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Abstract: This study investigated the uptake of thallium (Tl) by rice seedlings grown in different soils
with varying physiochemical properties and Tl levels to elucidate the key factors governing soil Tl
availability and accumulation in rice plants. The bioconcentration factors of Tl in rice roots (2.5–25.6)
and shoots (1.5–14.7) indicated high soil Tl availability and efficient uptake and translocation of Tl
in rice plants, with significant variations across soil types. Growth suppression and visual toxic
symptoms, such as stem buckling, yellowish leaf tips, and withering leaf edges, occurred at low soil
Tl levels due to high Tl toxicity. The accumulation of Tl by rice plants was influenced by both soil
and plant-related factors. Cation exchange reactions primarily influenced the concentration of Tl
in soil solution, with potassium ions (K+) acting as competitors for cation exchange sites with Tl+

ions and effective inhibitors of Tl uptake by rice plants. Increasing soil K content may mitigate soil
Tl availability in contaminated soils by reducing soil Tl(I) adsorption and plant uptake. This study
elucidates the key mechanisms governing soil Tl bioavailability and highlights potential management
strategies to reduce Tl accumulation in crops.

Keywords: rice seedling; thallium; plant uptake; soil availability; bioconcentration factor; soil
cation exchange

1. Introduction

Thallium (Tl) is a toxic element frequently encountered in the environment, yet its
environmental behavior remains incompletely characterized. The natural abundance of Tl
ranges from 0.2 to 2.8 mg kg−1 in the soil [1]. Human activities such as mining and refining
major metals have caused the release of Tl into the environment, often accompanying the
transport of these metals [2–4]. In recent years, Tl has become a technology-critical element
because of its utilization in semiconductor and electro-optical industries, which may contribute
to new sources of Tl released to the environment [5,6]. When released into the soil, Tl can be
taken up by plants and then enter the human food chain [7–11]. The background level of Tl
in edible plants is generally low, ranging from 0.03 to 0.3 mg kg−1 [12]. In areas with high
Tl levels, the Tl contents of edible plants could be much higher [9,11,13,14]. For example,
as high as 500 mg kg−1 of Tl in green cabbage was detected in a Tl-contaminated area in
China [15]. The uptake and accumulation of Tl in plants can pose serious health risks to
humans, but the key factors and reactions determining Tl bioavailability in soils are not yet
fully understood. Identifying these key factors is essential for devising effective methods
to reduce the environmental hazards associated with soil Tl contamination.

The speciation of metals in soils, including Tl, is influenced by various physicochem-
ical soil properties such as pH, redox conditions, organic matter content, and mineral
composition [16]. Thallium occurs in two oxidation states, Tl(I) and Tl(III), but Tl(I) is ther-
modynamically stable and more common in the surface environment [17]. Due to its high
solubility, Tl(I) adsorption plays a crucial role in reducing its mobility and bioavailability,
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while precipitation reactions are less significant [18–20]. The adsorption of Tl(I) by soils is
influenced by the contents of clay, organic matter, and oxides of Al, Fe, and Mn [19,21–25].
Specifically, clay minerals can adsorb Tl+ ions to a greater extent due to the high affinity of
their cation-exchange sites toward Tl+ ions [18,24,25]. However, the adsorption of Tl(I) by
soils is reversible and depends on the compositions of 2:1 clay minerals and exchangeable
cations in the soils [18,24]. Accordingly, if Tl(I) is retained predominantly by clays in soils,
the bioavailability of soil Tl(I) is expected to be high. In addition to adsorption, Mn oxide
minerals like birnessite can oxidize adsorbed Tl(I) to Tl(III), which consequently precipitate
as Tl2O3 or Tl(OH)3 [19,26,27]. Thus, the presence of Mn oxides is expected to enhance the
immobilization of Tl, but contradictory findings have been reported showing insignificant
effects of Mn oxides on the Tl retention by soils [19,28,29]. Moreover, there has been a
limited understanding of plant Tl uptake in soils with different properties in a mechanistic
manner. Therefore, further research is needed to understand better the intricate interactions
and processes involved in soil Tl availability, which could contribute to clarifying the
underlying mechanisms controlling plant Tl uptake.

