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plant (Camellia sinensis L.) and factors affecting
lead bioavailability
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Abstract

BACKGROUND: There has been increasing concern in recent years about the concentration of lead (Pb) in tea. However, little
research has been done to address questions concerning the distribution of Pb in different varieties of tea plant and the
differences among tea plant varieties in their uptake and accumulation of Pb from the soil. Therefore the aim of this study was
to investigate the accumulation of Pb in different tea plant varieties and the factors affecting Pb bioavailability.

RESULTS: Three patterns of Pb distribution could be observed in different plant parts among the eight tea varieties surveyed, as
well as a linear relationship between the Pb concentration in fine roots and the exchangeable Pb fraction in the corresponding
soil. The uptake of Pb by fine roots increased significantly as the soil pH decreased. The average ratios of Pb concentration in
fine roots to those in young stems and young leaves were 5.18 and 31.80 respectively. In fine roots the Pb concentration varied
from 22.7 to 61.6 mg kg−1.

CONCLUSION: The results indicated that the uptake, transport and accumulation of Pb by tea plant organs were strongly
governed by soil conditions and tea variety, thus providing tea producers with useful information on variety selection for the
production of quality teas containing low levels of Pb.
c© 2010 Society of Chemical Industry
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INTRODUCTION
Tea (Camellia sinensis L.) is one of the most popular non-alcoholic
beverages in the world because of its taste, aroma and low
caffeine content.1 It has frequently been reported that drinking
tea is beneficial to human health owing to tea’s antimutagenic,
anticarcinogenic and antioxidant effects.2 However, various
reports have noted the potential health implications of trace metals
in tea, particularly since the tea bush is known to accumulate such
metals.3,4 For example, some researchers found that Chinese green
tea possessed the highest contents of heavy metals among tested
tea brands.5 Another investigation revealed that among 57 tested
tea samples marketed in Beijing (China) the concentration of lead
varied from 0.198 to 6.345 mg kg−1 dry weight.6

Lead (Pb) is a physiological and neurological toxin that can
affect almost every organ and system in the human body.7

Rapid industrialisation over the last two decades in China has
resulted in an increased Pb burden on the environment. Recent
surveys8 on tea products in some areas of China have revealed
an increasing number of cases (16.8%) exceeding the former
maximum permissible concentration (MPC) for Pb of 2 mg kg−1

dry weight, as set by the Chinese Ministry of Health.9 Moreover,
Pb concentration in tea products is increasing annually. Although
Pb intake from drinking tea is generally very low at the former
MPC of 2 mg kg−1,10 sometimes tea made from leaves higher in Pb
concentration (∼3.9 mg kg−1) can exceed the 0.01 mg kg−1 limit
set for drinking water in China.11 Therefore effects on human health
from the consumption of Pb through drinking tea have attracted

much attention among both consumers and producers.12 Also, Pb
concentration in tea has become an issue that affects trade and
consumer confidence.

Many factors can influence the concentration of Pb and other
metals in both tea plants and final tea products, including the
variety of tea plant, soil/atmospheric conditions, the maturity of
raw materials used and the processing of leaves.13 For instance,
different clones of black tea were found to contain different
aluminium (Al) concentrations,14 while the concentrations of
fluoride and Al in tea plants were reported to differ significantly
among Zhe-nong113, Zhe-nong121, Zi-sun and Bi-feng.12
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Tea is one of the most important cash crops worldwide,
particularly in China. However, the rapid industrialisation of China
over the past two decades has caused increased contamination
of the environment by heavy metals, especially Pb, which has
inevitably led to increased contamination of tea plants. Since many
tea varieties are planted in China, it is important to understand the
differences among tea plant varieties and genotypes in terms of
Pb uptake and translocation. However, current research is mostly
concerned with the concentration of Pb or other heavy metals in
tea. There are few studies on the distribution of Pb in different
varieties of tea plant or on the differences among tea varieties
regarding their uptake and accumulation of Pb from the soil.

