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Abstract: Selenium is an important indicator for the evaluation of tea quality. However, the 

relationship between selenium uptake by tea plants (Camellia sinensis) and soil properties, as well as 

selenium transport and distribution in a tea plantation soil–tea plant–tea infusion production 

system, remain unclear. In this study, 12 tea plantations situated in a typical selenium-rich area of 

China were selected, and the characteristics and crucial factors influencing the uptake and transport 

of selenium were analyzed using a plantation soil–tea plant–tea infusion production system. The 

soil total selenium content ranged from 1.12 to 6.67 mg kg−1, with an average of 2.57 mg kg−1. The 

average available selenium content was 53.56 µg kg−1, and the activation rate of soil selenium was 

2.27%. Soil-available selenium was significantly positively correlated with total selenium, available 

potassium, and soil organic matter contents, and was significantly negatively correlated with soil 

pH. The selenium content in old leaves ranged from 0.29 to 2.73 mg kg−1, which met the standard 

for selenium-rich tea, whereas only 33% of young leaves met this standard. The selenium 

enrichment factor was highest in the fibrous root and lowest in the young leaves. The average 

selenium transport factors from fibrous roots to main roots, from main roots to main stems, from 

main stems to lateral stems, from lateral stems to young leaves, and from lateral stems to old leaves 

were 0.53, 0.92, 0.67, 0.97, and 2.30, respectively. The selenium concentration of tea infusion ranged 

from 1.88 to 12.49 μg L−1, and the average selenium dissolution rate was 22.62% after one brewing. 

This study identified critical factors that influence soil-selenium availability. The selenium content 

in tea plant organs is indicated to be strongly associated with the selenium content in the main roots. 

Keywords: selenium-rich tea; soil properties; soil-available selenium; enrichment factor; 

translocation factor; soil–tea plant–tea infusion system 

 

1. Introduction 

Selenium is an essential trace element for many organisms and plays a crucial role in 

the synthesis of seleno-amino acids and enzymes [1], such as thioredoxin reductase. 

Selenium in the human body has multiple biological protective effects, such as the 

protection of the endocrine system, the inhibition of carcinogenesis, the promotion of 

reproductive functions, and the stability of body immunity and cell membranes [2,3]. 

However, an excessive ingestion of selenium may result in acute or chronic selenium 

toxicity [4], whereas its deficiency may cause widespread endemic diseases. Diseases 
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induced by selenium deficiency that have been recorded in certain regions of China (e.g., 

Keshan disease) have been previously summarized [5]. The majority of countries and 

regions are deficient in selenium resources and inadequate selenium intake (<40 µg day−1) 

is frequent worldwide. China is among the most severely selenium-deficient countries 

and data from the Chinese Nutrition Association (2014) indicate that, compared with the 

recommended daily selenium intake for adults of 50 µg, the daily dietary intake of 

selenium is 43.3 µg. With regard to the ingestion of beneficial selenium, organic selenium 

from biological sources is more easily absorbed by the human body compared with 

inorganic selenium [6]. Selenium-rich agricultural products thus offer the most 

sustainable, safe, and effective source for selenium supplementation [7]. 

The dietary selenium intake in humans is mainly determined by the amount of 

selenium uptake by plant roots from the soil and subsequently incorporated in selenium-

containing proteins [8], which accumulate in different organs of the plant, thereby 

entering the food chain and influencing human health [9,10]. Soil is the primary source of 

selenium for plants [11]. The selenium content and availability in soil are principally 

affected by the parent rock; for example, the Lower Cambrian black rock series contains 

abundant selenium and soil derived from the weathering of metamorphic rocks in the 

Tuoli Formation, which is high in selenium [12,13]. Soil characteristics, such as the clay 

mineral type, organic matter content, and soil microbial abundance and community 

structure, have an important influence on selenium distribution and availability in soil. In 

addition, environmental factors [14], such as the heavy metal content of the soil, often 

have ecological effects coupled with soil selenium; for example, the abnormal enrichment 

of cadmium was observed in selenium-rich areas of Guizhou Province in China [15]. The 

safe absorption of selenium from selenium-rich products is critical for human health [16]. 

Therefore, the development of selenium-rich resources and the promotion of selenium-

rich farm produce have attracted increasing research attention. However, few studies 

have systematically and quantitatively analyzed the transport of selenium within a soil–

crop food production system. 

