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A B S T R A C T

Given that atmospheric Pb has become the primary source of Pb in wheat grains, scientifically managing at
mospheric Pb pollution is a notable global challenge. Identifying the critical periods for Pb absorption in straw 
and accumulation in grains was essential for developing targeted mitigation strategies, as the varying nutrient 
demands of wheat across different growth stages might have influenced Pb accumulation. To investigate this, a 
pot experiment using Pb exposure and isotope tracing was conducted. The results showed that wheat directly 
absorbed Pb through its aerial parts, with Pb content in both the straw and grains increasing with exposure 
duration. A clear coupling relationship was observed between Pb absorption in straw and its accumulation in 
grains. Grain filling stage (FS) is a critical period for Pb accumulation and pollution control in wheat straw and 
grains, contributing approximately 41.14–41.87 % to Pb absorption in straw and 56.21–58.16 % to Pb accu
mulation in grains. Furthermore, Pb accumulation during the greening, jointing, and booting stages contributed 
40.62–42.61 % to the total Pb in grains, which reflects the redistribution of Pb stored in the shoots before FS to 
the grains. Further isotope tracing also revealed that FS contributed 51.06 % of Pb accumulation in the grains, 
whereas the redistribution of Pb absorbed by the straw before FS contributed approximately 44.33 % to grain Pb 
content. This study highlights the FS as a critical period for Pb accumulation in both wheat straw and grains, 
despite it accounting for only 13.89 % of the total growth period. This highlights the importance of enhancing 
atmospheric Pb contamination control at this this stage to ensure the quality and safety of wheat production.

1. Introduction

Wheat (Triticum aestivum L.), one of most important staple crops of 
the world, contains carbohydrates, proteins, vitamins, and minerals that 
are essential for human health [1,2]. However, heavy metal contami
nation, particularly lead (Pb), poses a considerable threat to wheat 
production [3]. Long-term consumption of wheat contaminated with Pb 
can lead to the biological accumulation of lead in the human body, 
thereby increasing the risk of health problems such as neurotoxicity, 
hypertension, and kidney damage, especially in sensitive populations 
such as children and pregnant women [4,5]. Research indicates that the 
majority of Pb in wheat grains originates from atmospheric deposition 
absorbed by the wheat shoot, rather than from soil uptake through the 
roots [6–8]. This finding further underscores the critical role of 

effectively managing atmospheric Pb exposure to control Pb contami
nation in wheat grains.

The accumulation of Pb within wheat plants does not occur uni
formly throughout the growth cycle but is concentrated at specific 
growth stages. Numerous studies have indicated that the dynamics of 
heavy metal uptake by crops vary significantly across growth stages, 
which is crucial for informing Pb pollution control strategies [9,10]. For 
instance, in rice, 98 % of grain cadmium is absorbed by the roots during 
the grain filling stage (FS), while approximately 95 % of grain arsenic 
(As) is remobilized from As stored in the plant before FS [11,12]. In 
wheat, studies suggest that while Pb absorption by straw occurs 
throughout the growth cycle, Pb accumulation in grains is largely 
concentrated during the FS (approximately 25 days), aligning with the 
period of rapid grain mass increase [13,14]. This indicates that Pb 
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absorbed in earlier stages may be temporarily stored in stems and leaves 
before being translocated to grains during the FS [15,16].

The nutrient and contaminant uptake capacity of crops varies across 
growth stages [16,17]. Research on wheat and other cereals has high
lighted that the close link between Pb accumulation and atmospheric 
exposure at specific growth stages [6,18]. Given the relatively long 
growth period of wheat (approximately 180 days), managing atmo
spheric Pb accumulation poses a considerable challenge. This challenge 
underscores the need for targeted Pb management strategies during 
critical growth stages [12,18]. Reducing the risk of Pb contamination in 
wheat requires minimizing atmospheric Pb exposure during the green 
stage or applying heavy metal immobilization agents to inhibit Pb ab
sorption during early growth [12,19–21]. The uptake of Pb by wheat at 
different growth stages is influenced by its physiological characteristics, 
metabolic activities, and nutrient demand. Pb accumulation in early 
stages may markedly affect Pb levels during the FS [9,10]. Although 
previous studies have examined the contribution of specific tissues 
(leaves (26.18 %) and spikes (55.47 %)) to grain Pb accumulation during 
the FS [15,18], studies on stage-specific contributions of Pb contami
nation to Pb accumulation in wheat grains and straw remain limited.