Therefore the aim of the present study was to investigate the
accumulation of Pb in different varieties of tea plant as well as the
factors affecting Pb bioavailability. The investigated tea bushes
of the different varieties were all planted at the same site and
subjected to similar cultivation practices, thus making it possible to
identify the effects of tea variety on the uptake of Pb. Moreover, the
sequential extraction method used can yield valuable information
on changes in the chemical association and availability of Pb, both
of which are caused by the interaction between different tea plant
varieties and the soil. It is also expected that the results of the
present study will provide useful information on variety selection
for the production of quality teas containing low levels of Pb. Based
on this study, it will be possible to choose a particular tea plant
variety that takes up less Pb as a main cultivar. On the other hand,
the knowledge of particular varieties that take up more or less Pb
than others will be useful to meet our objectives for the next stage
of study on the different mechanisms of uptake, distribution and
localisation of Pb within tea plants.

MATERIALS AND METHODS
Field location and soil properties
In the city of Hangzhou (Zhejiang, China) the annual mean
precipitation is 1400–1700 mm and the annual mean temperature
is 17–18 ◦C, a climate suitable for the growth of tea. The study
site is located at Zhejiang University Tea Plantation in Hangzhou.
The tea garden, which contains 41 different varieties, is a variety
resources nursery subordinate to Zhejiang University Tea Research
Institute. All these varieties were planted at about the same
time more than 10 years ago. Tea plants of the same variety
were planted in two rows 30–40 cm apart, with a space of 1 m
between varieties. The total area allocated for each variety was
10–15 m2. Different plots of all varieties were arranged in a
completely randomised block design. In this plantation, cultivation
and management were kept the same; therefore we randomly
collected and composited four soil samples from unplanted areas
in the tea garden. Selected physicochemical properties of the soil
are shown in Table 1.

Collection of root zone soil and plant samples
In October 2007, samples of different tea plant parts and
corresponding root zone soil samples (0–20 cm depth) were
collected from the tea garden. The soil samples were taken at
a distance of about 2 cm from the roots of different varieties.
From healthy individuals of each variety, samples of young leaves
(∼1 month of age), mature leaves (grown in the previous year),
young stems, mature stems, fine roots (fibrous roots), coarse
roots (lateral roots) and seeds were collected. Three replicates of
all samples of soil and tea plant tissues were collected. All tea

Table 1. Analysis of selected soil propertiesa

Sampling position pH
Organic matter

(g kg−1)
Total Pb

(mg kg−1)

1 5.75 ± 0.03 12.3 ± 0.5 25.14 ± 0.20

2 6.06 ± 0.02 12.5 ± 0.1 29.25 ± 0.84

3 5.95 ± 0.02 12.2 ± 0.2 25.63 ± 0.41

4 6.15 ± 0.02 12.0 ± 0.2 27.56 ± 1.35

Average 5.98 12.3 26.90

a Results are reported as mean ± standard error (three replicates).

plant samples were first washed thoroughly with tap water to
remove dust and dirt and then washed a further three times with
deionised water. Afterwards the samples were oven dried at 80 ◦C
to constant weight and ground to a fine powder for subsequent
analyses. The soil samples were air dried at room temperature and
passed through a 2 mm sieve prior to chemical analyses.

Chemical analyses
Each tea plant sample was accurately weighed (5.000 g) into
a crucible and heated in a muffle furnace at 500 ◦C for 6 h.
The resulting ash was dissolved in 2 mL of 6 mol L−1 HCl. Care
was taken to ensure that all the ash came into contact with
the acid. The acid solution in the crucible was then diluted to
25 mL with deionised water. Pb concentration was determined
by inductively coupled plasma atomic emission spectroscopy
(ICP-AES; IRIS/AP, Thermo Jarrell Ash Corporation, Franklin, MA,
USA). The detection limit for Pb was 0.004 mg L−1. Blanks and
a standard reference tea material (GB07605-GSV-4, Institute of
Geophysical and Geochemical Sciences, Chinese Academy of
Geological Sciences, Langfang, Hebei, China) with a certified Pb
concentration of 4.4 ± 0.2 mg kg−1 were included for quality
control.

