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This study, which aimed to investigate the capacity of tea plant uptake and translocation of polycyclic
aromatic hydrocarbons (PAHSs), was divided into two sections. One was to study tea plant root uptake
of PAHs from water and translocation to leaves. The other was to research tea plant leaf uptake of
PAHSs from air. It was observed that tea plant roots and leaves could strongly accumulate PAHs from
around the environment. The capacity of tea plant uptake and translocation of PAHs were found to
be closely relative to the physical—chemical properties of PAHs. With the increase of IgK,, (octanol—
water partition coefficient) of the PAHs, both root concentration factors and leaf concentration factors
increased exponentially, while translocation factors from roots to leaves decreased exponentially.
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INTRODUCTION contaminants including PAHS8{5, 22—30). Organic contami-
nants may enter vegetation by partitioning from contaminated
soil or water to the root and translocating in the vegetation by
the xylem. Organic contaminants may also enter plants from
the atmosphere by gas-phase and particle-phase deposition onto

Gaseous and particle-bound PAHs can be transported over londN® Waxy cuticle of the leaf or by uptake through the stomata,
distances before deposition and may accumulate in vegetationtranslocating by the phloem. These two pathways are a function
(3—7). This could indirectly cause human exposure to PAHs ©f the physical—chemical properties of the pollutants, the
through food consumption and, thus, might pose a human health€nvironmental conditions, and the plant species. Most of
threat. hydrophilic contaminants with Ky (octanol—water partition

Next to water, tea is the most widely consumed beverage in C0€fficient) < 4 can be accumulated by roots and be acropetally
the world. There is lots of scientific evidence indicating that translocated within plant, while lipophilic organic contaminants
tea consumption may have health-promoting properties, includ- With 1gKow > 4 may strongly partition onto the epidermis of
ing reduction of cholesterol, depression of hypertension, anti- the roots and cannot be drawn into the inner roots and be
oxidation and antimicrobial effects, and protection against translocated within the plant4). The main pathway for
cardiovascular disease and cancer (8—10). However, residuedipophilic organic contaminants entering plant leaf is from the
of certain chemical contaminants in tea leaves, which may poseair to the leaf surface; however, the partition of these contami-
a health threat to tea drinkers, are occasionally detected. Thenants from the outer leaf to the inner leaf is slow and is rarely
main contaminants that have been investigated widely andtransported by the phloem since it is also water-basBd (
intensively are heavy metals, fluoride, and pesticidds17). However, there are a few exceptions. Hulster et al. observed
PAHs have been detected in some made teas around the worldhat zucchini and pumpkins accumulated and translocated higher
and can be released into tea wat&éB-{21). Our previous concentrations of PCDD/Fs from contaminated s@H.(PAHs
research revealed that PAHs in a certain kind of made tea mainlyare a certain class of semivolatile organic compounds with,JgK
came from the manufacturing proces0) However, PAHs values ranging from about 3 to 7. Numerous studies showed
were also detected in fresh tea leav&@) (indicating that PAHS  that PAHs were accumulated in both vegetable roots and leaves
could be accumulated by fresh tea leaves from around the (3—5, 25, 30). However, it is still under investigation whether
environment. PAHSs can be translocated within plants.

During the past decades, there has been considerable interest ¢4 plants possess high leaf surface areas and high root

in understanding plant uptake and accumulation of organic yensities. Some studies have revealed that metals and fluoride
can be accumulated by tea roots and leaves and then be

* To whom correspondence should be addressed. Tel: 86-571-88273733.translocated within the tea plar83—35). Organic pesticides
Fax: 86-571-88273693. E-mall. zlz@zju.edu.cn. can also be accumulated by tea leaves from around3éit (
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* Department of Tea Science. 38). However, little information is available about whether