The tea plant (Camellia sinensis) has a great ability for selenium accumulation and is 

inherently well-suited for cropping in selenium-rich soils [17]. After its absorption by the 

tea plant, selenium interacts with nucleic acids, phenols, and pigments in plant tissues, 

resulting in the transformation of 80% of the inorganic selenium into organic selenium, 

which is readily absorbed by the human body [18,19]. Approximately 92% of the selenium 

in tea leaves is present in an organic form, mainly in selenium-containing proteins and 

amino acids, while approximately 8% is in an inorganic form [20]. In China, the selenium 

content of tea leaves ranges between 0.017 and 6.590 mg kg−1 and varies considerably 

among regions [21]. The soil selenium content is the primary factor that affects selenium 

accumulation in different parts of tea plants. The soil selenium status and the soil 

physicochemical characteristics, such as soil redox potential, pH, organic matter, and clay 

content, affect the bioavailability of soil selenium to tea plants [22,23]. The field 

management system is an important factor that influences selenium absorption by the tea 

plant. The selenium concentration in tea plants significantly increases in response to the 

application of exogenous selenate fertilizers [24]. In addition, the selenium content differs 

significantly among tea cultivars, tea picking seasons, and with tea leaf maturity [21,25]. 

The selenium content of tea in different regions of China reportedly exhibits significant 

variation [26]. Previous studies have presented findings from an analysis of 217 tea 

samples sourced from diverse regions in China, revealing that black tea exhibited the 

highest selenium content (0.552 μg g−1), while white tea displayed a significantly lower 

selenium content (0.107 μg g−1) compared with other tea varieties [27]. However, the focus 

of these studies primarily lay in conducting sample surveys to determine the selenium 

content present in tea. The interaction between selenium in processed tea leaves and the 

tea plant, as well as the soil, has been disregarded. Furthermore, limited research has 

investigated the selenium mobility from tea leaves to the tea infusion based on brewing 

experiments. Rather than the selenium content in tea leaves, consumer preference is more 
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strongly concerned with the selenium content released from tea leaves after brewing. 

Therefore, it is critical to explore the absorption, transport, and distribution characteristics 

of selenium in a tea plantation soil–tea plant–tea infusion system. 

Shitai County is one of three selenium-rich areas in China, with an average soil 

selenium content reaching 0.56 mg kg−1 [28], surpassing the established threshold for 

selenium rich soils (0.4 mg kg−1) [29]. It is also an important tea-producing area in southern 

Anhui Province. Given the long history of tea production and selenium-rich soil 

resources, the county represents an ideal location for the study of selenium mobility in 

soil and crops, and provides an opportunity to study selenium migration and transport in 

tea plantation soil, tea plants, and tea infusion in a selenium-rich area. With these 

considerations in mind, the core selenium-rich area of tea production in Shitai County was 

selected as the site for the present research. 

The process of selenium transport in a plantation soil–tea plant–tea infusion system 

within naturally seleniferous regions remains insufficiently elucidated. We hypothesized 

that selenium distribution in the various organs of the tea plant is strongly correlated with 

soil selenium, whereby tea cultivated in selenium-rich soil accumulates elevated 

quantities of selenium. The main objectives of this study were (1) to evaluate soil-selenium 

availability and its relationship with soil physicochemical properties in a typical selenium-

rich soil area, and (2) to quantify the accumulation and transport of selenium in a tea 

plantation soil–tea plant–tea infusion production system and identify the crucial factors 

that influence soil-selenium availability. 

2. Materials and Methods 

2.1. Study Area 

Shitai County is located in the hinterland of the mountainous region of southern 

Anhui Province, China (29°59′–30°24′ N, 117°12′–117°59′ E). The topography and terrain 

are complex; high-elevation terrain is situated in the northern and southern parts of the 

county, and low-elevation terrain is situated in the eastern and western areas of the 

county. The area of high hills and low mountains constitutes approximately 82% of the 

total spatial area of the county. The annual average temperature and precipitation is 16 °C 

and 1626.4 mm, respectively. The annual average frost-free period is 234 d, the average 

sunshine duration is 1731.1 h, and average annual percentage sunshine is 39%. Thus, the 

study area has a humid climate typical in the central subtropical region. This area is well-

suited for tea plant growth. The soil zonality shows regularity in regional distribution 

patterns, with Haplic Acrisols and Humic Umbrisols occurring in the mountains, and 

Dystric Cambisols in the low mountains and hills. The parent materials of the soils are 

mainly carbonate, argillaceous rock, and acid crystalline rock residual deposits on slopes. 

Selenium-rich strata, such as the black rock series containing coal seams and carbonate 

rocks, are the primary contributors to the formation of selenium-rich soil in Shitai County. 

2.2. Tea Plant Sampling and Analysis 

Tea plant samples were collected in April 2022 in the core selenium-rich tea-

producing area of Xianyu Mountain, south of Shitai. Based on the spatial distribution of 

tea plantations on selenium-rich soil in Shitai County, 12 typical tea plantations were 

selected based on a field investigation and were designated plantations no. 1 to no. 12, 

respectively (Figure 1). In the tea-producing regions selected for this study, the prevailing 

cultivars of tea plants grown comprise ‘Zhuye’, ‘Jiuhan’ and a small proportion of ‘Liuye’. 

All three varieties are Qihong tea cultivars with similar characteristics. Consistent with 

their prevalence in the tea-producing regions, the predominant cultivars grown in the 12 

tea plantations selected for this study were Zhuye and Jiuhan. Basic information on each 

plantation is listed in Table S1. 



