stored at 4 °C. Finally, the mixture was stored
in test tubes at 4 °C for 24 h before absorbance measurement. The absorbance of the
supernatant was measured at 645 nm and 663 nm for each chlorophyll 4 and b, respec-
tively. Chlorophyll contents were expressed in mg g™' fresh weight (FW), based on a cali-
bration curve prepared using pure chlorophyll standards.

2.5 Determination of total protein content in fresh B. rapa B. rapaB. rapa L. leave

Total protein levels in B. rapa L. leaves were determined using the method described
in [41]. Briefly, 0.1 g of fresh B. rapa L. leaves were homogenized in 1 mL of 50 mM
phosphate buffer (pH 7.5) using a mortar and pestle. The mixture was then centrifuged
at 3000 rpm for 15 min, and 0.1 mL of the supernatant was transferred to test tubes
containing distilled water. Subsequently, 1 mL of alkaline copper solution and 0.1 mL of
carbonate copper solution were added, and the mixture was shaken for 10 min before
being incubated for 30 min. A spectrophotometer (Bio Lambda) was used to measure
the absorbance of each sample at 650 nm. Protein concentration was quantified using
a bovine serum albumin (BSA) calibration curve and expressed as mg g fresh weight
(FW) of the leaves. BSA standards were prepared at various concentrations, including
20, 40, 60, 80, 320, and 640 pg/mL. mg.

2.6 Determination of total sugar contents in fresh B. rapa L. leaves

The sugar content of B. rapa L. leaves, a protocol [42] was followed. Briefly, 0.5 g of fresh
B. rapa L., leaves from each pot were homogenized in 10 mL of DW using a mortar and
pestle, then centrifuged at 3000 rpm for 5 min. The supernatant was mixed with 0.1 mL
of 30% phenol solution and incubated for 4 min at room temperature. Subsequently, 4
mL of concentrated sulfuric acid was added carefully and stored in an incubator for 1
h before the absorbance of each sample was measured using a spectrophotometer (Bio
Lambda) at 490 nm. The total sugar content in the leaves was then calculated from the
calibration curve using glucose and expressed as mg g~* fresh weight (FW).

2.7 Determination of total phenol content in fresh B. rapa L. leaves

Phenolic levels in B. rapa L. leaves were determined using the method described in [43].
Briefly, 50 mg of dried leaves was used for extraction. Leaves were oven-dried at 60 °C
for 48 h to constant weight, then ground to a fine powder using a mortar and pestle. The
powdered material was extracted in 70% methanol and centrifuged at 3000 rpm for 10
min. After the supernatant volume reached 10 mL, 70% methanol was added. 1 mL of
the extract was transferred to test tubes, and 2 mL of 20% NA,CO; was added. The test
tubes were then placed in a water bath at 40 °C for 30 min. After incubation, samples
were cooled to room temperature before the absorbance was measured. Total phenolic
content was determined using a spectrophotometer (Bio Lambda). Absorbance at 650
nm expressed as mg g~! dry weight (DW), based on a calibration curve prepared with
gallic acid (GAE) g™* dry weight (DW) as the standard.

2.8 Determination of total proline content in fresh B. rapa L. leaves

Proline level in B. rapa L. leaves was determined using the method described in [44].
Briefly, 100 mg of fresh leaves from each sample was collected and homogenized with 3%
sulfosalicylic acid at a ratio of 5 pL/mg fresh weight (FW) using a mortar and pestle. Test
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tubes were maintained during sample processing. After homogenization, the mixtures
were centrifuged at room temperature for 5 min. Next, a reaction mixture was prepared
in separate test tubes containing 100 pL of 3% slfosalicylic acid, 200 pL of glacial acetic
acid, and acidic ninhydrin reagent (1.25 mM ninhydrin in glacial acetic acid). Then, 100
uL of the B. rapa L. leaf-derived extract supernatant was carefully added to each reaction
mixture and thoroughly mixed to prevent pressure during heating. The test tubes were
incubated at 96 °C for 1 h using a thermostatically controlled water bath to ensure uni-
form heating during the extraction. Finally, 1 mL of toluene was added to each test tube
for chromophore extraction, vortexed only for 20 s at room temperature, and allowed to
separate into phases within 5 min. The toluene (upper layer) was carefully transferred
into fresh test tubes. Absorbance was measured at 520 nm using a spectrophotometer
(Bio Lambda). Proline concentration was calculated using a standard calibration curve
prepared with proline and expressed as mg g~* fresh weight (FW).

2.9 Determination of total carotenoid contents in fresh B. rapa L. leaves

Carotenoid content was determined using the method described in [40]. Briefly, 50 mg
of fresh B. rapa L. leaves were collected from each pot and homogenized in 5 mL of
80% acetone using a mortar and pestle. After the mixture was filtered through Whatman
No. 42 filter paper, the pigment-rich filtrate was recollected repeatedly until the residual
leaf tissue appeared pale and colorless, indicating complete extraction. Each extraction
cycle used 5 mL of 80% acetone, with additional volumes added until no visible pigment
remained in the tissue. Finally, the extract volume was increased to 25 mL. Absorbance
was measured at 480 and 510 nm using a spectrophotometer (Bio Lambda), and carot-
enoid content was expressed in mg g~* fresh weight (FW), based on a calibration curve
prepared with B-carotene as the standard.