Polycyclic aromatic hydrocarbons (PAHS), a class of com-
pounds that consist of two or more fused aromatic rings, are a
well-known class of carcinogens found in some foods, and they
have been intensively studied over the past few yehar2)
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organic contaminants including PAHs can be accumulated by The extract of PAHs from seedling samples was described elsewhere
tea roots or leaves and then be translocated within the tea plant(30). A certain amount of seedling samples was ground, homogenized,
The aim of this study was to investigate the tea plant uptake, @nd extracted by ultrasonication with a 1:1 (v/v) solution of acetone
accumulation. and translocation behaviors of PAHs from water @nd hexane. The extracts were then decanted and collected. This process
. Y . ted in triplicate. All extracts were combined and passed
and air, naphthalene (NA), acenaphthylene (ACY), fluorine (FL), V&S repea . !
phenanthrene (PHEN), and pyrene (PY) as representatives. Th {hrough a column packed with anhydrous;8& using 10 mL of a

/ 91 (v/v) mixture of DCM and acetone. The extracts were evaporated
IgKow values of these five PAHs are as follows: NA, 3.36; ACY, 1, gryness by a rotary evaporator and then dissolved in 2 mL of hexane.

4.08; FL, 4.18; PHEN, 4.46; and PY, 5.3, respectivel§)( One milliliter of the solution was filtered through a silica gel column
and eluted with 10 mL of hexane and DCM (1:1, v/v) and then was
MATERIALS AND METHODS evaporated to dryness. The residue was dissolved in 2 mL of acetonitrile

Preparation of Tea SeedlingsA variety of tea plants, namely, for a_nalysis. The W_ater solution was diluted using methanol to obtain
Longjing 43 belonging to the small-leafed variety@mellia sinensis ~ the final solution with 50% (v/v) methanol (41).
L., were chosen for the present study. Longjing tea, which is mainly ~ The analysis of PAHs was described elsewhé@®.(All extracts of
produced in Hangzhou City of Zhejiang Province in China, is one of the treated samples of air, seedlings, and water solutions were filtered
the most famous green teas. Two year old Longjing 43 seedlings wereWith a 0.22um minisart filtgr_in a vial sealed with a PTFE-lined cap.
obtained from the tea plantation of the Tea Research Institute of the Then, 15uL extracts were injected by autosampler to be analyzed by
Chinese Academy of Agricultural Sciences. After the seedlings were & high-performance liquid chromatography (HPLC) system (Agilent
collected and thoroughly washed with water, the tea seedlings were 1100, United States) consisting of a quaternary pump, a PAH column
allowed to grow in nutrient solutions for 1 week before they were used (Agilent, C-18,p4.6 mmx 250 mm), a UV detector, a data processor,
for the uptake study. The compositions of the nutrient solutions were and a system controller.

as follows: 20 ppm (NE)>SQs, 10 ppm NHNOs, 3.1 ppm NaHPQ,, All solvents (methanol, DCM, acetonitrile, and hexane) used for
40 ppm KSQy, 15 ppm CaGk2H,0, 0.35 ppm EDTAFeNa-3HO, sample preparation and analysis were HPLC grade from TEDIA Co.
25 ppm MgSQ@-3H,0, 20 ppm ASQy)s:18H,0, 0.1 ppm ZnSQ (United States). Chromatography silica gel (2@BD0 mesh) used for

7H:0, 0.1 ppm HBO;, 0.025 ppm CuS@5H,0, 1 ppm MnSQ@H,0, sample purification was purchased from Huadong Medical Corp.

and 0.05 ppm N#MoO42H,0. All of these compositions were  (China).
analytical grade with a purity of98%.