Forests 2024, 15, 914 4 of 15 
 

 

 

Figure 1. Sampling points for tea plantations in the research survey. 

Three typical plots were selected in each tea plantation with each plot measuring 5 

m × 8 m in area. Samples were collected from tea plants using the five-point sampling 

method within each plot. Samples were collected from six parts of each tea plant: fibrous 

root, main root, main stem, lateral stem, young leaves (one bud with two leaves each 

measuring less than 1 cm in width), and old leaves (mature leaves exceeding 2.5 cm in 

width), of which young leaves were collected for analysis of the selenium content and for 

preparation of a tea infusion. In each plot, the samples from the five sampling points were 

combined for each of the six organ samples. Thus, a total of 216 tea plant samples (12 × 3 

× 6) were collected. 

The tea plant samples were washed with deionized water, dried, and crushed, and 

then sieved through a 0.18 mm mesh sieve. The tea plant samples used for determination 

of the selenium contents were digested with 5 mL nitric acid and then analyzed using 

inductively coupled plasma–mass spectrometry (ICP-MS). The young leaves used for 

preparation of tea infusion were degreened for 30 min at 105 °C, then processed into green 

tea by local artisans in accordance with traditional tea-making techniques practiced in the 

region. For selenium detection in tea infusion, a sample of fresh tea leaves was placed in 

a 200 mL triangular bottle, 100 mL boiling deionized water was added, allowed to brew 

for 10 min, and then was filtered and detected using ICP-MS. 

2.3. Soil Sampling and Analysis 

Soil samples were gathered concurrently with the tea plant samples. Near the 

rhizosphere of the sampled tea plants, surface soil (0–20 cm depth) samples were collected 

using a soil drill (5 cm diameter) at five sampling points per plot and mixed thoroughly 

to form a single composite soil sample. A total of 1 kg soil was taken from each composite 

sample. Thus, in total, 36 soil samples were collected. 

The soil samples were air dried, then ground to pass through 1.0 mm and 0.15 mm 

mesh sieves. Available selenium was extracted with 0.5 mol L−1 sodium bicarbonate (pH 

8.5) and then detected using ICP-MS. The soil pH was determined using the 

potentiometric method with a soil/water ratio of 1:2.5 (w/w). The soil organic matter 

content was determined using the K2Cr2O7 oxidation capacity method, while the soil total 

nitrogen content was analyzed using the Kjeldahl method. The soil-available phosphorus 

content was assessed with the NH4F–HCl method. The total phosphorus content was 

determined using the antimony and molybdenum resistance colorimetric method, 

whereas available potassium was measured following neutral ammonium acetate 

extraction [30]. 
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2.4. Statistical Analysis 

The activation rate of selenium in the soil (ASeR) is the percentage of available 

selenium to total selenium in a soil sample and was calculated using the formula: 

ASeR(%) = ASe/Se × 100 (1) 

where ASe is the available selenium content in the soil, and Se is the total selenium content 

in the soil. 

The selenium enrichment factor (EF) is the ratio of selenium content in different 

organs of the tea plant to selenium content in the soil, and represents the ability for 

selenium enrichment in different organs of the plant. This index was calculated as follows: 

EF = Corgan/Csoil (2) 

where Corgan is the selenium content in the plant organ (mg kg−1), and Csoil is the selenium 

content in the soil (mg kg−1). 

The selenium translocation factor (TF) refers to the ability for acropetal selenium 

transport from the base to the top between adjacent organs of the plant. This index was 

calculated as follows: 

TF = Yi/Yj × 100 (3) 

where Yj and Yi are the selenium content (mg kg−1) of two organs of the tea plant from the 

base to the top, respectively. 

The selenium dissolution rate (DR) represents the mobility of selenium from tea 

leaves into the tea infusion, indicating the proportion of selenium leaching from the leaves 

during brewing. The dissolution rate was calculated using the formula: 

DR = Ctea infusion/Cyoung leaf × 100% (4) 

where Ctea infusion is the selenium content in the tea infusion (mg kg−1) and Cyoung leaf is the 

selenium content in the young leaf (mg kg−1). 

Data are presented as the mean ± standard deviation of three independent replicates. 

Statistical analyses were performed using IBM SPSS Statistics 26.0 (Chicago, IL, USA). 

Univariate analysis of variance (ANOVA) was used to assess the significance of 

differences among the indicators, followed by Duncan’s new multiple range test (p < 0.05). 

Microsoft Excel 2003, ArcGIS 10.2, Origin 2021, and GraphPad Prism 9.3 software were 

used for graphical visualization of the data. 