For the assessment of soil total Pb, each soil sample was first
digested with a mixed solution of concentrated HNO3/HCl/HF.
Pb concentration was then determined by ICP-AES. Soil pH was
determined using a combined glass electrode in 1 : 2.5 (w/v)
soil/water suspension.15 Soil organic matter was analysed by the
dichromate method.16

Fractionation of Pb in soil
Pb in the soil can be divided into five fractions, i.e. exchangeable,
carbonate-bound, organic matter-bound, oxide-bound and resid-
ual fractions. The revised sequential extraction method of Tessier
et al.17 was used as detailed in Table 2.18 Briefly, each air-dried soil
sample was accurately weighed (2.000 g) into a 50 mL polypropy-
lene centrifuge tube with a screw cap and extracted successively.
After each extraction the suspension was centrifuged at 6500 × g
for 15 min and the supernatant was passed through Whatman No.
42 filter paper. Pb concentration in the extracts was determined
by ICP-AES. The residual fraction of Pb in the soil was calculated by
subtracting the sum of extractable Pb from the total concentration
of Pb in the soil.

Statistical analysis
All analyses of different tea plant parts and soil samples were
replicated three times, with results presented as the average of
the three replicates. Data were expressed on a dry weight (DW)
basis. Statistical analyses, including multiple linear regression and
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Table 2. Sequential extraction procedure18

Fraction Extractant Operational conditions

Exchangeable 0.5 mol L−1 Mg(NO3)2 25 ◦C, shaken for 2 h, liquid/soil = 20 : 2

Carbonate-bound 1 mol L−1 NaOAc + HOAc (pH 5) 25 ◦C, shaken for 2 h, liquid/soil = 20 : 2

Oxide-bound 0.175 mol L−1 (NH4)2C2O4 + 0.1 mol L−1 H2C2O4 25 ◦C, heated for 2 h in bath at 85 ◦C; addition of water,
shaken for 2 h; liquid/soil = 20 : 2

Organic matter-bound 0.02 mol L−1 HNO3 + 300 mL L−1 H2O2,
0.8 mol L−1 NH4OAc (0.0075 mol L−1 HNO3)

25 ◦C, addition of 3 mL of HNO3 and 5 mL of H2O2, heated
in bath at 80 ◦C; evaporation of water, addition of
20 mL of NH4OAc containing HNO3, shaken for 1 h

Figure 1. Cultivar distribution according to Pb concentration in mature
stems of tea plants.

analysis of variance, were performed using SPSS 13.0 for Windows
(SPSS Inc., Chicago, IL, USA).

RESULTS
Pb in tea bushes
According to the variation in Pb concentration in mature stems of
all 41 tea plant varieties, the numerical distribution of stem tissue
Pb was calculated, with the result shown in Fig. 1. Wide variation
in Pb content existed in mature stems; for example, five varieties
(12.2%) ranged from 13.9 to 18.9 mg Pb kg−1, 11 varieties (26.8%)
ranged from 23.8 to 28.7 mg Pb kg−1 and only one variety (2.4%)
exceeded 38.5 mg Pb kg−1.

Based on these results for Pb concentrations in mature stems of
different varieties of tea plant and the consideration of whether
the tea plant variety is a main cultivar in Zhejiang province, eight
varieties, namely Jin-feng (JF), Bi-yun (BY), Mao-xie (MX), Mei-zhan
(MZ), Zheng-he (ZH), Yin-shuang (YS), Long-jing43 (LJ) and Jiu-
keng (JK), were chosen for further research. The Pb concentrations
in various tea plant parts of these eight varieties are presented in
Fig. 2 (no Pb was detected in young leaves of MX and MZ; there
were no young leaf samples for LJ and no seed samples for MX,
MZ and ZH).