Treatments with PAHSs. The uniform tea seedlings selected forthe  RresULTS AND DISCUSSION
uptake study were about 60 cm in height with about 15 leaves on each
seedling. Six seedlings were loosely bundled together in the lower part  Uptake of PAHs from Water by Tea Seedling RootsThe
of the stems with Teflon tape and were cultured in an aluminous barrel results of PAH analysis are shownTable 1. It can be observed
through a drilled hole on the cap. The open areas between the cap anghat root PAH contents in group 2 at the end of the experiment
the seedlings were sealed with a sponge. There 8va of nutrient \yere opviously higher than those in groups 1 and 3, indicating
solution in each aluminous barrel. The roots of the seedlings were that the tea plant roots can strongly accumulate PAHs from

immersed just below the surface of the solution. The experiment was - .
divided intjo three groups, each of which was compoged of three Water. Root PAHs detected at the end of the experiment in group

aluminous barrels with seedlings hydroponically cultured. Group 1 was L Mainly might come from the nutrient solutions, which
set as a blank control without PAHs added into the solutions. Group 2 contained certain amounts of PAHs at the beginning of the
was set to study the root uptake of PAHs from the solutions. Five kinds experiment (sedable 1). Root PAH concentrations in group
of PAHs obtained from Aldrich Chemical with a purity 8/98% were 3 were higher than those in group 1, indicating that air PAHs
added into the solutions in group 2 with initial concentrations as that volatilized from the PAH particles placed on the bottom
follows: NA, 326 ppb; ACY, 847 ppb; FL, 139 ppb; PHEN, 802 ppb;  of the glass chamber might enter into the solutions and then
and PY, 509 ppb larger than its solubility (about 120 ppb). Group 3 accumulate in the tea roots. This can be illustrated by the fact
was set to study leaf uptake of PAHs from around the air. Three barrels y,5t PAH concentrations in the solution of group 3 were higher
with seedlings cultured in nutrient solutions without PAHs added were than those in group 1 and the concentrations of NA, FL, and

placed in a glass chamber with a length, breadth, and height of 1, 1, . -
and 1 m, respectively. Certain amounts of the five PAH particles were ACY were even higher than those in group 2. However, only

placed on the bottom to increase the air PAH concentrations in the (€ root concentration of NA among the five PAHSs in group 3
chamber. The experiment lasting for 10 days was carried out in a Was higher than that in group 2. This might be because NA
greenhouse with temperatures of about-3 °C in the daytime and ~ possesses the largest volatility and solubility among the five
15—20°C in the nighttime. The six barrels of groups 1 and 2 were PAHSs and could be relatively easily translocated among the air,
randomly placed together in the greenhouse to avoid the difference of water, and tea roots.
air PAH concentrations. At the end of the experiment, the solutions, Root concentration factors (RCFs), defined as the ratio of
_the air |_nSIde and outside the chamber, and the tea seedlings sectlonegne PAH concentrations in root and in solution of group 2 at
glrzglms?sm roots, small roots, stems, and leaves were sampled for PAH the end of the experiment (only in this group, all five of the
ySIS. PAHs could be detected in solutions), were calculated. PAH

Extract and Analysis of PAHs. Air samples were taken with low . i . ; .
noise small samplers (MP-15CF mini pump, Shibita, Japan) operated COncentrations in small roots were higher than those in the main

at 1.0 L/min equipped with a Whatman glass fiber filter (GFF, 25 mm, roots because small roots possess larger surfaces. The average
Whatman, England) collecting particle-bound PAHs and XAD-2 (2.5 RCFs of small roots were about eight times higher than those
g) retaining PAHSs in the gaseous phase, respectively 48R, PAH of the main roots in this study. It can be seen frbigures 1
concentrations in the air were shown with the sum of concentrations and?2 that for small roots or for main roots, the IgRCFs of the

in two phases. Air sampling programs were performed for 3 h just five PAHs were all proportional to their iy, values with a
before the end of the experiment with samplers located inside and correlative equation of IJRCFs 1.241 Igk,y, — 1.152 and
outside of the glass chamber at the height of the seedling leaves. In|gRCFS= 0.791 gk, + 0.354, respectively. This indicated

general, air samples were extracted by ultrasonication 4C30r 30 - . . .
min with & 20 mL mixture of dichloromethane (DCM) and acetonitrile 2t RCFS exponentially increased with the increase of Kelg
values of the five PAHSs.