2.10 Determination of soil pH

Soil pH was measured using a 1:1 (soil: water) suspension as described in [45]. In sum-
mary, pH was measured using a 1:1 ratio of soil to 0.01 M CaCl solution, which was
carefully prepared. A glass beaker was filled with 100 mL of solution and 50 g of 2-mm
air-dried soil. Before incubation for 30 min, 50 mL of distilled water was added to the
flask using a graduated cylinder, and the mixture was thoroughly stirred with a glass
rod. During incubation, the suspension was stirred every 10 min to ensure homogeneity.
After 1 h, the suspension was gently mixed again, and a combination glass electrode was
immersed approximately 3 cm into the solution to record the pH. After measurement, as
listed in Table 1, the electrodes were removed, rinsed thoroughly with distilled water in a
separate beaker, and dried by blotting with clean tissue.

2.11 Diethylene triamine Penta acetic acid (DTPA) method

The bioavailable fraction of soil metals was determined using the DTPA extrac-
tion method described in [46]. Briefly, 1 g of soil was extracted with 10 mL of a solu-
tion containing 0.005 M DTPA, 0.01 M CaCl,, and 0.1 M triethanolamine (TEA) at pH
7.3. The mixture was shaken for 2 h at room temperature and then filtered. The con-
centration of extractable metals—including chromium (Cr), calcium (Ca), magnesium
(Mg), nickel (Ni), zinc (Zn), cadmium (Cd), iron (Fe), lead (Pb), and manganese (Mn)
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Table 1 Selected physical-chemical properties under Zn and B supplementation of 10, 15, 20,
25 mg kg™ either individual or combined on B. rapa L. seed in silt loam soil

S.no Groups pH OM (%) EC(dSm™) Nitrogen (mg kg™")
1 Control (untreated) 8410° 0.000G 0.723° 0.000'
2 B(10mgkg™) 8.160% 0.243° 0.625P 0.023¢
3 B(15mgkg™') 80939 0.241° 0.597° 0.038?
4 B(20mgkg™) 8.150% 0.103¢ 0.716° 0016
5 B(25mgkg™') 8.166¢ 0.067' 0.700° 0.0129
6 Zn(10mgkg™') 8.263° 0.0009 0.507% 0.000'
7 Zn(15mgkg™) 8.236° 0.067' 0.6555¢ 0.011"
8 Zn20mgkg™') 8070 0.137¢ 1.020° 0.022¢
9 Zn25mgkg™) 8.243° 0.103¢ 1.020° 0016
10 B+Zn(10mgkg™") 8.140° 0.137¢ 0.556°% 0.022%
11 B+Zn(15mgkg™") 8.143¢ 0.173¢ 0.484% 0.027¢
12 B+Zn(20mgkg™) 8.150% 0.241° 0426 0.038°
13 B+Zn(25mgkg™") 8.120' 0.226° 0.487% 0.036°

The experiment involved collecting soil for each group, mean (n=3). Different letters indicate a significant difference (LSD,
p<0.05).EC: Electrical conductivity (dS m™); OM: Organic matter (%)

- were determined using atomic absorption spectrometry (AAS) with flame atomization
(F-AAS), and graphite furnace (GF-AAS) for elements present at trace level.

2.12 Total digestion for soil metal content

Total metal concentrations in soil were determined using the method described in [47].
Briefly, 1 g of air-dried, finely ground soil was placed in a Teflon beaker and treated with
a concentrated acid mixture containing 7 mL HNO,, 3 mL HCIO* and 5 mL HE. The
mixture was heated on a hot plate under a fume hood at 120-130 °C until a clear solu-
tion indicated complete digestion. After cooling, the digest was evaporated to near dry-
ness, and the residue was dissolved in 10 mL of 0.5 N HNO;. The final solution was
filtered using deionized water. The concentrations of total Cr, Ca, Mg, Ni, Zn, Cd, Fe, Pb,
and Mn were determined using atomic absorption spectrometry (AAS).

2.13 Determination of the organic matter

Organic matter (OM) content was determined using the procedure described in [48].
Briefly, 1 g of soil was transferred to a conical flask, and 10 mL of 1 N potassium dichro-
mate was added to completely moisten it. Furthermore, KMNO, was titrated from a
burette into a mixture containing 200 mL of distilled water and 25 mL of ferrous ammo-
nium sulfate, and the color change from pink to purple to red was observed to indicate
the endpoint. Finally, a blank was run in the same manner to calculate the OM percent-
age (%) , as listed in Table 1.