This study aims to explore the influence of soil properties on soil Tl(I) availability and
its uptake by plants, particularly rice seedlings. Recognizing the pivotal role of rice as a
global staple, especially in regions like Taiwan where high-tech industries utilize Tl, raises
serious concerns about the risk of soil Tl contamination via the intake of rice harvested
from Tl-contaminated soils. Meanwhile, paddy rice cultivation requires submergence
conditions maintained by intensive irrigation, which may facilitate the transport of Tl
into the paddy soils and exacerbate the risks of Tl pollution. In this study, rice seedlings
were also employed as bio-indicators to assess the impact of soil Tl concentrations on plant
growth and to elucidate the soil mechanisms governing Tl uptake by plants. Seven different
soils, spiked with varying concentrations of Tl(I) to replicate conditions of anthropogenic
pollution, were utilized to dissect the influence of soil properties on Tl(I) bioavailability. The
results could provide essential information for assessing the environmental risks of Tl and
developing effective strategies to mitigate Tl pollution in agricultural systems, ensuring
the safety and security of our food supply.

2. Materials and Methods
2.1. Soil Preparation and Characterization

Surface soils (0–20 cm) were collected from seven soil series in Taiwan, including
the Pinchen series (Pc; Typic Hapludox), Potu series (Pu; Typic Plinthudult), Tainan se-
ries (Tn; Typic Dystrudept), Lukang series (Lu; Aquic Dystrudept), Homei series (Hm;
Typic Udorthent), Fenglo series (Fl; Aquic Dystrudept), and Kuanshan series (Ks; Typic
Halpudult). The soils were air-dried, ground, and passed through a 2 mm sieve before use.

Soil pH was measured in suspensions of 1:1 soil/deionized water ratio using the
electrode method [30]. Soil organic matter content (OM) was determined using the Walkley–
Black wet oxidation method [31]. Soil texture was classified based on the sand, silt, and clay
contents determined using the hydrometer method [32]. The mineral composition of the
clay fraction was further analyzed using the X-ray diffraction (XRD) method. The detailed
procedures of the sample preparation and XRD analysis are described in Supplementary
Materials. Amorphous and free oxides of Fe and Al (Feo and Alo; Fed and Ald) were
extracted with an oxalate/ammonium oxalate solution (pH 4) in the dark, and a mixture of
dithionite-citrate-bicarbonate (DCB) solution, respectively [33]. Cation exchange capacity
(CEC) and exchangeable Ca, Mg, K, and Na contents (Caex, Mgex, Kex, and Naex) were
determined using the ammonium acetate method [34]. The pseudo-total content of Tl in
soils was extracted with aqua regia at 180 ◦C using microwave digestion (Multiwave GO
microwave digest system, Anton Paar GmbH, Graz, Austria). The metal concentrations in
various extracts were determined using an inductively coupled plasma-atomic emission
spectrometer (ICP-AES; Perkin Elmer Optima 5300, Markham, ON, Canada). All the
analyses of soil properties were triplicated, and the acceptable level of analytical uncertainty
was set to 10%, except for the analysis of clay mineral composition.
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2.2. Preparation of Rice Seedlings

Rice grains (Oryza sativa L. cv Taiken 9) were surface-sterilized with a mixture of 10%
sodium hypochlorite and 30% hydrogen peroxide (volume ratio 1:1) for 30 min and then
rinsed with deionized water. The rice grains were submerged in the dark at 37 ◦C for five
days; subsequently, the germinated grains were grown with the half-strength modified
Kimura solution (Table S1) at 25/20 ◦C (day/night; 12 h/12 h) in a plant growth chamber
until the three-leaf stage.

2.3. Growth of Rice Seedlings in Tl-Spiked Soils

The tested soils were submerged and then spiked with 1000 mg L−1 TlNO3 solution
(CAS No. 10102-45-1; Sigma-Aldrich, Merck kGaA, Darmstadt, Germany) to reach the
soil Tl concentrations (Tlsoil) of 0, 1, 5, 10, 20, and 50 mg kg−1 (hereafter referred to as the
treatments of Tl0, Tl1, Tl5, Tl20, and Tl50). These spiked soils were mixed thoroughly,
incubated for four weeks under submergence, and air-dried at room temperature. After
two wet–dry cycles, the soils were homogenized and used for the pot experiment.

In each 1 L polyethylene container, 0.5 kg of Tl-spiked soil was mixed with 0.4 L of
deionized water and then sat for three days. Subsequently, ten healthy rice seedlings at
the three-leaf stage were transplanted into each pot and grown at 25 ◦C/20 ◦C (day/night)
and 85% relative humidity for 18 days in a growth chamber. Each Tl treatment was carried
out in triplicate. Soil pore water was collected using the Rhizon samplers (Rhizosphere
Research Products, Wageningen, The Netherlands) and then passed through a 0.22 µm
filter to collect the filtrate in a test tube containing concentrated nitric acid. The metal
concentrations in the filtrates were determined using ICP-AES.