Therefore, we hypothesized that different wheat growth stages, 
including the greening stage (GS), jointing stage (JS), booting stage (BS), 
FS, and maturity stage (MS), contribute to the Pb absorption and accu
mulation of Pb in wheat straw and grains. To address the challenges of 
Pb contamination and pollution control in wheat, Pb exposure experi
ments were conducted at individual growth stages, focusing on wheat 
shoots, to assess the relative importance of each growth stage in Pb 
accumulation. Additionally, the relationship between Pb accumulation 
and the grain filling rate (GFR) across these stages was investigated. The 
contribution of different growth stages to Pb accumulation in wheat 
straw and grains were quantified, and the contribution ratio of newly 
accumulated Pb (Pb absorbed during the FS) and pre-accumulated Pb 
(absorbed prior to filling and redistribution into the grain) during the 
wheat FS was refined. Finally, Pb isotope labeling was employed to 
accurately assess the relative impact of grain Pb accumulation across 
growth stages. These findings are expected to provide insights into the 
temporal dynamics of Pb accumulation, especially during the critical 
period; the relationship between Pb absorption in wheat straw and Pb 
accumulation in grains; and to establish a clear timeline for targeted 
intervention strategies aimed at reducing atmospheric Pb pollution in 
wheat and enhancing the safety of wheat grain production.

2. Materials and methods

2.1. Materials and experimental design

The experiments were performed in the experimental field of 
Zhengzhou University of Light Industry (34◦48′27″N, 113◦26′44″E), an 
experimental field with low atmospheric Pb exposure and good air 
quality, with no known history of heavy metal contamination. The ex
periments were performed using pot cultivation. The collected soil 
samples in the experimental field were air-dried, sieved through a 10- 
mesh sieve, and stored in barrels under ambient conditions for subse
quent use. The soil texture was classified as clayey, with an organic 
matter content of 1.8 %, total nitrogen content of 1.29 g kg− 1, and a pH 
value of 7.12. Each treatment included five biological replicates, with all 
60 plastic pots (5 L) filled with 4 kg of soil homogenously mixed with 5 g 
of basic fertilisers (urea at 0.15 g kg− 1 N and potassium dihydrogen 
phosphate and potassium chloride at 0.03 g kg− 1 P and 0.08 g kg− 1 K). T. 
aestivum (AIKANG-58) seeds were selected for its dominance in the 
Huang-Huai Winter Wheat Region, high yield, stress resistance, and 
broad adaptability, kindly provided by the Henan Academy of Agricul
ture Sciences (China). Each pot contained 15 wheat plants to ensure 
consistent growth conditions and adequate biomass for the analysis.

Eleven Pb exposure treatments and one control group (CK) were 
established. Untreated Pb treatments (T1, T2, T3, T4, T5, T6) using 

untreated Pb solution (PbNO3, sourced from Fu Chen (Tianjin) Chemical 
Reagent Co., Ltd) were applied at specific growth stages to ensure 
consistent Pb compounds and concentrations (T1–T5). Specifically, 10 
mL of a 50 mg L− 1 Pb solution was sprayed on each pot daily and 
continued for 7 days. This concentration reflects levels commonly found 
in contaminated atmospheric deposition, which could affect wheat 
growth and Pb accumulation. The T6 treatment, however, received 
continuous applications of the untreated Pb solution (Pb1) throughout 
the entire wheat growth period.

Isotopically modified Pb treatments (T1*, T2*, T3*, T4*, T5*) using a 
50 mg L− 1 Pb solution with an altered isotopic composition (Pb2, SRM 
981, obtained from NIST, Gaithersburg, MD, USA) were applied at the 
corresponding growth stages to further analyze the contribution of Pb 
accumulation in wheat grains at different stages. During the intervals 
outside these specified stages, an untreated Pb solution (Pb1) was 
applied. The amount of Pb exposure at each growth stage was consistent 
across treatments to ensure comparability. To exclude soil contributions 
during foliar dosing, the pot surface was covered with a polyethylene 
film until leaves dried (approximately 10 min), and soil Pb remained at 
the homogenized baseline from pre-exposure (15.31 ± 0.22 mg kg− 1) to 
harvest across all treatments (P > 0.05; Table S1), confirming that 
observed effects arise from foliar deposition rather than soil inputs. 
Additionally, all plants were carefully monitored after application to 
ensure even distribution of the solution, with all leaves thoroughly 
wetted without dripping, and no areas left untreated. The treatment and 
CK were grown under identical light, temperature, humidity, and 
ventilation conditions. To ensure scientific rigor and experimental 
control, we provide detailed explanations of the key design elements 
and, in the Supplementary Materials, the specific measures used to 
minimize environmental variability. A schematic of the experimental 
design is shown in Fig. 1.