2.14 Determination of the electrical conductivity of soil

Soil electrical conductivity was determined using the method described in [48]. Briefly,
20 g of air-dried soil was mixed with 100 mL of distilled water (1:5 w/v) in a beaker. The
mixture was stirred intermittently for 30 min. After settling, the supernatant was ana-
lyzed for electrical conductivity. Electrical conductivity (EC) values were recorded in dS
m~1, and the suspension temperature was also noted, as listed in Table 1.
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2.15 Statistical analysis

All experiments were conducted using a completely randomized design (CRD) with
three replicates per treatment (n=3). The treatment structure included 13 distinct lev-
els: four doses of Zn, four doses of B, four doses of the Zn + B combination, and one
control without micronutrient supplementation. The Zn + B combination was applied as
an independent treatment rather than a factorial combination of Zn and B. A one-way
ANOVA was performed to assess differences among all treatment levels, followed by
Tukey’s Honestly Significant Difference (HSD) post-hoc test (p <0.05).

To specifically evaluate the synergistic potential of the micronutrient. A separate
factorial ANOVA was executed on the Zn and B combination database, treating each
micronutrient as an independent factor. This approach allowed for the determination
of the interaction effect (Zn x B), which statistically defines synergy. The magnitude of
these effects was further quantified using partial eta-squared (n?) to estimate effect size
[49]. Multivariate assessment included Pearson’s correlation analysis (p < 0.05) to exam-
ine trait interdependencies and hierarchical cluster analysis (HCA) to classify treatments
based on plant soil element profile [50]. All statistical computations were performed
using SPSS version 18.0.

3 Results

3.1 Zn and B supplementation improved B. rapa L. growth

The combined application of Zn and B significantly enhanced the morphological devel-
opment of B. rapa L. compared to individual treatment (p<0.05). Specifically, the co-
application of 20 mg kg™! Zn + B treatment maximized shoot length to 20.00 cm. A 13.2%
increase over the control (17.66+0.00 cm). Zn+B treatment significantly enhanced
shoot and root elongation relative to individual treatments treatments (p<0.05), as
shown in Fig. 2A, B. The most pronounced synergistic effect on root development was
observed at the 20 mg kg™' Zn + B dose, where root length reached 10.00 cm. A 35.4%
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Fig. 2 concentrations Figure 2. Effects of individual and combined application of Boron (B) and Zinc (Zn) on the
vegetative growth parameters of B. rapa L. (A) Shoot length, (B) Root length, (C) Number of leaves. Following treat-
ment with B, Zn, and B + Zn at concentrations of 10, 15, 20, 25 mg kg-1. Data are presented as mean + SD values
of at least three independent experiments (n = 3). Values with different superscript letter denotes statistically sig-
nificant differences at p < 0.05, as determined by Tukey’s HSD test.
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improvement over the control (7.33+0.00 cm), and significantly exceeded the individ-
ual Zn treatment 7.33 £1.58 cm) at the same concentration. Shoot length under Zn+B
treatment exceeded all other groups, showing improved nutrient uptake and cell expan-
sion, as shown in Fig. 2A. In contrast, leaf number declined across all treatments relative
to the control. However, the 25 mg kg™' Zn + B maintained the highest leaf count among
the combined treatments, 7.00+£0.65 cm. Showing a small reduction compared to the
individual Zn treatments at the same dose (1.66+2.90 cm), which represents a higher
retention of foliage (Fig. 2C). Overall, Zn + B co-supplementation was most effective in

promoting structural growth parameters.

3.2 Physiology/biochemical investigation

3.2.1 Impact of Zn and B on the chlorophyll contents of B. rapa L

A significant interaction between Zn and B was observed, influencing chlorophyll con-
tent in B. rapa L. leaves. The co-application of Zn and B at 15 mg kg™! yielded the high-
est total chlorophyll levels (1.76 +0.31 mg g~} FW), showing a 10.7% increase over the
untreated control (1.59+0.45 mg g”! FW; p<0.05), as shown in Fig. 3B. Conversely,
high individual concentrations of these micronutrients proved detrimental. The lowest
chlorophyll levels were recorded in the 25 mg kg™! B (1.38+02.9 mg g”! FW) and Zn
(1.51£0.43 mg g™! FW), which were 13.2% and 5% lower than the control, respectively.
Across all the experimental range (10-25 mg kg™), the Zn+B combination consis-
tently mitigated the inhibitory effect compared with individual applications. Statistically
significant increases were observed at 15 and 20 mg kg™ co-application, as shown in
Fig. 3B, C. At 10 mg kg* (Fig. 3A), the combined application showed a modest but sig-
nificant improvement (1.46+0.45 mg g~* FW) compared to the individual Zn treatment
(1.36 £0.46 mg g~' FW). While Chlorophyll levels at 25 mg kg™! declined compared
to the 15 mg kg™'. The B+ Zn group (1.71+0.31 mg g~! FW) still retained 23.9% more
pigment compared with 25 mg kg™ B-only treatment, as shown in Fig. 3D, showing a
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Fig. 3 Total chlorophyll contentin the leaves of B. rapa L. Following exposure to individual B, Zn and their co-appli-
cation (B+Zn) at four concentration A 10 mg kg™', B 15 mg kg™, € 20 mg kg™, D 25 mg kg™'. Data are presented
as mean+SD values of at least three independent biological replicates (n=3). Values with different superscript
letter denotes statistically significant differences at p <0.05, as determined by Tukey's HSD test. Total chlorophyll
represents the sum of chlorophyll a and b, expressed as mg g™ fresh weight (FW)
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concentration-dependent inhibitory effect. In summary, the observed treatment trend is
(B+Zn>B>Zn).