The average ratios of Pb concentration in fine roots to those in
young stems and young leaves were 5.18 and 31.8 respectively. In
fine roots the Pb concentration varied from 22.7 to 61.6 mg kg−1.
The ratio of Pb concentration in mature leaves to that in young
leaves ranged from 1.7 to 6.5. Generally, the Pb concentration
decreased markedly from the roots to the seeds of the tea plant;
however, it was found that there were three patterns of Pb

Figure 2. Concentration of Pb in different organs of eight tea plant
varieties. Data columns and vertical bars represent mean (n = 3) and
standard deviation respectively.

distribution in different organs among the eight varieties. For LJ
(group A) the Pb concentration in various organs showed the
following order: fine roots > coarse roots > mature stems. For JK,
YS, BY, JF and ZH (group B) the Pb concentration in various organs
showed approximately the same order: fine roots > mature stems
> coarse roots. For MX and MZ (group C) the Pb concentration in
various organs showed a different order: mature stems > fine roots
> coarse roots. Statistical analysis indicated that the difference in
Pb concentrations among varieties also varied in different organs
(data not shown). Moreover, the Pb concentration in aerial parts of
MX was the highest among the eight varieties. Statistical analysis
showed that there was a significant difference between MX and
the other seven varieties in terms of Pb concentration in different
organs, including coarse roots, fine roots, mature leaves and young
leaves.

Correlation coefficients among the concentrations of Pb in
different parts of the tea plant are presented in Table 3, from
which it is seen that the correlation between Pb concentrations
in different organs differed with their relative position. There
was a highly significant positive correlation between the Pb
concentration in mature stems and that in young stems. In contrast,
the Pb concentration in fine roots was negatively and significantly
correlated with that in young leaves. A significant and negative
correlation was also detected between the Pb concentration in
coarse roots and that in seeds.

Soil characteristics
Selected physical and chemical properties of the corresponding
soil are shown in Table 4. The pH of all root zone soil samples
was less than 4.7, with the lowest value reaching 4.27, indicating
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Table 3. Pearson’s correlation coefficients between Pb concentra-
tions in different parts of tea planta

Tea plant organ Seeds
Young
leaves

Mature
leaves

Young
stems

Mature
stems

Fine
roots

Young leaves 0.808

Mature leaves 0.295 −0.560

Young stems −0.423 −0.180 0.639

Mature stems −0.436 −0.682 0.546 0.846∗∗

Fine roots −0.503 −0.913∗ 0.022 −0.125 −0.139

Coarse roots −0.938∗ −0.332 0.004 0.210 0.186 0.479

a Significant relationships are presented in bold: ∗ P < 0.05; ∗∗ P < 0.01.

Table 4. Average values of soil pH, organic matter content and total
Pb concentration in root zone soil of different varieties of tea planta

Tea plant variety pH
Organic matter

(g kg−1)
Total Pb

(mg kg−1)

JK 4.45 ± 0.01c 17.4 ± 0.2de 29.13 ± 1.77a

YS 4.65 ± 0.02a 18.2 ± 0.2d 23.34 ± 0.43c

BY 4.39 ± 0.01d 17.0 ± 0.3e 22.01 ± 0.30c

JF 4.29 ± 0.01ef 18.0 ± 0.3d 21.88 ± 0.90c

ZH 4.27 ± 0.01f 22.0 ± 0.3b 21.97 ± 0.41c

MZ 4.55 ± 0.03b 20.9 ± 0.2c 25.44 ± 1.80abc

MX 4.40 ± 0.02d 23.5 ± 0.2a 29.18 ± 2.92a

LJ 4.31 ± 0.01e 20.6 ± 0.6c 26.71 ± 0.53ab

Average 4.41 19.7 24.96

a Results are reported as mean ± standard error (three replicates).
Different letters within a column indicate significant (P < 0.05)
differences between soil samples.

that the root zone soil in the tea garden was severely acidified
(compared with data in Table 1). According to the difference
analysis of the soil pH among the soil samples corresponding
to the eight varieties, there was a significant difference between
YS and the other varieties, which was also true of MZ and JK.
The organic matter content in the root zone soil ranged from
17.0 to 23.5 g kg−1, with an average of 19.7 g kg−1. Once again,
based on the analysis of the soil organic matter content, it was
found that considerable differences existed between MX or ZH
and the other seven varieties. The total Pb concentration in the
root zone soil ranged from 21.9 to 29.2 mg kg−1, with an average
of 25.0 mg kg−1. The mean Pb concentration in natural soils of
Zhejiang province is 26.6±13.3 mg kg−1.19 This indicates that the
soil in the tea garden is not contaminated with Pb.