2.2. Preparation of samples

Soil samples were collected before Pb exposure. With time expressed 
as days after sowing (DAS; sowing on October 25, 2021), wheat was 
sampled at GS (DAS = 133; March 7, 2022), JS (DAS = 162; April 5, 
2022), BS (DAS = 177; April 20, 2022), at three grain filling windows: 

Fig. 1. A schematic diagram of different wheat treatments. 
Note: The colors represent varying Pb treatments: green squares indicate Pb1 
exposure (PbNO3, Fu Chen (Tianjin) Chemical Reagent Co., Ltd), dark blue 
squares represent Pb2 exposure (SRM 981, NIST, Gaithersburg, MD, USA), and 
light blue squares show natural conditions with no Pb exposure. Growth stages 
include greening (GS), jointing (JS), booting (BS), filling (FS), and matu
rity (MS).
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FS1 (early grain filling; DAS = 185; April 28, 2022), FS2 (middle grain 
filling; DAS = 193; May 6, 2022), FS3 (late grain filling; DAS = 202; May 
15, 2022), and MS (DAS = 212; May 25, 2022). The wheat samples were 
washed several times with tap water, followed by three rinses with ul
trapure water. Finally, the washed wheat samples were immediately 
placed in an oven at 105 ◦C for 30 min, followed by drying at 75 ◦C until 
a constant weight was achieved. To avoid cross-contamination, dried 
wheat samples were then manually separated into different tissues, 
including roots, stems, leaves, husks, and grains (when applicable). The 
separated samples were ground, placed in labelled bags, and stored for 
further analysis.

2.3. Pb content determination

Wheat tissue and soil samples were placed on a hot plate and acid- 
digested (wheat tissue: HNO3-HClO4-H2O2, Soil: HCl-HNO3-HF-HClO4) 
until a clear solution was obtained [15]. Sample digestion is described in 
detail in the Supplementary Material. Each sample was replicated three 
times for all analyses. The Pb concentration was analyzed using an 
atomic absorption spectrometer (ZEEnit-700P, Analytik Jena, Ger
many). Blank samples were analyzed for quality control, and reference 
materials for soil (GBW07454) and plants (GBW10046) certified by 
national authorities were used. The recovery rates of Pb in the standard 
plant samples met the national standards, with a range of 101.25 ± 0.56 
% (85.0–115.0 %), and the recovery rates of Pb in the standard soil 
samples were 99.17 ± 1.15 % (85.0–115.0 %).

2.4. Evaluation of Pb isotopic ratio in samples

The wheat tissue samples were ground and passed through a 200- 
mesh sieve. The samples were sent to the Beijing Research Institute of 
Uranium Geology, where trace Pb isotopic compositions were analyzed 
following the GB/T17672–1999 procedure, typically applied to rocks 
and minerals, under controlled conditions of 20 ◦C and 45 % humidity. 
Pb isotopic ratios were measured using the ISOPROBE-T thermal ion
isation mass spectrometer (GV Instruments Ltd., Manchester, UK), and 
the samples were spotted on a rhenium ribbon with the assistance of 
silica gel according to the method described in the study by Zhang et al. 
(2022) [22]. The Pb isotopic ratios were measured in static acceptance 
mode. The standard material SRM981 (a commonly used Pb isotope 
material, National Institute of Standards and Technology, USA) was 
used for calibration.

2.5. The relative contribution of Pb pollution during different growth 
periods to straw and grain Pb

To investigate the timing of grain Pb accumulation in wheat plants, 
we developed a model to estimate the contributions of different wheat 
growth stages and wheat tissue translocation to Pb accumulation in the 
straw and grain. 

(1) Calculation of GFR in wheat

The wheat GFR was conducive for observing the relationship be
tween grain filling and Pb absorption, which was calculated using the 
following equation [6]: 

R1=
Δm
Δt

(1) 

where R1 represents the GFR (mg⋅1000 grains− 1⋅d− 1), m is the weight of 
1000 grains for each period, Δm is the increase in grain quality per 1000 
grains (mg), and Δt is the number of days between wheat sampling. 

(2) Pb absorption by wheat straw was calculated as follows:

M
(
μg ⋅ straw− 1)=C

(
μg ⋅ g− 1 DW

)
× DW

(
g ⋅ straw− 1) (2) 

where M represents the accumulation of Pb in the wheat straw of 
different treatments, C is the concentration of Pb in the wheat straw of 
different treatments, and DW is the dry weight of the wheat straw.

In this study, two methods were employed to assess the contributions 
of different growth stages to Pb accumulation in wheat grains: 

(3) Contribution rate based on the cumulative single-stage Pb expo
sure addition

This method involves calculating the contribution of each growth 
stage by summing the Pb accumulations during that particular stage. 
This method helps evaluate the relative importance of each growth stage 
for Pb accumulation in wheat grains (Equation (3)). 