2.4. Analysis of Rice Plant

After the Tl exposure, rice seedlings were washed with deionized water, and the
lengths of shoots and roots were measured. The rice seedlings were oven-dried at 70 ◦C to
constant and then weighed. The roots and shoots were separated, weighed, and ground.
Subsequently, 0.2 g of roots or shoots was digested using microwave digestion with 9 mL
concentrated HNO3 and 1.5 mL of 30% H2O2 at 185 ◦C. The digests were filtered, and the
filtrates were analyzed for Tl concentration using ICP-MS (Agilent 7700×, Santa Clara, CA,
United States). The Tl concentrations in roots (Tlroot) or shoots (Tlsoot) and the correspond-
ing soil Tl concentrations (Tlsoil) were used to calculate the bioconcentration factors of roots
(BCFR) and shoots (BCFS), i.e., BCFR = Tlroot/Tlsoil; BCFS = Tlshoot/Tlsoil.

2.5. Statistical Analysis of Data

The means and standard deviation of measured plant biomass were presented to
indicate the trend difference between both groups of Tl treatments. One-way analysis of
variance (ANOVA) was applied to show the effects of soil Tl levels, and the least significant
difference (LSD) was performed to examine the statistically significant differences among
Tl treatments using the statistical software R Studio (Version 2023.12.1+402). The absolute
magnitudes of the observed correlation coefficients (i.e., |r|) were interpreted as “strong”,
“moderate”, “weak”, and “negligible” correlations using the cutoffs 1.00–0.70, 0.70–0.40,
0.40–0.10, and 0.10–0.00, respectively [35].

3. Results and Discussion
3.1. Basic Properties of the Tested Soils

Table 1 presents the main soil properties of the seven tested soils selected for the pot
experiment to investigate the factors controlling Tl uptake in rice seedlings. The soils
ranged from highly weathered to less weathered and included two Ultisols (Pu and Ks),
one Oxisol (Pc), three Inceptisols (Tn, Lu, and Fl), and one Entisol (Hm). The soil pH ranged
from 4.6 to 8.0. Among the soils, Pc and Tn soils (pH 4.6 and 5.0) are very strongly acidic,
Pu soil (pH 5.7) is moderately acidic, Hm soil (pH 6.1) is slightly acidic, Ks and Lu soils (pH
6.9 and 7.0) are neutral, and Fl soil (pH 8.0) is moderately alkaline, according to the USDA
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classification. The soil textures, from coarse to fine, included silty loam (Tn and Fl), silty
clay (Pc and Lu), and clay loam (Pu, Hm, and Ks). The OM contents ranged from 9.8 to
27.8 g kg−1. The CEC values ranged from 5.5 to 29.8 cmolc kg−1. The exchangeable cation
contents varied widely, including Caex (2.4–36.7 mmol kg−1), Mgex (0.8–75.2 mmol kg−1),
Kex (0.9–4.0 mmol kg−1), and Naex (0.3–3.4 mmol kg−1). The soils also exhibited significant
differences in free oxides (Fed: 0.33–1.24 g kg−1; Ald: 0.37–3.34 g kg−1) and poorly crystalline
oxides (Feo: 0.93–4.77 g kg−1; Alo: 0.33–1.24 g kg−1). The native soil Tl concentration
ranged from 0.23 to 0.88 mg kg−1 (Table 1), within the range of background Tl contents
found in global soils (i.e., 0.2–2.8 mg kg−1) [1].

Table 1. The basic properties of the studied soils.

Soil pH Soil
Texture 1

OM 2

(g kg−1)
CEC 3

(cmolc kg−1)

Exchangeable Cations
(mmol kg−1)

Free Oxides
(g kg−1)

Amorphous Oxides
(g kg−1) Tl

(mg kg−1)
Caex Mgex Kex Naex Fed Ald Feo Alo

Pc 4.6 SiCL 13.5 7.6 4.2 0.8 2.9 0.3 1.22 3.02 0.93 1.22 0.57
Tn 5.0 SiL 11.4 6.6 5.4 1.8 3.0 0.4 0.35 0.37 1.31 0.35 0.77
Pu 5.7 CL 21.6 9.4 2.4 3.7 4.0 3.4 0.83 1.57 4.77 0.83 0.49

Hm 6.1 CL 27.8 14.6 30.8 10.3 3.2 2.8 0.33 3.34 4.21 0.33 0.74
Ks 6.9 CL 22.6 29.8 35.4 75.2 1.5 1.6 1.24 3.09 4.17 1.24 0.88
Lu 7.0 SiCL 11.9 10.5 31.0 7.2 2.6 1.9 0.37 0.39 3.96 0.37 0.23
Fl 8.0 SiL 9.8 5.5 36.7 2.6 0.9 0.7 0.51 0.56 1.63 0.51 0.70