3.2.2 Effect of Zn and B on carotenoid contents of B. rapa L. leaves

Total carotenoid content was analyzed to evaluate the correlation between accessory
pigments and chlorophyll biosynthesis. Combined Zn and B supplementation signifi-
cantly influenced carotenoid profiles in a dose-dependent manner. Particularly at 15
Zn+B mg kg, the accumulation reached 0.29+0.03 mg g”' FW as shown in Fig. 4B.
The maximum synergistic effect at higher concentration was observed at 25 mg kg™ of
Zn+B 0.45+0.13 mg g~' FW; Fig. 4D). This 25 mg kg™' combined dose showed a sub-
stantial improvement over individual Zn (0.29 +£0.09 mg g™* FW) and B (0.34 + 0.0.07 mg
g ! FW) treatments (p<0.05). At 10 mg kg™ * (Fig. 4A), co-application also produced a
statistically significant increase (0.26+0.01 mg g™* FW). The individual applications at
20 mg kg™ Zn and B resulted in levels of 0.29+0.09 and 0.53+0.12 mg g' FW, respec-
tively. The Zn + B concentrations maintained a stable level of 0.39+0.13 mg g”! FW, as
shown in Fig. 4C. The results establish a treatment hierarchy of B+ Zn>B > Zn regarding
pigment stability at supra-optimal doses.

3.2.3 Effect of Zn and B on sugar level in B. rapa L. leaves

Sugar content increased significantly at 10 mg kg™! under both Zn and B treatments,
with a declining trend observed at higher concentrations (p <0.05). The co-application
of Zn+B at 10 mg kg~' maximized sugar accumulation to 0.57+0.00 mg g~* FW. A
2.8% increase over the control (0.55+0.00 mg g~! FW;; Fig. 5A. Among individual treat-
ments at this dose, B (0.55+0.00 mg g* FW) showed a stronger stimulatory effect on
sugar metabolism compared with Zn (0.53 +0.00 mg g~* FW). Notably, at 15 mg kg?,
the Zn+B treatment maintained an elevated sugar level of 0.56+0.00 mg g~' FW
(Fig. 5C), significantly higher than the individual Zn treatment (0.51+0.00 mg g™* FW).
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Fig. 4 Total carotenoid content in the leaves of B. rapa L. Following exposure to individual B, Zn and their co-appli-
cation (B+2Zn) at four concentration A 10mg kg™, BB 15 mg kg™', € 20 mg kg™', D 25 mg kg™'. Data are presented
as mean+SD values of at least three independent biological replicates (n=3). Values with different superscript
letter denotes statistically significant differences at p <0.05, as determined by Tukey’s HSD test. Total carotenoids
represent the sum of carotenoids (480 nm) and carotenoids (510 nm). Expressed as mg g~' fresh weight (FW)
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As concentration increased to 20 and 25 mg kg-1 (Fig. 5C, D), the stimulatory effect
diminished, with sugar level either plateauing or declining across all groups. However,
even at the 25 mg kg™', the Zn + B group (0.55+0.00 mg g~* FW) remained more stable
compared with the Zn-only group (0.54+0.00 mg g™* FW). In summary, the established

observed treatment trend is B+ Zn>B>Zn.

3.2.4 Impact of Zn and B on the phenolic contents of B. rapa L. Leaves

Phenolic content was measured in B. rapa L. leaves under heavy metal exposure, as
shown in Fig. 6A-D. The synergistic application of Zn and B significantly enhanced
phenolic accumulation, at the 15 mg kg™* does (1.62+0.00 mg g * FW; Fig. 6B). This
enhancement is nearly six times higher than the individual B treatment (0.26 +0.01 mg
g! FW) and over twenty times higher than the individual Zn treatment (0.07 +0.00
mg g! FW; p<0.05). This result is parallel in observed chlorophyll and carotenoid
levels at 15 mg kg™'. In contrast, at the 10 mg kg™ dose (Fig. 6A), phenolic induc-
tion remained relatively low across all groups (0.26+0.40 mg g™! FW) compared to
the control (1.91+0.01 mg g™* FW). As concentration increased to 20 and 25 mg kg*
(Figs. 6C, D), phenolic levels generally declined across, though individual Zn at 25 mg
kg™! showed a unique increase to 1.29+0.01 mg g~! FW. The Zn + B group maintained
a level of 0.49+0.00 mg g~* FW. These findings establish a performance hierarchy of
Zn+B>Zn>B regarding the induction of secondary metabolite biosynthesis at optimal

doses.