CRi− 1 =
Ci × Bi − CCK × BCK

∑
(Ci × Bi − CCK × BCK)

× 100 (3) 

where, Ci represents the Pb content in wheat grains under Pb exposure 
during different growth stages, CCK represents the Pb content in a spe
cific part of the CK, Bi represents the grain yield of wheat under Pb 
exposure during the different growth stages, and BCK represents the 
grain yield of the CK wheat. The term i represents to different growth 
stages under Pb exposure (GS, JS, BS, FS, and MS). 

(4) Contribution rate based on total-period Pb exposure comparison

This method involved comparing Pb accumulation in wheat grains 
under total-period exposure conditions with that of the CK. This method 
helps evaluate the overall impact of exposure on Pb accumulation in 
wheat grains throughout the entire growth period (Equation (4)). 

CRi− 2 =
Ci × Bi − CCK × BCK

C6i × B6i − CCK × BCK
× 100 (4) 

where, Ci represents the Pb content in wheat grains under Pb exposure 
during different growth stages, CCK represents the Pb content in a spe
cific part of the CK, Bi represents the grain yield of wheat under Pb 
exposure during the different growth stages, and BCK represents the 
grain yield of the CK wheat. The term i represents to different growth 
stages under Pb exposure (GS, JS, BS, FS, and MS). Here, C6i and B6i 
represent the Pb content in wheat grains and the grain yield of wheat, 
respectively, during each specific growth stage under Pb exposure in the 
T6 treatment. 

(5) Isotopic contribution rate calculation

Based on the measured abundances of 206Pb/204Pb, 207Pb/204Pb, and 
208Pb/204Pb in the samples, the contributions of Pb1 (X) and Pb2 (Y) to 
Pb concentration in the wheat grains of different treatments were 
calculated (Equation (5)) [6,16]. 

(206Pb/207Pb)Pb1 × X+(206Pb/207Pb)Pb2 × Y=(206Pb/207Pb)wheat           

X+Y = 1 (5) 

where X and Y represent the proportions of Pb in the Pb1 and Pb2 grains, 
respectively.

2.6. Statistical analysis

Statistical analyses were performed using IBM SPSS software pack
age version 20.0. The significance of differences was evaluated using 
one-way analysis of variance (ANOVA) followed by a least significant 
difference (LSD) post-hoc test. A significance level of 5 % (P < 0.05) was 
used for all statistical analyses. Illustrations were visualised using Origin 
9.0.
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3. Results and discussion

3.1. Accumulation and wheat tissue distribution of Pb in different growth 
stages

Across treatments, Pb concentrations were elevated relative to CK 
and followed the order leaves > husks > roots > stems (Fig. 2). Relative 
to CK, MS leaves were 1.61–23.20 fold higher under T1–T6; MS husks 
were 3.00–34.01 fold higher; and MS stems were 2.07–10.78 fold higher 
(Fig. 2). These patterns indicate that foliar Pb exposure substantially 
increased Pb in shoots (leaves and husks), whereas roots showed only 
small, non-significant changes (2–9 % compared to CK across T1–T6; 
Fig. 2). The stronger response observed in leaves and husks aligns with 
foliar uptake mechanisms at the leaf surface, including penetration 
through the cuticle and stomata, as well as cell wall properties that 
enhance interception and retention of Pb [23–25]. The modest yet 
detectable increase in root Pb following foliar application suggests 
limited basipetal redistribution from shoots to roots. This may arise from 
senescence-driven remobilization processes analogous to those govern
ing phosphorus redistribution, wherein phosphate is liberated from 
vacuoles under the regulatory control of SPX-EXS subfamily proteins, 
thereby elevating the soluble pool within the symplast [26,27]. In this 
context, Pb, likely in the form of ligand-bound complexes, could sub
sequently enter phloem-mediated assimilate transport streams and 
translocate toward active sinks, including roots [12,13,26,27].

Analysis of wheat biomass and height (Table 1) revealed that, 
compared with other single-stage Pb exposure treatments (T1, T3, T4, 
T5), T2 showed a non-significant numerical increase in plant height (P 
> 0.05) but a significant increase in biomass (P < 0.05). Wheat may 
have a low activity to Pb absorption but a high demand for water during 
JS, and the increased the moisture content on the straw’s surface due to 
Pb exposure may have enhanced the water absorption and utilisation 
abilities of wheat, thereby resulting in increased biomass and wheat 
height, rather than the Pb exposure directly stimulating wheat growth 
[28–30]. However, Pb exposure inhibited wheat growth at other growth 
stages [8,31]. Based on the results presented in Supplementary Fig. S1 

and Fig. 2, similar Pb concentrations were observed in wheat tissues 
across different treatments (T6, T1*, T2*, T3*, T4*, and T5*). Using total 
Pb concentration, an additional cross-set check at matched tissues/
stages indicated no significant differences between T6 and T1*–T5*. 
These results indicate that, under continuous Pb exposure conditions 
(T6, T1*, T2*, T3*, T4*, and T5*), the Pb1 and Pb2 treatments did not 
significantly impact wheat agronomic traits or Pb concentrations in 
different growth stages.