Chemical fractionation of Pb
The concentration and proportion of Pb in different fractions of tea
plant root zone soil are shown in Figs 3(a) and 3(b) respectively.
The distribution of root zone soil Pb was similar for all tea plant
varieties, with Pb being present predominantly in the residual and
oxide-bound fractions. The average proportions of residual and
oxide-bound Pb were 72.6 and 23.6% respectively. These values
suggest that hydrous iron (Fe) and Al oxides and clay minerals
play a major role in the immobilisation of Pb in the soil. The
highest proportion of exchangeable Pb was found in LJ soil (0.9%),
followed by JF (0.9%), ZH (0.8%) and MX (0.4%) soils, with YS (0.1%)
and MZ (0.1%) soils having the lowest measurable proportion of

(a)

(b)

Figure 3. (a) Concentration and (b) percentage of Pb in different fractions
of tea plant root zone soil: EXE, exchangeable Pb; CB, carbonate-bound Pb;
ORG, organic matter-bound Pb; OX, oxide-bound Pb; RES, residual Pb.

exchangeable Pb. No exchangeable Pb was detected in JK soil or
BY soil.

Correlation coefficients between the Pb fractions of root
zone soil and the soil properties are presented in Table 5. The
exchangeable Pb concentration in root zone soil was significantly
and negatively correlated with the soil pH (P < 0.05), suggesting
that the concentration of exchangeable Pb increases with
decreasing soil pH. This indicates that the soil pH has an important
role in controlling the solubility of Pb. Tea plantation can acidify
the soil and thus enhance metal mobility. However, the organic
matter-bound Pb concentration in root zone soil was significantly
and positively correlated with the soil organic matter content
(P < 0.05). The residual Pb concentration in root zone soil was
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Table 5. Correlation coefficients between soil properties and Pb
fractions of root zone soila

Soil property EXE CB ORG OX RES

pH −0.731∗ −0.185 −0.089 0.430 0.038

Organic matter 0.437 0.454 0.722∗ −0.351 0.324

Total Pb −0.094 −0.536 0.686 −0.474 0.972∗∗

a EXE, exchangeable Pb; CB, carbonate-bound Pb; ORG, organic
matter-bound Pb; OX, oxide-bound Pb; RES, residual Pb. Significant
relationships are presented in bold: ∗ P < 0.05; ∗∗ P < 0.01.

mainly affected by the soil total Pb concentration, increasing with
increasing total content of Pb (P < 0.01).

Most correlations of Pb concentrations in tea plant organs with
soil properties and Pb fractions were generally poor (Table 6).
Heavy metals, including Pb, are associated with various soil
components in different ways, determining their mobility and
availability. Exchangeable forms are considered readily mobile and
available to plants, while other forms – precipitated as carbonate,
complexed with organic matter and occluded in Fe or manganese
(Mn) – can be considered relatively active or firmly bound. From
Table 6 we can see that there is a significant correlation between
exchangeable Pb and the Pb content in fine roots, indicating
that exchangeable Pb is the primary bioavailable fraction in the
soil for tea plant uptake. Although it did not reach the level
of statistical significance, there was still a moderately positive
correlation between carbonate-bound Pb and the Pb content in
fine roots.