1 CL: clay loam; SiCL: silty clay; SiL: silty loam; 2 OM: organic matter; 3 CEC: cation exchange capacity.

3.2. Effects of Tl Treatments on the Growth of Rice Seedlings in Different Soils

Figure 1 depicts the dry biomass of rice seedling roots and shoots after 18-day exposure
to different Tl concentrations in the tested soils. The results indicate that both roots and
shoots were affected by Tl toxicity, with a reduction in biomass as Tlsoil increased. The
visual symptoms of Tl toxicity, such as stem buckling, yellowish leaf tips, and withering leaf
edges, worsened as the soil Tl concentration increased (Figure S1). Based on the biomass
changes and toxic symptoms, the shoots exhibited a higher sensitivity to Tl toxicity than
the roots.
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Figure 1. Root (a) and shoot (b) biomasses of rice seedlings grown in the tested soils spiked with
0 (control), 1, 5, 10, 20, and 50 mg kg−1 (ppm) Tl. Different letters for each soil indicate significant
differences at p < 0.05.

The extent of the decrease in root and shoot biomasses differed across the soils, as
shown in Figure 1. Significant decreases in root biomass (p < 0.05) were observed at a
soil Tl concentration of 10 mg kg−1 (i.e., Tl10) and above for Pc soil and 5 mg kg−1 (i.e.,
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Tl5) and above for Tn soil compared with the corresponding controls; in contrast, the root
samples in the other test soils exhibited more minor variations as the soil Tl concentration
increased (Figure 1a). For the shoot samples, statistically significant decreases in shoot
biomass appeared at Tl1 in Tn soil and Tl5 in Pc, Pu, and Ks soils, while such effects were
less in Hm, Lu, and Fl soils (Figure 1b). These results demonstrate that the toxic effects of
Tl on the growth of rice seedlings varied in different soils, which reflected the dependence
of soil Tl availability and rice Tl uptake, as well as rice growth, on soil properties.

3.3. Effects of Tl Treatments on the Tl Contents in Rice Seedlings

Figure 2 illustrates the Tl concentrations in rice roots and shoots (i.e., Tlroot and Tlshoot)
as a function of soil Tl content (i.e., Tlsoil). The Tlsoil values of the control soils were
0.23–0.88 mg kg−1. The rice seedlings grown in the controls exhibited negligible Tlroot and
Tlshoot values, indicating the limited availability of geogenic Tl in the soils. In contrast,
notable increases in the Tlroot and Tlshoot values were observed as the roots and shoots
were exposed to the Tl treatment of 1 mg kg−1 (i.e., Tl1). These values exhibited an order
of magnitude variation across different soils: Tlroot ranged from 8.0 mg kg−1 (Pu soil)
to 25.6 mg kg−1 (Ks soil) (Figure 2a), and Tlshoot ranged from 1.5 mg kg−1 (Hm soil) to
14.7 mg kg−1 (Fl soil) in shoots (Figure 2b). Specifically, Ks, Pc, Fl, Lu, Hm, Tn, and Pu
showed the highest to lowest Tlroot values (Figure 2a), and Fl, Ks, Lu, Pc, Tn, Pu, and Hm
showed the highest to lowest Tlshoot values (Figure 2b).
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Plant Tl uptake increased with increasing Tlsoil value (Figure 2). In the treatment
with the highest soil Tl concentration (i.e., 50 mg kg−1; Tl50), the Tlroot and Tlshoot values
were in the ranges of 190.6 mg kg−1 (Hm soil)–741.4 mg kg−1 (Pc soil) (Figure 2a) and
85.3 mg kg−1 (Hm soil)–337.3 mg kg−1 (Pc soil) (Figure 2b), respectively. The extents of
Tlroot and Tlshoot values varied considerably across the soils, showing the smallest and
largest variations observed in Hm soil (root: 21.3–190.6 mg kg−1; shoot: 1.5–85.3 mg kg−1)
and Pc soil (root: 23.5–741.4 mg kg−1; shoot: 3.8–337.3 mg kg−1), respectively. Elevated soil
Tl levels resulted in an increased Tl uptake by rice seedlings, leading to aggravated toxic
effects on plant growth (Figure 1 and Figure S1). The combined impacts of reduced plant
biomass (Figure 1) and increased Tl uptake by plants (Figure 2) resulted in abrupt increases
in plant Tl concentration (i.e., plant Tl uptake per plant biomass) from Tl20 to Tl50 found
in all the soils (Figure 2).
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Table 2 displays the bioconcentration (or bioaccumulation) factors of roots and shoots
(i.e., BCFR and BCFS) at different soil Tl levels. The BCFR and BCFS were in the ranges
of 3.6–25.6 and 1.5–14.7, respectively. The BCF value for a soil contaminant serves as an
indicator to assess the soil availability of the contaminant, influenced by both soil properties
and plant physiology [36,37]. All BCF values were greater than unity across all soil types
and soil Tl levels, suggesting high Tl availability in the soils and efficient uptake and
translocation of Tl in rice plants. Compared to the BCF values of other heavy metals [36,37],
rice seedlings displayed a more significant potential for Tl accumulation in both roots and
shoots. Due to the considerable toxicity of Tl, the substantial accumulation of this element
in rice plants could pose a notable environmental risk [36,38]. Meanwhile, the BCFS values
also revealed that a portion of Tl taken up by rice roots could be translocated to aerial
parts. Nevertheless, all the BCFS values were smaller than the corresponding BCFR values,
indicating that the accumulated Tl was distributed more to rice roots than rice shoots. This
accumulation in plant roots functions as a defensive mechanism that maintains chlorophyll
activity and minimizes interruption of photosynthesis [39].