3.2. Effects of FS on wheat yield, GFR, and Pb accumulation dynamics

To gain insight into the responses of wheat straw and grains to Pb 
exposure, the GFR and yield of wheat grains were analyzed. As grain 
filling progressed, wheat yield gradually increased. However, under 
different exposure treatments (T1–T6), Pb exposure was found to affect 
wheat yield during the grain filling process (FS1–FS3, MS). Compared 

Fig. 2. Distribution of Pb concentration in root (a), stem (b), leaf (c), husk (d) at different growth stages (mg⋅kg− 1). 
Note: Different letters (a–g) in figures indicate significant differences within the same stage (P < 0.05).

Table 1 
Traits and dry weight of wheat plants.

Treatment Dates 
(2022)

Exposure 
duration(d)

Plant height 
(cm)

Dry weight (g/ 
plant)

CK \ 0 69.25 ± 1.03a 4.85 ± 0.08b
T1 14 Feb - 07 

Mar
21 67.94 ± 1.47a 4.78 ± 0.09b

T2 08 Mar - 05 
Apr

29 69.38 ± 0.92a 5.10 ± 0.08a

T3 06 Apr - 20 
Apr

15 68.23 ± 1.18a 4.83 ± 0.12b

T4 21 Apr 
− 15 May

25 68.25 ± 0.77a 4.88 ± 0.11b

T5 16 May - 
25 May

10 68.67 ± 1.85a 4.79 ± 0.10b

T6 14 Feb - 25 
May

100 66.74 ± 0.32b 4.81 ± 0.03b

Notes: Different letters (a, b) within a column denote significant differences at P 
< 0.05; Sowing date was Oct 25, 2021. Exposure duration correspond to growth 
stages: T1 (GS), T2 (JS), T3 (BS), T4 (FS), T5 (MS), T6 (continuous from GS to 
MS).
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with the CK, the wheat yield T1–T6 treatments decreased by 2.53 %, 
2.75 %, 0.40 %, 4.06 %, 1.18 %, and 6.35 %, respectively (Fig. 3a). 
Changes in wheat grain filling under different growth stages were 
evaluated to further understand the effects of Pb exposure on wheat 
yield. The GFR typically increased steadily before gradually decreasing, 
reaching its peak during the FS2 (Fig. 3b). Notably, the GFR trends in CK 
and T3 overlapped significantly, indicating that Pb exposure during the 
BS did not reduce the GFR. In contrast, the most significant inhibition of 
the GFR was observed in T4 and T6. Among the treatments, the 
maximum GFR was lowest in T6 and T4, both of which reached their 
peak on the sixteenth day, followed by a rapid decline towards the end of 
the FS (Fig. 3b). Pb exposure during the FS contributed to a yield 
reduction of 4.06 % (Fig. 3a and b), potentially due to Pb interference 
with the uptake and transport of essential nutrients, such as nitrogen, 
phosphorus, and potassium [32,33]. Additionally, Pb exposure may 
negatively affect stomatal conductance and gas exchange in wheat, 
causing excessive stomatal closure, reducing carbon dioxide ingress, and 
ultimately limiting photosynthesis [34–36].

To further understand Pb accumulation in grains at different stages 
and the interconnection between GFR, continuous monitoring of Pb 

accumulation was conducted throughout the wheat life cycle. During 
the FS1, grain Pb concentrations in CK-T6 were 0.07, 0.27, 0.57, 0.41, 
0.43, 0.08, and 0.82 mg kg− 1, respectively (Fig. 3c), indicating early 
divergence among treatments. Notably, T2 showed greater straw 
biomass than other single-stage exposures (Table 1; P < 0.05) and, 
correspondingly, higher grain Pb at FS1 (P < 0.05), consistent with 
enhanced vascular transfer together with filling substrates such as 
sugars and amino acids [23,37,38]. As filling progressed, between 
treatment differences widened; by MS, grain Pb under T4 and T6 
reached 2.20 and 3.81 mg kg− 1, exceeding CK (0.08 mg kg− 1) and the 
other single-stage treatments, T1 (0.31), T2 (0.77), T3 (0.73), T5 (0.13) 
(mg⋅kg− 1, P < 0.05; Fig. 3c). Consistent with limited physiological ac
tivity at MS [39–41], T5 produced low grain Pb accumulation per 1000 
grains (6.41 μg⋅1000 grains− 1), which did not differ from CK (4.24 
μg⋅1000 grains− 1; P > 0.05) (Fig. 3d).