3. Results 

3.1. Soil Physicochemical Properties 

The soil physicochemical properties of the tea plantations are summarized in Table 

S2. The soil texture for all tea plantations was classified as loamy clay. The mean soil bulk 

density was recorded as 1.19 g cm−3. The soil pH in the tea plantation ranged from 5.58 to 

6.86. The coefficient of variation (CV) ranged from 1.6% to 7.7%, indicating there was 

limited variation in the soil pH. The soil in the tea plantation was rich in organic matter 

content, which ranged from 7.11 to 99.8 g kg−1. However, the CV for soil organic matter 

content at the different sampling sites varied greatly. Soil total nitrogen content in the tea 

plantation varied between 1.78 and 5.27 mg kg−1. The total phosphorus content of the soil 

ranged from 0.04% to 0.17%, and the average available phosphorus content in the soil was 

4.19 mg kg−1. These results indicated that the total phosphorus content was high and the 

soil-available phosphorus content was low. The soil-available potassium content varied 

between 72 and 142 mg kg−1, and the CV ranged from 5.3% to 25.6%. In summary, the soil 

in the study area was high in organic matter content and low in available phosphorus 

content, and exhibited notable spatial variation in soil physicochemical properties. 
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3.2. Soil Selenium Content 

The topsoil total selenium content in the tea plantations ranged from 1.12 to 6.67 mg 

kg−1, with an average selenium content of 2.58 mg kg−1. The soil selenium contents of the 

no. 9 and no. 10 plantations were greater than 3 mg kg−1, exceeding the selenium toxicity 

soil standard (≥3 mg kg−1) [31]. The available selenium content in the plantation soil 

ranged from 10.4 to 140 µg kg−1, with an average of 53.56 µg kg−1. The ASeR ranged from 

0.32% to 4.96%, with an average of 2.27%. The range of CVs for total selenium content, 

available selenium content, and ASeR in the soil were 1.13%–45.32%, 6.64%–55.2%, and 

11.9%–66.67%, respectively (Table 1). Thus, the distribution of the selenium content in the 

tea plantation soil showed a degree of regional spatial heterogeneity. Correlation analysis 

indicated that the soil-available selenium content was positively correlated with soil-

available potassium content (p < 0.01) and soil organic matter content (p < 0.05) and was 

negatively correlated with soil pH (p < 0.05; Figure 2). These results indicated that soil-

available potassium, soil organic matter content, and soil pH might be crucial factors that 

influence soil-selenium availability. 

Table 1. Total and available Se in tea plantation soils. 

Sampling Point TSe (mg kg−1) ASe (μg kg−1) ASeR (%) 

no. 1 2.26 ± 0.31 cd 62.50 ± 34.50 abcde 2.62 ± 1.13 abc 

no. 2 2.19 ± 0.36 cd 53.10 ± 21.82 bcde 2.44 ± 0.87 bc 

no. 3 2.58 ± 0.87 bcd 31.27 ± 14.09 cde 1.48 ± 0.83 c 

no. 4 1.76 ± 0.02 cd 58.87 ± 13.75 abcde 3.36 ± 0.81 ab 

no. 5 2.93 ± 0.76 bcd 99.20 ± 33.07 a 3.33 ± 0.55 ab 

no. 6 2.04 ± 0.92 cd 34.57 ± 17.28 bcde 2.08 ± 1.43 bc 

no. 7 3.16 ± 0.83 bc 44.03 ± 18.67 bcde 1.55 ± 0.80 bc 

no. 8 1.46 ± 0.30 d 22.30 ± 11.75 de 1.43 ± 0.48 c 

no. 9 3.99 ± 0.91 b 75.00 ± 4.98 abc 1.99 ± 0.50 bc 

no. 10 5.50 ± 0.89 a 78.07 ± 13.18 ab 1.43 ± 0.15 c 

no. 11 1.49 ± 0.31 d 18.53 ± 4.70 e 1.31 ± 0.49 c 

no. 12 1.54 ± 0.05 d 65.27 ± 5.79 abcd 4.25 ± 0.53 a 

mean 2.58 ± 1.31 53.56 ± 29.90 2.27 ± 1.20 

coefficient of variation (CV) 51.59% 56.62% 53.73% 

Note: TSe represent total selenium, ASe represent available selenium, and ASeR represent the 

activation rate of selenium in the soil. Different letters indicate significant differences between the 

corresponding indices across various sampling point, p < 0.05. 

 

Figure 2. Correlation analysis of soil selenium and soil physicochemical indicators. Note: TSe, ASe, 

ASeR, OM, AK, TN, TP, AP, BD represent total selenium, available selenium, the activation rate of 
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selenium in the soil, organic matter, available potassium, total nitrogen, total phosphorus, available 

phosphorus, and bulk density, respectively. 

3.3. Distribution of Selenium in Tea Plants 

The ability to accumulate and transport selenium differed significantly among 

different organs of the tea plants (Figure 3). The selenium content in the fibrous root was 

significantly higher than that of the other organs. The selenium content showed a trend to 

decrease from the fibrous root (0.53–3.91 mg kg−1) to the main root (0.34–2.49 mg kg−1), 

from the main stem (0.42–1.09 mg kg−1) to the lateral stem (0.11–0.89 mg kg−1), and from 

old leaves (0.29–2.73 mg kg−1) to young leaves (0.08–1.44 mg kg−1). 