Table 2. The bioconcentration factors of Tl in rice seedlings grown in different soils.

Soil Tl Level
(mg kg−1)

Pc Soil Tn Soil Pu Soil Hm Soil Ks Soil Lu Soil Fl Soil

BCFR
1 BCFS

2 BCFR BCFS BCFR BCFS BCFR BCFS BCFR BCFS BCFR BCFS BCFR BCFS

1 23.5 3.8 12.2 2.2 7.9 1.9 21.3 1.7 25.6 13.3 21.7 6.7 22.4 14.7
5 9.6 7.2 12.4 6.6 5.6 5.6 12.9 1.9 22.7 9.6 17.0 6.5 15.7 9.3
10 13.1 5.8 15.2 5.2 7.4 3.9 5.4 3.3 14.5 6.6 11.4 5.6 12.5 6.7
20 12.1 4.2 14.0 4.6 9.1 3.8 3.6 2.6 8.2 3.1 8.4 3.5 7.5 4.4
50 14.8 6.8 11.5 3.7 8.6 4.1 3.8 1.5 5.1 2.1 6.4 3.7 6.9 4.2

1 BCFR: Bioconcentration factor of roots = Tl concentration in roots/Tl concentration in soil; 2 BCFS: Bioconcentra-
tion factor of shoots = Tl concentration in shoots/Tl concentration in soil.

Among the soils, the BCFR value of Hm soil (21.3–3.6) and both the BCFR and BCFS
values of Ks (25.6–5.1; 13.3–2.1), Lu (21.7–6.4; 6.7–3.5), and Fl (22.4–6.9; 14.7–4.2) soils
exhibited a decreasing trend with increasing soil Tl concentration. This inverse correlation
between BCF and Tlsoil values is attributed to the increase in Tl uptake by roots and
shoots and the reduction in their biomasses due to aggravated Tl toxicity. This decreasing
trend signifies the physiological adaptation of rice plants to counteract the detrimental
consequences of Tl accumulation in the plants [37]. As the accumulation of Tl in plants
and the physiological response to Tl toxicity interplay the causes and effects at higher soil
Tl concentrations, the external factor of soil Tl availability plays a less significant role in
plant Tl accumulation. Consequently, smaller increments in the Tlroot and Tlshoot values
compared to the corresponding increase in the Tlsoil value led to the observed negative
correlations between BCF and Tlsoil. Comparatively, the BCFR and BCRS values of Pc
(9.6–23.5; 3.8–6.8), Tn (11.5–15.2; 2.2–6.6), and Pu (5.6–9.1; 1.9–5.6) soils did not exhibit
apparent correlations with Tlsoil due to relatively more minor variations over the range
of the Tlsoil values (Table 2). Intriguingly, the BCFR values of Pc soil (i.e., 9.6) at Tl5 and
Tn and Pu soils (i.e., 12.2 and 7.9) at Tl1 were lower than the other soils at the same soil
Tl level (21.3–25.6). This suggests that the content of Tl in rice plants exceeded the critical
threshold of Tl toxicity even at lower Tl levels in those acidic soils (i.e., Pc, Tn, and Pu
soils) compared to the other soils. This phenomenon may be attributed to enhanced soil
metal availability due to lower adsorption and higher solubility of metals at lower soil
pHs [16,40,41]. However, it is worth noting that soil pH is not the sole factor governing
soil Tl availability. The sequence of the soils in Figure 2 proceeds from left to right with
increasing soil pH, spanning from acidic to alkaline. Upon examining the changes of
the Tlroot and Tlshoot values across different soils with increasing soil pH, a general trend
showed a decline from Pc to Hm and a subsequent rise from Hm to Fl, revealing that
other contributing factors are at play. Further exploration into the additional factors is
therefore warranted.
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3.4. The Key Factors in Determining Soil Tl Availability