(3:2, vlv). Then, 10 mL of extraction raffinate with 3@ of dimethyl )
sulfoxide (DMSO) was evaporated to dryness under a gentle flow of ~ Uptake of PAHs from around Air by Tea Leaves. The
nitrogen gas at room temperature before 2 mL of acetonitrile was addedsurface area of the above-ground parts of plant usually exceeds
(39, 40). the surface area of the ground in which they grow. It was
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Table 1. PAHs Concentrations of Water Solutions, Air, and Tea Seedlings at Both the Beginning and the End of the Experiment?

samples NA ACY FL PHEN PY
solution at the beginning («g/L)
groups 1 and 3 1.40 12.3 2.00 17.0 27.1
group 2 326 847 139 802 509
solution at the end («g/L)
group 1 0.12+0.02 ND ND ND ND
group 2 0.15+0.02 5.88+1.13 1.00+0.22 6.09+121 53.8+10.1
group 3 0.15+0.02 11.8+161 1.49+0.28 1.07+0.29 ND
air at the end (ug/m?)
out of the glass chamber 0.580 0.120 0.060 0.280 ND
in the glass chamber 1040 956 341 50.8 0.630
sections of tea seedlings at the end (ug/kg in dry weight)
small roots in group 1 106 + 10 172 £35 161 + 20 540 + 46 248 £ 47
small roots in group 2 230 +43 5730 £ 291 2360 + 376 52600 + 9980 68400 + 11200
small roots in group 3 311+56 4420 + 866 994 + 89 1280 £ 175 1310 £ 84
main roots in group 1 349+6.9 178+3.2 145+19 99.7+12.3 56.9+8.1
main roots in group 2 168 + 13 4270 £ 650 1750 + 140 8220 + 821 9040 + 104
main roots in group 3 198 + 36 1470 + 198 281+45 175+ 10 573+9.8
leaves in group 1 169 + 23 193+21 145+24 164 + 32 448+35
leaves in group 2 197 £19 39.1+51 22.7+45 172 £12 47.7+3.1
leaves in group 3 13000 + 1460 125000 + 14100 53800 + 5760 40300 + 2560 3200 + 644
stems in group 1 224+24 28.7+17 106+20 473+35 243+43
stems in group 2 27.8+0.7 49.7+25 178+14 483+5.6 292+23
stems in group 3 5030 £ 914 11200 + 1340 5560 * 675 5190 + 601 536 + 92

@Note: Group 1 was set as a black control without PAHs added into solutions. Group 2 was set to study the root uptake with PAHs added into solutions. Group 3 was
set to study leaf uptake with PAH particles placed on the bottom of the glass chamber. ND, not detected.
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than those outside, indicating that the fresh tea leaves could

. . strongly accumulate the PAHs from around the air.
estimated that the ratio of the leaf area to the ground area could To demonstrate the capacity of the fresh tea leaves accumula-

be up to 20 §6). The leaves of the Longjing tea plant are thin tion of the PAHs from air, leaf concentration factors (LCFs)

and tender, and the surface area per unit weight of leaves ISy stem concentration factors (SCFs), defined as the ratios of

relatively larger than that of other crop3§). A layer of wax leaf PAH concentrations to air PAH concentrations and stem
covers the surface of the fresh tea leaf, which may absorb PAHSp Al concentrations to air PAH concentrations, respectively,

from air, and the stomata of the fresh tea leaf may offer another \yere obtained. The PAH concentrations in leaves were much
pathway for PAHSs to enter the leaf. To reveal the relationship higher than those in stems because the leaves possess a larger
between the PAH concentrations of tea leaves and the air aroundsyrface. The average LCFs of the PAHs were about seven times
the leaves, the glass chamber was designed, inside of which aithigher than the average SCFs in this study. It can be seen from
PAH concentrations were much higher than those outside, asFigures 3and4 that the IgLCFs and IgSCFs of the five PAHs
shown in Table 1. The results showed that the leaf PAH were all proportional to their lg§o values with correlative
concentrations inside the glass chamber were obviously higherequations of IgLCFs= 1.371 Igow — 3.349 and IgSCFs=