 

Figure 3. Distribution of selenium content in roots (A), stems (B) and leaves (C) of tea plants. 

Different letters indicate significant differences between the corresponding indices across various 

sampling point, p < 0.05. Note: The red and blue dashed lines represent the mean values of different 

tea plant organs, while the black dashed lines represent the standard selenium content in selenium-

rich tea (0.25 mg kg−1). 

The uneven distribution of selenium in the tea plants indicated that the intake and 

transport capacity of selenium differed significantly among the organs of the tea plant. 

The selenium content of old leaves exceeded the standard value for selenium-rich tea of 

0.25 mg kg−1, and only 33% of the selenium content in young leaves exceeded the standard 

value. In plantation no. 6, the selenium content of tea plant organs was generally higher 

than that at the other sampling sites. Tea plantation no. 11 had the lowest selenium content 

in the main roots and lateral stems, but the selenium content of young leaves and old 

leaves approached or exceeded the standard value for selenium-rich tea. 
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We found that there was no significant correlation between the selenium content in 

the tea plantation soil and the content in different organs of tea plants (Figure 4). However, 

the different organs of tea plants exhibited relatively consistent selenium distribution 

characteristics, selenium accumulation in young leaves, old leaves, main stems, lateral 

stems, and fibrous roots was strongly associated with the selenium content in the main 

roots (Figure 5). 

 

Figure 4. Correlation heatmap between Se content in tea plantation soil and different organs of tea 

plants. Note: TSe, ASe, ASeR represent total selenium, available selenium, the activation rate of 

selenium in the soil, respectively. 

 

Figure 5. Linear regression analysis between the main roots and other organs of tea plants. Note: 

** represent the significance level of 1% in statistical analysis (p < 0.01). 

3.4. Selenium Enrichment Factor in Tea Plants 

The ability to enrich selenium differed significantly among organs of the tea plants 

(Table 2). The fibrous root had the strongest ability to enrich selenium and the average 
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selenium EF was 0.79. The soil-available selenium was taken up by the fibrous roots and 

then translocated to the main root. The selenium EF of the main root was 0.42, which was 

approximately half of that of the fibrous root. Most of the selenium absorbed by the tea 

plant was concentrated in the root, and the selenium transported to the aboveground parts 

gradually decreased. The EFs for the main stem, lateral stem, and young leaves were 0.30, 

0.19, and 0.17, respectively. The EF of old leaves was 0.40. Therefore, the selenium 

enrichment ability of the analyzed organs of the tea plant in selenium-rich tea plantations 

was ranked as fibrous root, main root, main stem, lateral stem, and young leaves, and 

eventually accumulated in old leaves. With regard to the selenium enrichment ability in 

different organs of the three tea varieties, Zhuye had the strongest selenium enrichment 

ability, whereas Jiuhan had the weakest selenium enrichment ability. The lowest EF 

values were observed in young leaves of Liuye (Table S3). 

Table 2. Se enrichment factor (EF) in different organs of tea plants. 

Sampling Site Fibrous Roots Main Roots Main Stems Lateral Stems Old Leaves Young Leaves 

no. 1 0.30 ± 0.04 d 0.18 ± 0.02 cd 0.26 ± 0.06 cde 0.10 ± 0.01 bc 0.20 ± 0.02 c 0.19 ± 0.03 bc 

no. 2 0.53 ± 0.05 cd 0.17 ± 0.03 cd 0.21 ± 0.03 def 0.06 ± 0.00 c 0.05 ± 0.01 c 0.34 ± 0.06 c 

no. 3 0.44 ± 0.16 cd 0.35 ± 0.10 cd 0.25 ± 0.07 cde 0.09 ± 0.03 bc 0.04 ± 0.02 c 0.19 ± 0.05 c 

no. 4 1.29 ± 0.02 b 0.96 ± 0.03 b 0.59 ± 0.04 a 0.12 ± 0.00 bc 0.06 ± 0.00 c 0.31 ± 0.04 c 

no. 5 0.31 ± 0.07 d 0.17 ± 0.04 cd 0.23 ± 0.06 def 0.11 ± 0.02 bc 0.05 ± 0.01 c 0.11 ± 0.02 c 

no. 6 2.22 ± 0.75 a 1.30 ± 0.39 a 0.36 ± 0.12 bcd 0.47 ± 0.16 a 0.80 ± 0.27 a 1.43 ± 0.53 a 

no. 7 0.92 ± 0.30 bcd 0.40 ± 0.14 cd 0.26 ± 0.07 cde 0.20 ± 0.06 b 0.34 ± 0.09 bc 0.44 ± 0.15 b 