3.2.5 Regulation of leaf protein contents by Zn and B in B. rapa L. Leaves

Protein contents of B. rapa L. leaves were assessed under varying concentrations of Zn
and B, as shown in Fig. 7A-D. A concentration-dependent response was observed across
treatments (p <0.05). At 10 mg kg™ treatment (Fig. 7A), individual B (2.34+0.01 mg g™
FW) and Zn (2.31+0.00 mg g* FW) treatments moderately increased protein content
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compared with the control (2.29+0.00 mg g* FW). At 15 mg kg! (Fig. 7B), protein lev-
els remained elevated under individual Zn (2.41+0.01 mg g”! FW) and B (2.40+0.01
mg g' FW) application. However, B+Zn co-application resulted in a reduction to
(2.28+0.00 mg g™' FW), showing a shift in stress signaling or metabolic prioritization.
As concentration reached (2025 mg kg™'; Fig. 7C, D), protein levels declined across all
treatments. Notably, the 25 mg kg™ B+Zn group showed the lowest protein content
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(2.14%0.00 mg g~! FW), showing a 6.5% decrease relative to the control. The individual
B treatment at the same dose remained elevated (2.36+0.01 mg g~* FW). Collectively,
these results show a hierarchy of B>Zn>Zn + B for protein accumulation.

3.2.6 Regulation of proline contents by Zn and B in B. rapa L. Leaves

Proline content in B. rapa L. was determined to evaluate osmotic adjustment under
varying concentrations of Zn and B, as shown in Fig. 8A-D. Individual Zn treatments at
10 mg kg™ (1.80+0.00 mg g~' FW; Fig. 8A) and B treatment at 25 mg kg™* (2.18+0.00
mg g~! FW; Fig. 8D) resulted in the highest proline accumulation among single applica-
tions, showing a strong stress-induced osmoprotective response. In contrast, the com-
bined Zn + B treatment at 15 mg kg™* led to a balanced accumulation of 1.56 +0.00 mg
g ' FW (Fig. 8B), which was nearly identical to the individual Zn treatment (1.54+0.01
mg g~! FW). Notably, at 10, 20, and 25 mg kg™ (Fig. 8A, C, D), proline level under
co-application declined sharply to 0.18+0.00, 0.02+0.00, and 0.06 +0.00 mg g~' FW,
respectively. Compared to the 25 mg kg™! B—only treatment (2.18 +0.00 mg g~* FW). The
co-application at the same dose reduced proline by 97.2%, showing significantly reduced
physiological stress signaling (p <0.05). These results build a hierarchy of B/Zn>con-
trol > B + Zn, showing that individual micronutrient excess triggers high osmotic stress.

3.3 Effects of Zn and B supplementation on soil physicochemical properties in B. rapa L.,
cultivation

Zn and B supplementation, individually and in combination, significantly influenced
soil physicochemical properties compared with the untreated control (p <0.05). Soil pH
decreased slightly across all treatment groups, with the most significant reduction (4.0%)
occurring in the 20 mg kg™'. Organic matter (OM) content, which was initially undetect-
able in the control, increased significantly under supplementation; the B (10 mg kg™
and Zn + B (20 mg kg') groups reached a maximum of 0.243% and 0.241%, respectively.
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as mean+SD values of at least three independent biological replicates (n=3). Values with different superscript
letter denotes statistically significant differences at p < 0.05, as determined by Tukey’s HSD test. Proline content was
expressed as mg g~ fresh weight (FW)
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Furthermore, Electrical conductivity (EC) increased progressively from 0.723 dS m™! in
the control to a peak of 1.020 dS m™" in the 25 mg kg™ Zn treatment, showing a 41.1%
increase in ionic activity. Nitrogen level also showed a marked response, rising from
0.00 mg kg™ in the control to a maximum of 0.38 mg kg™ in the 15 mg kg™ B and 20 mg
kg™ B +Zn treatments. Collectively, these results establish a trend of B+Zn>B > Zn for
nutrient enrichment, showing that synergistic application optimizes the soil chemical

environment, as shown in Table 1.

3.4 Assessment of micro- and macroelements in B. rapa L. and soil and their toxic effects

Cd, Pb, and Cr exhibited elevated concentrations compared with Ca, Ni, Fe, Mn, and
Mg. Among these, Cd showed the highest levels in both soil (Fig. 9A) and plant tis-
sues (Fig. 9B), indicating strong bioaccumulation and translocation capacity from soil
to plant. This indicates high phytoavailability of Cd under applied treatments. Parallel