Overall, the impact of Pb exposure on Pb accumulation in grains was 
much greater than its effect on grain yield. The trends in GFR and Pb 
accumulation rate in wheat grains were similar (Fig. 3b–e). However, Pb 
accumulation exhibited a lag effect, with the maximum accumulation 
rate in CK, T1, T2, T3, and T5 occurring around the 16th day, while in T4 

Fig. 3. (a) Wheat yield (kg⋅hm− 2), (b) Grain filling rate in wheat grains at different filling processes (mg⋅1000 grains− 1); (c) Pb concentration in wheat grains in 
different filling stages (mg⋅kg− 1); (d) Pb accumulation in per 1000 grains of wheat (μg⋅1000 grains− 1) and (e) Accumulation rate of Pb in per 1000 grains of wheat 
(μg⋅1000 grains− 1 ⋅d− 1). 
Note: FS1 (DAS = 185; April 28, 2022), FS2 (DAS = 193; May 6, 2022), and FS3 (DAS = 202; May 15, 2022) represent the early, middle, and late stages of the grain 
filling period, respectively, while MS is the maturity stage. Different letters (a, b, c, d, e, f) in the figure indicate significant differences within the same stage (P 
< 0.05).
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and T6, it peaked around the 17th day. This lag might be attributed to 
the initial physiological mechanisms of wheat resistance to Pb toxicity. 
As the duration of Pb exposure increases, these defense mechanisms may 
weaken, leading to an increased rate of Pb accumulation in the grains. 
Additionally, the delay in reaching the maximum Pb accumulation rate 
compared to the peak GFR may be linked to the mechanism of Pb 
transport to the grains along with filling materials. Pb transport rate 
might have reached its peak only once these materials have accumulated 
to a sufficient level. These adaptive responses include the chelation, 
transport, and storage of Pb ions, as well as the activation of reactive 
oxygen species scavenging systems [42,43]. In wheat under Pb stress, 
these defenses encompass antioxidant systems (e.g., SOD, CAT, APX for 
ROS scavenging), chelation/sequestration via phytochelatins and met
allothioneins for vacuolar compartmentalization, ionomic redistribution 
through transporters like NRAMP and ZIP, and osmotic adjustment with 
proline accumulation, initially prioritizing cellular protection and Pb 
retention in vegetative tissues to delay grain translocation until pro
longed exposure saturates them (e.g., depleted antioxidants) [44–46], as 
evidenced by the observed lag effect. These mechanisms allow wheat to 
efficiently manage and transport Pb, thereby significantly increasing Pb 
accumulation in the grains [9,47,48].

3.3. The key period of Pb absorption in wheat straw

To reveal the sensitivity and adaptive changes in wheat straw to Pb 
exposure at different growth stages, we monitored straw Pb across the 
life cycle and applied exposure within single stages. When Pb was 
applied within a single stage, straw Pb rose rapidly during that stage. 
The highest increase was observed during the FS (T4), reaching up to 
21.65 μg⋅straw− 1, indicating that wheat plants exhibited strong growth 
activity and absorption capacity during this stage, thus leading to rela
tively high Pb accumulation. In contrast, the Pb accumulation during the 
individual stages (Pb exposure) of the GS (T1), JS (T2), BS (T3), and MS 
(T5) increased by 5.85, 9.60, 10.80, and 4.97 μg⋅straw− 1, respectively 
(Fig. 4). Pb exposure had a relatively small impact on Pb accumulation 
in wheat plants during GS and MS. This is because the temperature was 
low during GS, the growth vigour of wheat was weakened, the accu
mulation ability was reduced, and the accumulation of Pb was relatively 
low [49]. However, the MS marks the end of the wheat life cycle, during 
which various plant tissues, including leaves, stems, and roots, begin to 
senesce and deteriorate. The nutrient requirements of wheat gradually 
decreased, resulting in the lowest Pb accumulation at this stage [6].

Two mathematical models were used to quantitatively assess the 
contribution of each stage to Pb accumulation in wheat straw. The 

contribution rate under single stage exposure relative to the CK (CRi-1) 
was 12.45 %, 15.47 %, 18.85 %, 41.87 %, and 11.36 % for GS, JS, BS, FS, 
and MS, respectively. The share of total accumulation under full-period 
Pb exposure (CRi-2) was 12.24 %, 15.20 %, 18.82 %, 41.14 %, and 11.16 
% for the same stages (Fig. 5). The contribution rate during the grain FS 
was significantly higher than that during the other stages, attaining 
41.87 % (CRi-1) and 41.14 % (CRi-2). The second highest was BS, which 
attained 18.85 % (CRi-1) and 18.52 % (CRi-2). In terms of different 
growth stages, wheat plants mainly undergo reproductive growth during 
the GS, with minimal biomass changes. During the FS, wheat undergoes 
vegetative growth and requires a significant amount of external nutri
ents. Pb is absorbed by wheat plants through pathways typically used for 
nutrient uptake, allowing it to mimic essential ions and accumulate in 
plant tissues at a relatively high rate [7,50–52]. This indicates that the 
grain FS was the most sensitive and susceptible stage for Pb accumula
tion in wheat plants throughout the experimental period.