no. 8 1.00 ± 0.25 bc 0.46 ± 0.10 c 0.33 ± 0.08 bcde 0.42 ± 0.07 a 0.09 ± 0.02 b 0.77 ± 0.22 c 

no. 9 0.69 ± 0.15 bcd 0.31 ± 0.05 cd 0.21 ± 0.05 ef 0.13 ± 0.02 bc 0.18 ± 0.04 c 0.15 ± 0.03 bc 

no. 10 0.37 ± 0.07 d 0.12 ± 0.02 d 0.08 ± 0.01 f 0.09 ± 0.01 bc 0.04 ± 0.00 c 0.11 ± 0.02 c 

no. 11 0.47 ± 0.15 cd 0.30 ± 0.08 cd 0.38 ± 0.08 bc 0.10 ± 0.01 bc 0.16 ± 0.03 c 0.33 ± 0.06 bc 

no. 12 0.86 ± 0.14 bcd 0.34 ± 0.03 cd 0.44 ± 0.04 b 0.40 ± 0.04 a 0.06 ± 0.00 bc 0.46 ± 0.02 c 

mean 0.78 ± 0.59 0.42 ± 0.37 0.30 ± 0.14 0.19 ± 0.16 0.40 ± 0.40 0.17 ± 0.23 

Note: Different letters indicate significant differences between the corresponding indices across 

various sampling point, p < 0.05. 

3.5. Selenium Translocation Factor for Different Organs of Tea Plants 

The average selenium TFs are listed in Table S4. Approximately 53% of selenium 

migrated from the fibrous roots to the main roots, 92% from the main roots to the main 

stem, 67% from the main stem to the lateral stem, 97% from the lateral stem to young 

leaves, and 203% from the lateral stem to old leaves. Translocation factors from the main 

roots to the main stem were >100% at plantations no. 1, no. 2, no. 5, no. 11, and no. 12, 

<30% at plantation no. 6, and between 60% and 100% at the other plantations. 

Translocation factors from the main stem to the lateral stem were ≥100% at plantations no. 

6, no. 8, no. 10, and no. 12, from the lateral stem to young leaves were ≥100% at plantations 

no. 1, no. 6, no. 7, no. 9, and no. 11, and from the lateral stem to old leaves was ≥100% at 

all plantations. 

3.6. Selenium Concentration in Tea Infusion 

The selenium concentration in tea infusion ranged from 1.88 to 12.49 μg L−1 (Figure 

6), the mean was 5.18 μg L−1, the median was 3.49 μg L−1, the 25% quantile was 2.53 μg L−1, 

the standard deviation was 3.55 μg L−1, the average standard error was 0.592 μg L−1, and 

the CV was 69%. The selenium concentration exceeded the average value for plantations 

no. 1, no. 6, no. 7, and no. 9, among which the selenium concentration in tea infusion for 

plantations no. 6 and no. 7 exceeded 10 μg L−1. The selenium concentration in tea infusion 

for plantations no. 1, no. 6, no. 7, no. 9, no. 10, and no. 11 was similar to or greater than 

the 50% quantile. 
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Figure 6. Selenium content (a) and dissolution rate (b) of tea infusion after one brewing of young 

leaves. Different letters indicate significant differences between the corresponding indices across 

various sampling point, p < 0.05. Note: The red dashed lines in figure (a) represent the respective 

quantile lines, while the blue dashed lines depict the mean values. 

4. Discussion 

4.1. Availability and Factors Influencing Soil Selenium in Tea Plantations 

Owing to the exposure of coal-bearing strata in the Lower Cambrian Hetang 

Formation [23,32], the topsoil of tea plantations in Shitai County is rich in selenium, which 

is approximately 11 times that of the background selenium value of surface soil in Anhui 

Province, China (0.23 mg kg−1). The ASeR in the soil of the same region was previously 

reported to range from 2.47% to 6.05% [33], which was consistent with the present results. 

Selenite, selenate, and organic selenium are the main plant-available forms of selenium 

[34]. A significant positive correlation was observed between the available selenium and 

total selenium contents in the soil (Figure 2). The available selenium content was strongly 

related to the soil chemical properties. The soil-selenium availability was significantly 

negatively correlated with soil pH (p < 0.05). This finding was supported by previous 

research [35]. Soil pH is associated with the redox potential and soil mineral ion content, 

which strongly affects the adsorption and desorption abilities of the soil [36]. In neutral or 

alkaline soil, selenium exists as selenate (SeO42−), which has weaker adsorb ability in a clay 

soil [37]. In acidic soil, selenium mainly exists in the form of selenite (SeO32−), which is 

more readily immobilized by absorption to soil iron and aluminum oxides [35,38]. The 

soil pH in the tea plantation ranged between 5.58 and 6.8, and may be the primary reason 

that the soil ASeR was relatively low. Therefore, an appropriate increase in the soil pH 

through agronomic practices would increase the availability of selenite in acidic soils. 