A

Control

B&Zn25 B10

Soil_Cr

Zn25 Znl10

Soil_Ca
Soil_Mg
Soil_Ni

B25 B&Zn10 Soil Zn

Soil_Cd

B&Zn20 BIS Soil_Fe

Soil_Pb

Soil_Mn

Zn20 Znl5

B20 B&Znl5

Control

B B&Zn25 B10

Plant_Cr

Zn25 Zn10

Plant_Ca
Plant_Mg

Plant_Ni

B25 B&Zn10

Plant_Zn

Plant_Cd

Plant_Fe

B&Zn20 B15

Plant_Pb

Plant_Mn

Zn20 Znl15

B20 B&Znl15

Fig. 9 Radar plots illustrating the concentration profiles of essential heavy metals and micronutrients under dif-
ferent B, Zn, and combined B+ Zn treatments in B. rapa L. (A) Post-treatment elemental concentrations in soil, and
(B) corresponding elemental accumulation in B. rapa L. plant tissues grown under B, Zn, and B+Zn at 10, 15, 20,
and 25 mg kg‘T Each radar plot represents the mean of three replicates (n=3), with elements including Cr, Cd, Ni,
Zn, Pb, Fe, Mn, and Cu. Distinct polygonal patterns reflect treatment-specific variations in uptake and translocation
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trends of Cd and Pb between soil and plant matrices imply efficient mobilization of these
metals from soil into plant tissue. In contrast, Fe, Mn, and Mg remained relatively stable
or low, with limited variation across treatments. Cr levels were moderately elevated in
both soil and plant samples, indicating moderate mobility and partial uptake by plants.
Zn and Ca displayed noticeable treatment-specific variation under Zn-enriched condi-
tions (Zn 20, Zn 25 mg kg ™', and B + Zn combination), reflecting their dual role as essen-
tial nutrients and potential competitors with heavy metals during uptake. Overall, Cd
exhibited the strongest accumulation trend, followed by Pb and Cr, whereas Ca, Fe, Mn,
Ni, and Mg showed comparatively lower concentrations.

3.5 Correlation between soil and plant metal concentration in B. rapa L

The transfer of measured metals from soil to plant exhibited weak linear relation-
ships, as shown in Fig. 10A-I. The strongest linear correlation was observed for Cd
(R*=0.0113), followed by Pb (R?>=0.0876) and Cr (R?=0.0067), as shown in Fig. 10A—-C.
The weakest linear relationships, indicating poor correlation between soil and plant con-
centrations, were observed for the essential nutrients Ca (R*> 0.00978), Mg (R* = 0.0285),
and Mn (R* = 0.044), as shown in Fig. 10D—F. Regression slopes were highly variable,
with positive trends observed only for Cd and Pb. Most other metals, including Fe, Zn,
Ni, Cr, Ca, and Mg, exhibited negligible negative slopes. Overall, no metal exhibited a
statistically significant linear correlation indicative of concentration-dependent transfer

from soil to plant.

3.6 Principal component analysis (PCA): elemental drives and treatment clustering

PCA revealed distinct clustering of samples treated with higher Zn+B concentrations
(20-25 mg kg™!), particularly along PC1 and PC2, as shown in Fig. 10. Together, these
two components explained 66.33% of the total variance, with PC1 accounting for 49.87%
and PC2 for 16.46%. PC1 was primarily driven by toxic trace metals (Cd, Pb, Cr), whose
loading vectors pointed strongly in the positive direction, showing their dominant influ-
ence on sample separation. PC2 captured variation in essential microelements (Fe, Zn,
Mn) and macroelements (Ca, Mg), with Fe and Mn contributing positively along this
axis. Loading vectors (Supplementary Tables S2 and S3) showed that Cd, Pb had the
highest eigenvalues on PC1, whereas Fe and Mn were most influential on PC2.

Samples treated with Zn + B at 20 mg kg™ ! clustered in the positive quadrant of PC2,
reflecting enhanced uptake of beneficial elements. In contrast, Zn+B at 25 mg kg™*
aligned more closely with the positive end of PC1, showing elevated accumulation of
toxic metals. Zn or B alone exhibited intermediate positioning and partial modulation
of elemental dynamics. These separation patterns illustrate the dose-dependent impact
of micronutrient synergy: moderate Zn + B supplementation promotes uptake of essen-
tial nutrients, whereas higher doses increase translocation of toxic metals, as shown in
Fig. 11.

4 Discussion

Crop plants, the foundation of human nutrition, are highly vulnerable to heavy metal
toxicity, which impairs physiology and reduces yield. In this study, B. rapa L. (turnip)
was cultivated under varying soil concentrations of B and Zn. We assessed their indi-

vidual and combined effects on growth and physiology. Treatments were applied at 10,
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Fig. 10 Relationship between B. rapa L. metal and soil metal concentrations from nine different elements: A Cd
B, Pb, C Cr, D Ca, E Mg, F Mn, G Fe, H Ni, I Zn. Each subplot displays their linear regression analysis, the triangle
(A) points represent the soil and the circle (@) points represents the plant concentration. The regression line and
equation (y=mx+b) for the soil versus plant concentration are provided, with the co-efficient of determination
(R%). Each data point representing the mean of three replicates (n=3)

15, 20, or 25 mg kg ! in a concentration-dependent manner. The combination of Zn and
B at 15-20 mg kg! was associated with increased growth and chlorophyll content, con-
sistent with reports in other Brassica species. This synergistic peak likely reflects optimal
coordination of Zn-mediated enzymatic activity and B-dependent cell wall stabilization
[51]. Such co-application therefore mitigates metal-induced stress and promotes struc-
tural development in B. rapa L. Carbohydrate metabolism was also sensitive to heavy-
metal exposure. Sugars, the most abundant soluble compounds in B. rapa L., exhibited
dose-dependent changes, with moderate Zn + B supplementation sustaining accumula-
tion. In contrast, higher concentration suppressed it. Prior studies have shown that Zn
enhances physiological and biochemical processes, thereby boosting plant productivity
[52, 53]. Similarly, continuous availability is essential for reproductive success in Brassica
napus (canola) [54]. Optimal Zn availability not only supports growth but also improves
crop quality in a concentration-dependent manner compared with untreated control
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Fig. 10 (continued)