Figure 3 displays the total Tl accumulations of rice seedlings in various soils. To
account for the high translocation rate of Tl in rice plants, the Tl accumulations in roots
and shoots were combined to represent the overall soil Tl availability. At the lowest soil
Tl level (i.e., Tl1), the Tl accumulation in the rice seedlings ranged from 0.20 (Pu soil) to
1.34 (Ks soil) µg per plant. At the highest soil Tl level (i.e., Tl50), the Tl accumulation ranged
from 5.50 µg per plant (Hm soil) to 15.54 µg per plant (Pc soil) (Figure 3). Notably, there
was a clear monotonic relationship between plant Tl accumulation and soil Tl level, but the
correlation varied among the soils.
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with 0 (control), 1, 5, 10, 20, and 50 mg kg−1 Tl. Different letters for each soil indicate significant
differences at p < 0.05.

To identify the primary factors influencing soil Tl availability, the Pearson correla-
tion analysis was conducted for the total Tl accumulation with various soil properties
(Table 3). At Tl1, the Tl accumulation of rice seedlings is correlated with soil pH (r = 0.706),
CEC (r = 0.583), Caex (r = 0.731), Mgex (r = 0.714), and Kex (r = −0.900). Statistically sig-
nificant correlations were identified for Kex with p < 0.01 and pH, Caex, and Mgex with
p < 0.05. However, with increasing soil Tl levels, the number of correlated soil properties
and the corresponding correlation coefficient both decreased. For example, the Pearson
correlation coefficient of plant Tl accumulation with Kex was −0.900 at Tl1, but it gradually
decreased to −0.815 and −0.610 at Tl5 and Tl10 and eventually lost correlation at Tl20
and Tl50 (Table 3). Similar trends were also observed for pH, Caex, and Mgex. Plant Tl
accumulation exhibited no statistically significant correlation with soil properties at Tl50,
except for OM (r = −0.669; p < 0.05) (Table 3).

As Tl accumulation in rice seedlings increased at higher Tlsoil values, the loss of corre-
lation with soil properties may be attributed to the dominance of physiological response to
Tl toxicity in rice seedlings, as evidenced by the plant biomass and BCFs as a function of
Tlsoil (Figure 1 and Table 2). Hence, at higher Tlsoil values, the toxic effects on plant growth
make it challenging to observe the direct effects of soil properties on plant Tl accumulation
across soil types. Conversely, the toxic effects of Tl accumulation in rice plants were least
significant at lower Tlsoil values (such as Tl1 and Tl5), enabling the observation of the
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dependence of plant Tl accumulation on soil properties, such as soil pH, Caex, Mgex, and
Kex, with statistical significances. Along with the strong intercorrelations among pH, Caex
and Kex (r(pH/Caex) = 0.874; r(pH/Kex) = −0.730; r(Caex/Kex) = −0.735), and between CEC
and Mgex (r = 0.967), cation exchange is determined to be the key process in determining
the soil Tl availability (Table 3). This was consistent with the findings of previous research
indicating that the primary mechanism responsible for the retention of Tl+ ions in soils is
cation exchange reactions involving clay minerals, particularly 2:1 phyllosilicates such as
smectite, vermiculite, and illite (Table S2) [18,24]. The structural layers of these 2:1 phyl-
losilicates contain negative surface charges, counterbalanced by exchangeable cations such
as Na+, K+, Mg2+, and Ca2+ ions. They have a high retention capacity toward Tl+ ions via
cation exchange reactions with the exchangeable cations [24].

Table 3. Pearson correlations of total Tl accumulation in rice seedlings with soil properties and
intercorrelations among soil properties.

Soil
Properties

Correlations of Tl Accumulation in Rice
Seedlings with Soil

Properties
Intercorrelations among Soil Properties

Tl1 Tl5 Tl10 Tl20 Tl50 pH OM CEC Feo Alo Fed Ald Caex Mgex Kex Naex Kd

pH 0.706 0.558 0.445 0.056 −0.192 1
OM −0.105 −0.279 −0.270 −0.553 −0.669 −0.079 1
CEC 0.583 0.541 0.545 −0.308 −0.626 0.231 0.616 1
Feo 0.022 −0.046 0.084 −0.124 −0.636 0.296 0.728 0.549 1
Alo 0.410 0.437 0.340 0.335 0.323 −0.217 0.166 0.474 −0.032 1
Fed 0.190 0.224 0.201 0.369 0.416 −0.380 0.175 0.327 −0.015 0.963 1
Ald 0.110 −0.090 −0.098 −0.504 −0.217 −0.265 0.750 0.584 0.241 0.582 0.585 1
Caex 0.731 0.526 0.502 −0.363 −0.415 0.874 0.122 0.463 0.289 −0.199 −0.373 0.048 1
Mgex 0.714 0.715 0.652 −0.157 −0.515 0.295 0.432 0.967 0.402 0.535 0.348 0.458 0.467 1
Kex −0.900 −0.815 −0.610 −0.030 −0.062 −0.730 0.360 −0.265 0.286 −0.119 0.109 0.124 −0.735 −0.430 1