DISCUSSION
Pb distribution in different tea plant varieties
From Fig. 2 we can see that there were three patterns of Pb
distribution in different organs among the eight varieties, which
were all planted at the same site and subjected to similar cultivation
practices. For group A the Pb concentration decreases from the
roots to the aerial parts, which shows that Pb is retained in the root
system. For groups B and C, Pb is accumulated in the stems to a
certain extent, which shows that the tea plant varieties in these two
groups can accumulate Pb in their aerial parts. We also found that
the Pb concentration in the aerial parts of MX is the highest among
the eight tea plant varieties. Furthermore, the difference between
MX and the other varieties in terms of the Pb concentration
in different plant organs is significant. This indicated that there

might exist inherent differences in the uptake, translocation and
accumulation of Pb among the eight varieties, especially MX. We
concluded from our research that MX is unsuitable for planting in
an area where the Pb concentration is relatively high. Generally
speaking, the concentration of a particular element in different
plant parts can reflect the uptake, translocation, retranslocation
and utilisation of that element. With regard to different tea plant
varieties, plant factors such as root exudates, root surface area,
root absorption ability, mycorrhisation and transpiration rate can
affect both Pb availability in the soil and total Pb uptake by the
root.20 On the other hand, differences in the translocation of Pb
are possibly related to the differences in the form of Pb existing
in different tea plant varieties. It has been reported that ions and
low-molecular-weight complexes of Pb are mobile in plants.21

Thus the distribution difference of Pb in tea plants may occur in
the levels of uptake or in the transportation from root to stem or
from stem to leaf.

Statistical analyses (Table 3) demonstrated that the Pb concen-
tration in fine roots was negatively and significantly correlated
with that in young leaves. A similar correlation was also detected
between the Pb concentration in coarse roots and that in seeds.
These results revealed that in tea plants the absorbed Pb was
mainly accumulated in roots, with a minimal amount transferred
to stems and leaves. Pb has been reported to move predominantly
into the root apoplast and thereby in a radial manner to cross
the cortex and accumulate near the endodermis, which to some
degree functions as a barrier to the movement of Pb between
roots and shoots. This may in part explain why plant roots can
generally take up quite a large amount of Pb from the soil while
restricting greatly the translocation of Pb to aerial parts.22

Factors affecting Pb in tea plants
It is generally agreed that the optimal range of soil pH for tea plant
growth is 5.0–5.6.23 It has also been proven that tea plantation can
cause soil acidification. A survey conducted in 2000 showed that
44% of tea garden soils in Zhejiang, Anhui and Jiangsu provinces
had a pH below 4.0, compared with only 13% in 1990.24 This
large increase is likely due to acid secretions from tea plant roots,
the formation of H+ during nitrification of ammonia delivered
in the form of nitrogenous fertilisers, and the application of
physiologically acid fertilisers.25 – 27

From Tables 1 and 4 we can see that the organic matter content
in the tea garden subsurface root zone soil is significantly higher
than that in the background soil, which is probably a result of
root exudates, the annual application of organic fertilisers and

Table 6. Correlation coefficients between Pb concentrations in different tea plant organs and soil properties and Pb fractionsa

Soil property Seeds Young leaves Mature leaves Young stems Mature stems Fine roots Coarse roots

pH −0.567 0.312 −0.231 0.121 0.194 −0.514 0.407

OM −0.530 −0.938∗ 0.684 0.420 0.573 0.382 0.100

Total Pb 0.039 0.537 0.205 0.399 0.151 −0.146 −0.173

EXE −0.233 −0.724 0.085 0.000 0.002 0.920∗∗ 0.195

CB −0.560 −0.810 0.067 −0.146 0.197 0.686 0.520

OX 0.288 0.293 −0.479 −0.501 −0.089 −0.499 −0.191

ORG −0.126 0.003 0.787∗ 0.646 0.445 0.142 0.096

RES 0.022 0.494 0.286 0.467 0.130 −0.037 −0.121

a OM, organic matter; EXE, exchangeable Pb; CB, carbonate-bound Pb; ORG, organic matter-bound Pb; OX, oxide-bound Pb; RES, residual Pb.
Significant relationships are presented in bold: ∗ P < 0.05; ∗∗ P < 0.01.
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the accumulation of tea biomass through the incorporation of
tea prunings and old leaves. Lu and Liang28 reported that the
amount of organic acids in tea plant soils could reach a level 48
times greater than that in soils of other common crops. In this
study we found a positive relationship between organic matter
content and organic matter-bound Pb. In the past, different
opinions were held about the potential role of organic matter
in changing Pb bioavailability. Several studies have suggested
that addition of organic matter would immobilise Pb by forming
strong complexes with soil Pb.29,30 In contrast, there have also
been numerous studies reporting that addition of chelates or
low-molecular-weight organic acids to the soil could enhance the
solubility of Pb.31