[55]. In our combined Zn + B supplementation at 15-20 mg kg™, enhanced growth and
chlorophyll were observed more effectively than individual treatments, as shown in Figs.
2 and 3B stabilizes membranes, facilitates sugar transport, and supports lignin biosyn-
thesis, thereby strengthening stress tolerance [56]. However, excess B impairs cell divi-
sion and elongation, particularly in roots [57], and disrupts cell wall structure by binding
cis-hydroxyl groups [58].

Our findings support Zn's enzymatic role in mitigating oxidative stress under metal
exposure. Zn contributes to pigment biosynthesis, and low Zn concentrations are asso-
ciated with increased chlorophyll levels [59]. In our study, chlorophyll levels rose at
15-20 mg kg, but declined at 25 mg kg™'. Growth enhancement may also reflect B’s
role in strengthening the cell wall through rhamnogalacturonan II cross-linking [60].
At 10 mg kg™* B, carotenoid and chlorophyll levels were lower than at 15-20 mg kg™
(Fig. 3), showing suboptimal pigment biosynthesis. Prior studies reported that 4 pg g™*
B increased carotenoid accumulation, whereas higher levels caused a decline [59, 61].
Similarly, carotenoid contents were reduced under B-induced stress in Cucurbita pepo
(pumpkin) compared with Cucumis sativus (cucumber) and B. rapa L [62]. B deficiency
also reduced phenolic accumulation [63]. Thus, moderate Zn availability appears to sta-
bilize photosynthesis [64, 65]. In our study, low-dose B treatment reduced phenolic con-
tent in B. rapa L., consistent with reports that abiotic and biotic stresses, such as UV
radiation and nutrient deficiency, affect phenolic accumulation [6]. At 4 pg g™' B, phe-
nolic content decreased by 23.6% compared with the control, confirming that low-dose
B reduces phenolic biosynthesis. However, Zn co-application at 15 mg kg™" significantly
increased phenolic levels. This suggests that Zn mitigates B-induced oxidative stress,
enabling phenolic biosynthesis. A pattern was also observed under Cu stress in wheat
(Triticum aestivum) [66, 67]. Reduced oxidative stress under Zn + B synergy reflects
improved tolerance mechanism in B. rapa L. Furthermore, our results show that low
individual doses of Zn and B increased proline levels, supporting stress resilience in B.

rapa L.
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Fig. 11 PCA biplot depicting the spatial distribution of B. rapa L. and the correlation of soil and plant variables
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correlation matrix.

Previous studies have shown that amino acid and protein levels increase at low Zn
concentrations, particularly at 10 and 25 mg l(g’1 [68, 69]. However, excess Zn can bind
to protein sulfhydryl groups, disrupting normal protein synthesis and reducing specific
proteins [70, 71]. Co-application of B and Zn has been reported to enhance carbohydrate
stability, nitrogen assimilation, and protein synthesis under drought conditions in wheat
[72]. Proline accumulation is a key stress-resistance mechanism, supporting osmoregu-
lation, protecting enzymes, and stabilizing protein synthesis under abiotic stress [73].
In our study, proline accumulation increased with rising Zn concentration, especially
in B-treated plants. Similar trends have been observed in wheat, where B supplemen-
tation increased proline and phenolic accumulation more than Zn alone [74]. Heavy
metal-induced stress is also known to elevate proline and abscisic acid levels in plants
[75]. Zn’s function as a cofactor influences key enzymatic reactions. In cluster beans,
Zn supplementation reduced sugar and starch levels [69]. Nonetheless, Zn-dependent
enzymes, such as tryptophan synthase, carbonic anhydrase, and RNA polymerase, play
critical roles in supporting photosynthesis, root growth, and transcription under stress

conditions [76, 77].
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Heavy metals are also known to disrupt carbohydrate metabolism in 7. aestivum
(wheat) leaves [66]. Most previous studies have focused on individual toxic or essential
elements, with limited insight into their comparative distributions in edible plants such
as B. rapa L. In our study, both toxic and essential elements were assessed within a uni-
fied plant-soil system to clarify accumulation and transfer dynamics. Linear regression
analysis revealed a weak correlation (R* < 0.113) between individual soil and plant con-
centrations. This indicates that plant uptake was not strictly proportional to bulk soil
levels. It also underscores a complex, non-linear regulator mechanism, where the plant
actively modulates ion transport rather than acting as a plant accumulator. Nevertheless,
overall elemental dynamics were significantly influenced by micronutrient supplementa-
tion. Cd, Pb, and Cr exhibited the highest bioaccumulation factor (BAF > 1), reflecting
strong root-to-shoot translocation, as shown in Fig. 9A, B. This finding raises concerns
about the food safety of B. rapa L. cultivated in contaminated soils [78]. In contrast,
essential elements, i.e., Fe, Zn, and Mn, were detected at lower concentrations compara-
tively lower concentrations. Soil microelements levels consistently exceeded plant con-
centration, indicating the preferential transfer of toxic metals, especially Cd, Cr, and Pb,
as shown by PCA loading vectors (Fig. 11).