Naex −0.273 −0.376 −0.282 −0.116 −0.500 0.135 0.744 0.264 0.924 −0.136 −0.051 0.229 0.067 0.088 0.512 1
Kd 0.807 0.764 0.684 −0.178 −0.423 0.364 0.370 0.938 0.306 0.560 0.362 0.489 0.553 0.982 −0.553 −0.011 1

Pearson correlation coefficient: |r| ≥ 0.7 strong correlation; 0.7 > |r| ≥ 0.5 moderate correlation; 0.5 > |r| ≥ 0.3
weak correlation; |r| < 0.3 no correlation. Boldface: statistical significance (p < 0.01; n = 7).

Generally speaking, soil availability of metal contaminants depends on their distribu-
tion between solid and aqueous phases, predominantly regulated by the precipitation and
adsorption reactions of metals in soils [16,41]. However, in the case of Tl(I), precipitation is
less likely to occur in soils due to its high solubility [42]; thus, adsorption is the primary
mechanism controlling the solid and aqueous distribution of Tl in soils [24,25]. This under-
standing aligns with the statistical correlation between rice Tl uptake and soil properties
associated with cation exchange reactions (Table 3).

To delve deeper into the solid/aqueous distribution of soil Tl at different Tl levels, the
Tl concentration in the pore water of each soil was plotted against the corresponding soil Tl
concentration (Figure 4). The results show strong linear relationships (R2 > 0.97). The slopes
of these linear relationships represent the in situ distribution coefficient Kd (L kg−1) as the
indicator of the Tl partition between soil solid and aqueous phases. The Kd values followed
the order Ks (967) > Hm (223) > Fl (209) > Lu (174) > Pc (166) > Pu (55.2) ~ Tn (55.0), showing
significant variations among the soils, spanning approximately one order of magnitude.
The Kd values were positively correlated with CEC (r = 0.938) and Mgex (r = 0.982) of
the soils, both with statistical significance (p < 0.01) (Table 3). These correlations were
consistent with previous findings that Tl(I) adsorption of soils is strongly dependent on
the clay mineral content of the soils [18,24,25,43]. A previous study showed a negative
correlation between Tl uptake in rice and CEC in contaminated areas irritated with mine
drainage [44]. Soils with higher CEC exhibited higher Tl adsorptivity [24]. In this study,
the clay soils with higher CEC and Mgex (such as Ks and Hm soils) exhibited higher Kd
values compared to the soils with lower CEC and Mg (such as Tn and Pu soils) (Table 1;
Figure 4). This further confirms the pivotal roles of cation exchange reactions on soil clay
minerals in governing Tl(I) adsorption in soils [18,24].
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Figure 4. Correlations between Tl concentrations in pore water and solid of the soils after the growth
of rice seedlings.

Furthermore, the positive correlation of Kd with Mgex may imply the main binding
sites of Tl+ ions to be the interlayers of vermiculite and smectite since a large fraction
of interlayer cations are Mg2+ in vermiculite and smectite, as revealed in the previous
study on the adsorption of Tl+ ions by soils [24]. Despite the strong affinity of illite toward
Tl(I) [18,43], a previous study indicated that illite showed a limited effect on Tl retention in
soils abundant in illite [19]. This may be attributed to the inhibitive effect of K+ ions on the
adsorption of Tl+ ions by illite [18,24,29,43]. The inhibitive effects of interlayer K+ can also
be observed from the negative correlation between Kd and Kex (r = −0.553), although this
correlation is moderate and lacks statistical significance. As indicated by Martin et al. [18],
the mobility of Tl(I) in soils is determined by the dual effects of the affinity of the binding
sites toward Tl+ ions and the competition of background electrolytes (particularly K+) for
the binding sites.