3.4. The key period of Pb accumulation in wheat grains

To further investigate the contribution of different growth stages to 
Pb accumulation in wheat grains, we evaluated the contribution rates 
using the CRi-1 and CRi-2 calculation models. In CRi-1, the contributions 
of GS, JS, BS, FS, and MS were 5.98 %, 18.56 %, 18.07 %, 56.21 %, and 
1.18 %, respectively; in CRi-2, they were 6.19 %, 23.78 %, 18.70 %, 
58.16 %, and 1.22 % (Fig. 6). Thus, FS is the primary stage, accounting 
for about 56.21 %–58.16 % of grain Pb, while JS provides a secondary 
contribution (about 18.56 %–23.78 %), with BS comparable but lower. 
By contrast, GS and MS contribute little to grain Pb. The lower shares of 
GS and BS are consistent with reduced physiological activity early in 
development and the shorter duration of BS [49]. The BS accounted for 
only a small portion of the wheat growth period (15 days). This may 
have resulted in a relatively small amount of Pb being absorbed and 
accumulated in the grains, thereby reducing the contribution rate during 
the FS.

To elucidate the sources of Pb in wheat grains, we compared Pb 
accumulation under single-stage foliar exposures with that under 
continuous exposure across all growth stages. In treatments involving 

Fig. 4. Accumulation of Pb in wheat straw in different treatment groups at 
different stages (μg⋅straw− 1).

Fig. 5. The relative contribution rate of different growth stages to Pb accu
mulation in straw under different calculation evaluation models. 
Note: CRi-1: Calculates the contribution of each growth stage by summing Pb 
accumulation, evaluating the relative importance of each stage in wheat straw 
Pb accumulation (single-stage cumulative contribution rate); CRi-2: Compares 
Pb accumulation under total-period stress to the CK, assessing the overall 
impact of stress throughout the growth period (full-period exposure contribu
tion rate).
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exposure during the GS, JS, and BS (T1–T3), grain Pb primarily origi
nated from the redistribution of Pb previously sequestered in vegetative 
tissues. This remobilization occurs concomitantly with the translocation 
of photosynthates during FS to sustain grain development [50–53]. 
Conversely, exposures during the FS or MS (T4–T5) resulted in grain Pb 
derived from both remobilization and direct deposition during filling. 
Quantitative apportionment via modeling estimated the contribution of 
redistribution at 42.61–48.67 %, with direct input accounting for 
57.39–59.38 % during the FS–MS period (Fig. 6). As previously noted, 
Pb frequently complexes with organic ligands such as phytochelatins, 
enabling its integration into phloem-mediated assimilate transport to
ward developing grains [12,13]. Accordingly, leaf-to-grain translocation 
follows an analogous two-step mechanism: initial remobilization akin to 
phosphorus dynamics during senescence, succeeded by long-distance 
phloem-mediated delivery to the grain sink. This process is substanti
ated by studies in other cereals, notably rice, where heavy metals are 
remobilized from vegetative compartments to grains during late repro
ductive phases, aligning with the pronounced FS contribution docu
mented herein [9,54,55]. These findings highlight the FS as a pivotal 
phase in wheat ontogeny for direct Pb transfer to grains, exhibiting 
elevated contribution rates in both empirical and modeled assessments. 
Analogous to essential micronutrients, non-essential toxicants like Pb 
exploit these nutrient conduits, culminating in grain accumulation 
[50–52].

As mentioned above, the influence of different growth stages on Pb 
accumulation in wheat straw and grains follows the order: FS > JS, BS >
GS > MS. This finding underscores the FS as the critical period for Pb 
accumulation in both straw and grains. The observed coupling between 
Pb uptake in straw and subsequent accumulation in grains highlights the 
complex, interconnected dynamics of Pb translocation within the plant. 
Pb absorbed at various growth stages undergoes dynamic redistribution 
between straw and grains, emphasizing the necessity of addressing Pb 
accumulation in straws.