In order to assess the potential contamination of the food chain
by heavy metals, many studies have been conducted in recent
years to identify and evaluate the bioavailability of trace elements
in the soil.32 – 35 Here we evaluated the bioavailability of Pb in tea
garden soils. The method of sequential extraction can provide
some insight into the chemical association and availability of soil
Pb. The variation in Pb fractions in terms of concentration and
proportion (Fig. 3) may be the result of plant physiology, growth
of roots, rate of metabolism, distribution of roots and micro-
organisms in the root zone. However, roots can change the major
physical and chemical characteristics of root zone soil, which may
in turn change the speciation and chemical characteristics of trace
metals.36 As a consequence, the change in Pb fractions may result
from root-induced changes in dissolved organic carbon, redox
potential and microbial activity near the root.

Previous research has shown that exchangeable and carbonate
fractions appear to be readily bioavailable.37 Our study also
showed a significant correlation between the exchangeable
fraction of Pb and the Pb content in fine roots and a moderately
positive correlation between the carbonate-bound fraction of Pb
and the Pb content in fine roots. Research supports the fact
that metal bioavailability is affected by the following factors:
soil cation exchange capacity, texture, clay mineralogy, redox
potential, organic content, metal binding by root exudates, root-
induced pH changes, root-induced microbial activities as well as
levels of other elements present in the soil.38,39 Among these
factors, some researchers consider pH to be the most important.40

Here we found that acidification of the tea garden soil was very
significant, as the pH of all root zone soil samples was less than
4.7, with the lowest being pH 4.3. Acidic conditions favour the
solubilisation of Pb from the solid phase of soils.41 In addition,
metals associated with oxides can be released under acidic or
reducing conditions, and root-induced changes in pH and redox
potential (Eh) can thereby play a role in the bioavailability of
trace metals in the soil.42 Previous research also showed that the
amount of available metals increased significantly when the soil pH
decreased.43 Thus it is not surprising to find that the exchangeable
fraction of Pb in tea plant soils was negatively related to the
soil pH. Nevertheless, the effect of pH on the availability of soil
heavy metals was found to be much smaller when the soil pH
was greater than 4.4.44 Therefore it is important to maintain the
soil pH at levels greater than 4.4. For instance, regular application
of a small quantity of lime materials may be an efficient way to
maintain the soil pH at levels greater than 4.5, and this in turn can
decrease the impact of heavy metals on tea plants. Research has
shown that liming resulted in a decrease in the proportion of Pb
in the exchangeable and carbonate-bound fractions in the soil,
with a concurrent increase in the fractions bound to Fe and Mn
oxides and residues.45 Another alternative approach is to apply

phosphorus fertiliser to fix Pb in the soil, thus decreasing Pb
bioavailability.46

CONCLUSION
It was found that the uptake, transport and accumulation of Pb
by tea plants are to some degree governed by soil properties and
the tea plant variety. The bioavailability of soil Pb can be affected
by the activity of roots in the root zone soil. Root exudates of
tea plants contain organic compounds that may be of different
kinds and quantities. Excretion products such as acetic, oxalic,
citric and tartaric acids and polysaccharides are able to form
complexes and chelates with metal ions, thus modifying the
fixation and mobility of soil heavy metals. As far as the eight tea
plant varieties studied here are concerned, we advise that MX not
be planted in an area with relatively high soil Pb concentration.
Furthermore, the different plant distribution of Pb observed when
MX is compared with the other varieties might be caused by a
different interaction mechanism between roots and soil, and this
different interaction mechanism might have originated from root
exudation processes. Further research concerning this aspect is
expected to be undertaken in the next stage.
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