The soil-available selenium content was greatly influenced by organic matter [39]. A 

significant positive correlation was observed between the selenium and organic matter 

contents in agricultural soils [40]. However, the effect of organic matter on soil-selenium 

availability remains controversial. Organic matter adsorbed and immobilized soil 

selenium in a bound state, thereby reducing soil-selenium availability [23]. The present 

results showed that soil-available selenium content was significantly positively correlated 

with soil organic matter content (p < 0.05), which may be associated with the rich content 

of organic matter in the local soil and the high enrichment of selenium. Through the 

activation of soil organic matter and microbial metabolism, soil selenium was activated 
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into available selenium. Simultaneously, soil organic matter mineralization released 

organic selenium, thus improving the availability of selenium. 

Soil properties and selenium content may be affected by the elevation of the tea 

plantation. The total and available selenium contents were significantly higher in tea 

plantations located at moderate and high elevations (500–800 m) than at low elevation 

(<500 m) [41]. However, in the present study, tea plantations no. 1, no. 2, no. 3, and no. 4 

situated at moderate and high elevations had average (or median) total and available 

selenium contents. In contrast, plantations no. 9 and no. 10 at low elevations had high 

selenium contents, with total selenium contents of 3.99 and 5.5 mg kg−1, respectively, and 

available selenium contents of 75 and 78 μg kg−1, respectively. These results indicated that 

the elevation of the tea plantation affects the distribution of selenium in the soil, but the 

decisive factor in the selenium content lies in the soil parent material. The coal-bearing 

strata in the parent rock in plantations no. 9 and no. 10 are extensively exposed. Selenium 

is extremely active in strata containing coal and is readily released to the local soil 

environment [42]. 

4.2. Selenium Enrichment and Migration in the Soil–Tea Plant System 

As an important trace element to improve the quality of tea, selenium enters tea plant 

tissues by way of atmospheric deposition and root uptake. Root uptake from the soil is 

the main selenium source for plants in terrestrial ecosystems [11,43]. Significant 

differences in the capacity for the absorption of soil selenium by different organs of tea 

plants were observed in this study, and the selenium EF showed a decreasing trend from 

fibrous roots, main roots, old leaves, main stems, lateral stems, and young leaves. The root 

system absorbs and enriches a large amount of soil selenium, especially fibrous roots, 

which was consistent with the findings of previous research [44]. The absorption of 

selenium by roots is controlled by various factors, especially by the bioavailability of soil 

selenium [37]. In this study, despite the low bioavailability of selenium (ASeR = 2.27%), 

the EF of fibrous roots reached 0.78, indicating an extremely strong selenium enrichment 

ability, which may be associated with the tea plant cultivars grown in the study region. 

The selenium EFs of the main stem and lateral stem were average, and reflected the lack 

of a significant correlation between the main stem and other organs (Figure 4). The leaves 

of tea plants have not evolved specialized tissues for selenium absorption [45], and the 

weakest selenium enrichment ability observed was that for young leaves (EF = 0.17). The 

EF value for old leaves was substantially higher than that for young leaves, indicating that 

selenium continued to accumulate in the old leaves over time. 

Understanding the distribution of selenium in tea plants solely from the perspective 

of its enrichment and absorption is inadequate. More importantly, the knowledge of how 

selenium is transported and redistributed after entering the tea plant is required. The 

highest selenium content in the fibrous roots and main roots in the 12 tea plantations was 

24.5 times and 8.6 times that of the young leaves, respectively, indicating that the selenium 

transport ability is low in the tea plant. From the perspective of selenium migration in the 

soil–tea plant system, selenium is mainly transferred between the soil and the root system. 

The tea plant root system rapidly converts selenite adsorbed from the soil through 

phosphate transporter proteins into organic selenium, which obstructs the efficiency of 

selenium transport from the fibrous root to the main root [46]. In the present study, the 

selenium TF from the fibrous root to the main root was only 52.85%. The selenium is more 

highly concentrated in the root epidermis and root cortex tissues of alfalfa (Medicago 

sativa) [47], and the binding of selenium in the root epidermis and root cortex further limits 

the efficiency of selenium transport from the main root to the aboveground parts. 

Although the migration efficiency between the adjacent organs of the tea plant gradually 

increases with the development of autonomous roots, the proportion of selenium content 

reaching the leaves is still not high. This may be a physiological stress–response 

mechanism in tea plants growing in selenium-rich soils to effectively inhibit selenium 
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toxicity. In addition, selenium transport is constrained by factors such as selenium 

transport proteins and ion channels in tea plants [48]. To further enhance the selenium 

content in young leaves, tea cultivars that exhibit high selenium enrichment and 

migration transport ratios should be preferentially planted. This approach will enhance 

the mobility of selenium from the root system to young leaves and improve the utilization 

efficiency of selenium-rich soil resources. Further studies focused on the metabolic and 

molecular levels are required to elucidate the underlying mechanisms of selenium 

absorption and transport in tea plants. 