PCA showed a dose-dependent effect of Zn + B synergy on elemental translocation.
Sample treated with Zn + B at 20 mg kg™! clustered in the positive quadrant of PC2,
reflecting enhanced uptake of beneficial elements. In contrast, Zn + B at 25 mg kg™
aligned more closely with the positive end of PC1, showing elevated accumulation of
toxic metals. Treatments with Zn or B alone exhibited intermediate positioning, sug-
gesting partial modulation of elemental dynamics. These separation patterns illustrate
that micronutrient synergy and dose level are primary drives of elemental status: mod-
erate Zn + B supplementation promotes uptake of essential nutrients, whereas higher
doses increase translocation of toxic metals. Pearson correlation (r) analysis (Table 1)
further revealed how soil conditions influence nutrient availability and metal mobility.
Soil pH correlated negatively with organic matter (OM; r = — 0.73) and nitrogen (r =
- 0.77), whereas OM and nitrogen were positively correlated (r = 0.50). These relation-
ships suggest that organic-rich soil with low pH may retain nitrogen and modulate B and
Zn bioavailability. Differences in micronutrient uptake and metal translocation under
varied supplementation (Supplementary Figure S1) support this interpretation. A recent
rice study showed that Cd toxicity impairs physiology, while Zn, especially in nanopar-
ticle form, ameliorates antioxidant activity and reduces Cd uptake [79]. The elevated Cd
level reflected in our study reflects its high mobility and strong affinity for root uptake.
Conversely, lower Zn, Fe, and Mn levels may reflect antagonistic interactions or compet-
itive inhibition by toxic metals. Cd and Pb concentrations consistently exceeded those
of essential elements across supplementations. Notably, B + Zn treatments at 20—25 mg
kg’1 increased Mn accumulation. These patterns suggest a complex interaction between
nutrient supplementation and heavy-metal uptake.

Co-application of Zn and B at 15-20 mg kg~! improved root, shoot, and leaf growth
(Fig. 2), consistent with PCA clustering patterns (Fig. 11). The moderate 20 mg kg*
dose promoted uptake of beneficial elements, aligning with enhanced growth met-
rics. At these concentrations, Zn + B doses also enhanced pigments and sugar lev-
els, whereas higher doses suppressed biosynthesis (Fig. 3B, C). Combined treatment
enhanced antioxidant activity, thereby improving stress tolerance and detoxification.
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Partial eta-squared (n?) values confirmed strong synergy for protein (n* = 0.97), sugar
(n? = 0.98), and chlorophyll (42 = 0.70), with co-application outperforming individual
treatments (Supplementary File S3). Comparable detoxification mechanisms have been
reported in Saccharomyces cerevisiae treated with medicinal plant extract, showing
enhanced metal tolerance was achieved through uptake and upregulation of antioxidant
and transport genes [80—82]. However, excess Zn or B at 25 mg kg™ increased toxic ele-
ments accumulation and impaired growth. These findings emphasize the importance of
precise Zn and B management to optimize productivity while mitigating heavy metal-

induced stress in plants.

5 Conclusion

This study demonstrated the dose-dependent synergistic interaction between B and Zn
on B. rapa L. physiology and elemental dynamics. The results established a hierarchy
of B+Zn>B>Zn of 15-20 mg kg™’ significantly enhanced growth, physiological, and
biomass (p <0.05) compared with individual treatments. Our results showed that a mod-
erate dose promotes selective nutrient uptake of beneficial elements. It also supports
robust B. rapa L. root and shoots development. Conversely, the higher dose of 25 mg
kg ™! produced a negative shift, correlating with elevated accumulation and translocation
of toxic metals, including Cd, Cr, and Pb. Notably, the weak linear correlation observed
(R*< 0.1) between soil and plant metal uptake indicates that the observed benefit arises
from a complex, nonlinear regulatory mechanism rather than simple soil availability.
These findings highlight the potential of precise B and Zn integration to modulate ion
homeostasis and enhance plant resilience against metal-induced stress. Future research
is essential to elucidate the molecular mechanism and regulatory gene network under-
lying B-Zn synergy to support sustainable crop production and ensure food safety in
metal-contaminated environments.

6 Limitations of the study

The study elucidated the physiological and biochemical responses of B. rapa L. to B and
Zn supplementation under heavy-metal stress but did not investigate the underlying
molecular pathways. Specifically, gene expression patterns of metal transporters (IRT1,
HMA?2), antioxidant enzymes (SOD, CAT), and detoxification-related genes (PCSI)
remain unexplored. Future research will incorporate RT-qPCR to quantify these mecha-
nisms and assess their regulation under B-Zn co-treatment. Additionally, transcriptomic
and proteomic approaches will be employed to uncover broader regulatory networks
and signaling pathways influenced by B-Zn synergy.
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