The parameter Kd obtained under specific Tl treatments could serve as an indica-
tor of Tl in soil solution that is active for plant uptake. By employing the equation
Csolution = Tlsoil/Kd (where Tl treatment is a constant among the soils), it becomes possible
to normalize variations in soil properties. Accordingly, a contaminant with a higher Kd
value is expected to be less mobile in soils and less available for plant uptake due to the
inhibitive effect of soil adsorption reactions on its concentration in soil solution [40]. In the
present study, the expectation of a negative correlation between plant Tl accumulation and
Kd was partially supported by the correlations observed at Tl20 and Tl50, albeit with low
correlations (Table 3). Therefore, higher Kd values associated with lower Tl accumulation
in plants indicate reduced soil Tl availability for plant uptake. However, the surprising
findings were the positive correlations of plant Tl uptake with Kd at Tl1 (r = 0.807; p < 0.01),
Tl5 (r = 0.764; p < 0.05), and Tl10 (r = 0.684; p < 0.05) contradicting the expected negative
trends (Table 3). Despite this contradiction, it is important to note that, for each soil, the
plant Tl uptake did exhibit a clear increase with increasing Tl concentration in pore water,
indicating the strong quantity–intensity relationship (Figure 5a). The discrepancy between
the positive correlations of plant Tl uptake with Kd at lower Tlsoil values and the overall
quantity–intensity relationship suggests the influence of unknown factors that govern rice
Tl uptake, in addition to the cation exchange reactions that determine the release of Tl from
soil solids into the pore water.
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Figure 5. Correlations of Tl accumulation in rice seedlings grown in different soils with (a) Tl
concentration in pore water and (b) the molar ratio of Tl and K in pore water. The dashed lines
represent the linear regression lines.

Plant uptake of Tl is regulated not only by the release of Tl(I) from soil solids to soil
solution but also by its soil-to-root transfer process. Thus, the observed discrepancy in
Tl uptake may be attributed to variations in the soil-to-root transfer process, which is
dependent on the composition of the solution, soil reactions in plant rhizosphere, and
the physiological and morphological properties of plant roots [45]. Plant roots act as the
ultimate sink for soil elements in the plant rhizosphere [46]. Given the chemical similarity
between Tl+ and K+ ions [47,48], plants could take up Tl+ ions as a replacement for K+ ions
for the same transporter [49]. Previous studies on hydroponic cultures have demonstrated
that the presence of K+ ions could inhibit Tl+ uptake by various plants [49–51]. To account
for the competitive effects of K on plant Tl uptake, the ratio of Tl and K concentrations
in pore water (i.e., [Tl]pore water/[K]pore water) was considered. This approach significantly
improved the linear relationship of plant Tl uptake in different soils (R2 = 0.785) (Figure 5b),
as compared to the relationship between plant Tl uptake and [Tl]pore water (R2 = 0.410)
(Figure 5a). This finding suggests that the competition between K+ and Tl+ ions is the
main plant-related factor in determining Tl soil-to-plant transfer and root Tl uptake, as the
plant Tl uptake in different soils aligned well with a single linear relationship (Figure 5b).
Therefore, the [Tl]pore water/[K]pore water ratio can be used as a predictive factor for plant Tl
uptake. It is important to note that as plant roots take up K+ and Tl+ ions, their losses in
soil solution are replenished by their releases from soil solids in the rhizosphere, which
are controlled by their releases from soil solids via cation exchange reactions [45,46]. The
correlations of plant Tl accumulation with the [Tl]pore water/[K]pore water ratio (Figure 5) and
Kex (Table 3) both reflect the inhibitive role of K in the overall soil-to-plant transfer process
of Tl uptake by rice plants.

4. Conclusions

This study showed the significant accumulation potential of Tl in rice seedlings across
soils with diverse physicochemical properties. The BCF values consistently surpassed unity,
indicating efficient uptake of Tl by rice roots and subsequent translocation to the shoots,
irrespective of soil type and Tl concentration. The uptake and accumulation of Tl by rice
seedlings were intricately linked to the release of Tl(I) from soil solids to soil solution and
the soil-to-root transfer process, both controlled by cation exchange reactions involving Tl+

ions. Consequently, soil Tl availability for root uptake depended on the affinity of binding
sites for Tl+ ions and the competition from background electrolytes for these binding sites.
Among the various background electrolytes, the concentration of K+ ions in the soil solution



Agronomy 2024, 14, 718 11 of 13

and the exchangeable surface sites emerged as the key factors influencing the availability
of Tl in the soil and its subsequent uptake by plants. Accordingly, soils with a low available
K content exhibited higher Tl availability, posing a potential hazard in such environments.
Conversely, increasing the K content through fertilization could be a viable strategy to
reduce plant Tl accumulation under low levels of soil Tl contamination. This information is
crucial for assessing the fate and risk of Tl in contaminated soils and developing effective
strategies to mitigate soil Tl contamination for food safety purposes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy14040718/s1, Table S1: The chemical composition of
modified half-strength Kimura nutrient solution; Table S2: Clay mineral compositions of the tested
soils; Figure S1: The toxic symptoms of rice seedlings as a function of soil Tl content; Analytical
procedures of clay mineral composition of the tested soils [52–54].
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