Selenium absorption and transport by tea plants is constrained by multiple factors, 

such as the selenium forms in the soil, soil properties, and tea plant cultivars [49]. No 

significant correlation was observed between the selenium content in the tea plantation 

soil and the content in different organs of tea plants in the present study (Figure 4). 

However, different organs of tea plants exhibited relatively consistent selenium 

distribution characteristics. The selenium content in selenium-rich soil may not be the only 

factor that determines the migration and distribution of selenium in tea plants. Selenium 

accumulation in young leaves, old leaves, main stems, lateral stems, and fibrous roots was 

strongly associated with the selenium content in the main roots. Among the six organs of 

tea plants studied, a significant correlation with selenium content was only observed for 

the main root (p < 0.01; Figure 4). The goodness-of-fit for a linear regression of the selenium 

content between the main root and other organs of the tea plant was relatively high (p < 

0.01; Figure 5). Therefore, the main roots of tea plants and not the soil selenium content 

are the dominant factor that determines the redistribution of selenium in different organs 

of tea plants grown in selenium-rich soils. 

4.3. Characteristics of Selenium Release from Young Leaves 

The selenium dissolution rate in tea infusion was significantly affected by the 

temperature, duration, and frequency of tea brewing [50,51]. A strong correlation was 

observed between selenium content in young leaves and selenium concentration in tea 

infusion (p < 0.01). Using the generally applied tea-brewing method, the average selenium 

dissolution rate in the tea infusion after one brewing was 22.6% (Figure S1), which was 

higher than the average selenium dissolution rate of 4.72% previously reported for nine 

types of Chinese tea [27]. Based on a survey by the World Health Organization, the upper 

limit of selenium intake for healthy adults is 400 µg day−1 [52]. A recommended standard 

for the dietary intake of selenium by humans of 57 µg day−1 was proposed [53], and 

drinking selenium-rich tea is an effective means to supplement selenium intake. The 

average daily tea consumption by adults is 11.4 µg [54]. On this basis, the average 

selenium intake would be 0.98 µg day−1 from the studied tea after one brewing. After three 

brewings, the total dissolution rate of selenium can reach 60% [55], from which the daily 

consumption of selenium-rich tea could provide approximately 2.60 µg day−1 of selenium. 

The selenium content in all old leaves exceeded the lower limit (0.25 mg kg−1) of the 

selenium-rich tea standard [56]. However, young leaves from only four tea plantations 

met this standard, despite the average selenium content in young leaves from 12 

plantations of 0.43 mg kg−1. These results inferred that the tea produced in selenium-rich 

areas may not qualify as genuine selenium-rich tea. 

The study area was limited to a specific region within Shitai County, necessitating a 

further expansion of the investigation scope for selenium-rich tea plantations. Our 

findings revealed significant disparities in the capacity for soil-selenium enrichment 

among the three tea cultivars, with significant variations in selenium transport capacity 

observed among different tea plant varieties (Table S5). Nevertheless, an examination of 

the biological mechanisms governing soil selenium absorption and transportation across 

different tea cultivars was not undertaken. The further investigation of the mechanism 

underlying the low selenium mobility from the fibrous roots to the main roots of tea plants 

grown in selenium-rich areas is required. In addition, a molecular-level analysis of 

selenium enrichment and transport among different organs of tea plants should be 
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undertaken. Tea cultivars with a high selenium EF and TF should be selected and 

cultivated. It will be essential to cultivate high-quality selenium-rich tea and continue to 

optimize soil nutrient supply, cultivation techniques, and harvesting management 

practices. 

5. Conclusions 

The soil selenium content of selenium-rich tea plantations ranged from 1.16 to 5.50 

mg kg−1, of which 30.56% of the studied plantations points had excessive selenium 

contents. The available selenium content in the soil ranged from 10.4 to 140 µg kg−1 and 

the activation rate ranged from 1.31% to 4.25%. The soil total selenium content was 

positively correlated with available selenium, and, in addition, soil pH, soil organic matter 

content, and available potassium were important factors that affected soil-selenium 

availability. The average selenium EF was highest in fibrous roots and lowest in young 

leaves, and the EF of old leaves was substantially higher than that for young leaves. The 

selenium content of the main roots was positively correlated with the selenium content in 

other organs, which is the dominant factor that determines the redistribution of selenium 

in tea plants. The TF from fibrous roots to main roots was 53%, from main roots to main 

stems was 72%, from main stems to lateral stems was 64%, and from lateral stems to young 

leaves was 96%. The average dissolution rate of selenium from young leaves to a tea 

infusion was 22.62%. Drinking selenium-rich tea is an effective and healthy means to 

supplement selenium intake. In general, the selenium content of soils in Shitai County is 

adequate, but only one-third of young leaves met the selenium-rich tea standard. 

Additional measures should be used to produce selenium-rich tea, such as soil 

amendments, planting tea varieties with high selenium enrichment and transport factors, 

and an optimization of the picking period. 
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