3.5. Validation of the key period of Pb accumulation in grains under Pb 
exposure based on isotopic technique

To validate our findings, we performed stable Pb isotope-labeling 
experiments. Isotope analysis technology provides accurate results and 
helps us precisely assess the sources and accumulation processes of Pb in 
wheat grains [56]. According to the results shown in Figs. S1 and S2, 
under Pb exposure throughout the wheat growth stages, no significant 
differences in Pb concentrations were observed in wheat tissues and 
grains among the T1*–T5* treatments. Additionally, the application of 
different types of Pb (Pb1 and Pb2) did not result in significant differ
ences in Pb concentrations in the wheat leaves, husks, and grains. 
Throughout the exposure period, there was no significant increase in Pb 
concentration in the wheat roots. Root uptake of Pb occurs through the 
absorption of Pb ions from the rhizosphere soil. However, foliar appli
cation of Pb solutions primarily affects the leaves, and the uptake of Pb 
in the roots may be limited by the concentration and solubility of Pb in 
the rhizosphere soil [35,57,58]. This may restrict the uptake and 
transport of Pb in the roots, thus resulting in no significant increase in 
root Pb concentration [23,59–61].

Measured isotope ratios in MS grain spanned 208Pb/206Pb =

2.1193–2.1453 and 206Pb/207Pb = 1.1221–1.1579 (Fig. 7a), which fall 
between the signatures of Pb1 and Pb2, as expected for mixtures. A 
simple two endmember mixing analysis showed a strong alignment of 
grain isotope ratios with the Pb1–Pb2 axis (R2 = 0.93), indicating that 
the grain pool reflects a mixture of these sources with limited fraction
ation during transfer [6,16]. Using equation (5), source apportionment 
yielded Pb1 shares of 92.62 %, 83.75 %, 70.30 %, 48.94 %, and 91.19 % 
for T1* through T5*, respectively, with complementary Pb2 shares of 
7.38 %, 16.25 %, 20.70 %, 51.06 %, and 0.81 % (Fig. 7b). The T4* 
therefore contributed about 51 % of grain Pb directly from the FS, 
whereas the contributions from GS and MS were small (about 7 % and 
about 1 %, respectively). These values agree closely with the model 
based estimates from CRi-1 and CRi-2, which assigned about 6 % to GS 
and about 1 % to MS (Fig. 6). In the T1*–T3* treatment, Pb2 was only 
subjected to one-stage exposure, and the rest of the period was Pb1 
exposed; the contribution from Pb2 in the grain was considered to be the 
redistribution of Pb accumulated in the wheat shoots before FS. During 
this critical phase, Pb is actively redistributed from the straw to the 
grains via the vascular system [42,62], contributing 40.62 %–42.61 % 
(GS, JS, BS) of the total Pb accumulation (Fig. 6). Isotopic analysis 
further confirmed that 44.33 % of the Pb in grains originated from 
redistribution of Pb stored in the shoots before FS, while 51.87 % came 
from newly absorbed Pb during the FS to MS stages (Fig. 7b). Notably, 
51.06 % of the Pb in grains was absorbed during the FS, which repre
sents only 13.89 % of the total growth period (over the 25-day FS). In 
summary, the grain FS is an extremely important period for Pb ab
sorption in wheat grains. To enhance pollution control during the FS, the 
integration of effective management strategies, such as the application 
of foliar barrier agents, should be prioritized in wheat cultivation. 
Silicate-based sprays (e.g., potassium silicate, sodium silicate, or cal
cium silicate) can form a protective layer on leaf surfaces, thereby 
reducing heavy metal penetration and translocation to grains [63,64]. 
Therefore, the development of novel foliar barrier agents specifically 
designed for application during FS represents a critical direction for 
future research aimed at mitigating Pb absorption in wheat.

4. Conclusions

This study systematically evaluated the contributions of different 
growth stages to Pb accumulation in wheat straw and grains using two 
mathematical models, which were then accurately quantified using 
stable isotope techniques. The effects of different stages on straw and 
grain Pb accumulation in wheat were in the following the order of FS >
JS, BS > GS > MS. The grain FS of wheat is the key period for Pb 
accumulation in straws and grains. Additionally, 41.14–41.87 % of the 

Fig. 6. The relative contribution rate of different growth stages to Pb accu
mulation in grain under different calculation evaluation models. 
Note: CRi-1: Calculates the contribution of each growth stage by summing Pb 
accumulation, evaluating the relative importance of each stage in wheat grain 
Pb accumulation (single-stage cumulative contribution rate); CRi-2: Compares 
Pb accumulation under total-period stress to the CK, assessing the overall 
impact of stress throughout the growth period (full-period exposure contribu
tion rate).
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total Pb accumulation in wheat straws and 51.06–58.16 % of the Pb 
accumulation in wheat grains occurred at the grain FS. Moreover, a 
significant portion (57.39–59.38 %) of Pb in grains was derived from 
direct uptake at the grain FS rather than redistribution of Pb from wheat 
shoots. Therefore, to effectively reduce or eliminate the risk of Pb in 
wheat grains, measures should be implemented to minimize atmo
spheric deposition during the grain filling period and prevent direct 
contact between wheat shoots and airborne Pb. These actions would not 
only improve crop safety but also support cleaner production practices 
by reducing Pb contamination in agricultural systems.
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