3.0 3.5 4.0 45 5.0 5.5 1gKow
Figure 2. Correlation between main RCFs and IgK,,, of the PAHSs.
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Table 2. Ratio of the PAHs Translocated from Root to Y PAHs in Leaf
and the TF@

PAHs NA ACY FL PHEN PY
R: (%) 14.4 50.5 36.4 4.98 6.15
TF (%) 22.8 10.3 0.376 0.016 0.004

@Note: R is the ratio of the acropetal translocation of PAHs from root to  PAHs
in leaf; TF is the ratio of the acropetal translocation of PAHs from root to Y PAHs
in root.

1.228 Igow — 3.561, respectively. Although the IgLCFs values
in groups 1 and 2 also increased with the increase of,JgK
values of the PAHS, their relativities were lower than that in
group 3, which might be due to the fact that the leaf PAH
concentrations in groups 1 and 2 were much lower than those
in group 3 and might be more easily influenced by the potential
translocation of the PAHs from roots to leaves.
Tea Seedlings Translocation of PAHsAIthough above-

ground sections (including leaves and stems) apparently ac-

cumulated PAHs from the air, the concentrations of PAHS,
especially of NA, ACY, and FL, in group 2 were still higher
than those in group 1. This, in fact, suggested that the
translocation of PAHs from roots to above-ground sections was
also found, despite the uptake and accumulation from the air in
above-ground sections. PAHs in leaves should be from two
pathways, uptake from air and translocation from roots. Thus,
leaf PAHs concentrations ( can be calculated by the
following equation: C. = C, + C;, whereC, is PAH uptake
from the air andC; is PAH translocation from roots. So, the
contribution of PAH translocation from roots to leavesGp

(Ry) can be calculated big; = C/C,.. As for group 2,C; should

be the leaf PAH concentration margins between group 2 and
group 1. ResultsTable 2) showed that about 4.9%0.5% of
PAHSs in the leaves of group 2 was translocated from roots. It
was obvious that acropetal translocation of PAHs from roots
was closely related to the physieadhemical properties of
PAHs. TheR; values of NA, ACY, and FL were much larger
than those of PHEN and PY.

To demonstrate the capacity of the acropetal translocation
of PAHs by tea seedlings from roots to leaves, a #E) (was
defined as the following equation: T& C/Cg, whereCg is
the PAH concentration in roots. As for group@z should be
the root PAH concentration margins between group 2 and group
1. The TFs of the five PAHs are listed able 2.

To be taken up by tea roots and then translocated to leaves
PAHSs first have to be absorbed on the root epidermis and then

penetrate through the epidermis and be transported to the leaves

by the xylem. Hydrophilic organic contaminants wittKlg, <
1.5 may not be easily sorbed onto the root epidermis, and
hydrophobic organic contaminants with IgKk> 4 will be
extremely sorbed by the root epidermis, so they may have
difficulty being taken up through the root pathwag).(The
process of plant translocation of organic contaminants may be
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the inner leaves and be translocated by the phloem. It was
reported that PAHs in the leaves of some vegetation could not
be translocated to the underground p&)( In this study, the
leaf PAH concentrations in group 3 were much higher than those
in group 2, while the root PAH concentrations in group 3 were
lower than those in group 2. This indicated that the translocation
of PAHs between tea leaves and tea roots was very limited.
Although the root PAH concentrations in group 3 were
obviously higher than those in group 1, in this study, it could
not be concluded whether or not the increased root PAHS in
group 3 were translocated from the leaf PAHs because they
might come from the solutions in which the PAH concentrations
were higher than those in the solution of group 1 at the end of
the experiment.

ABBREVIATIONS USED

PAHSs, polycyclic aromatic hydrocarbori&;w, octanot-water
partition coefficient; NA, naphthalene; ACY, acenaphthylene;
FL, fluorine; PHEN, phenanthrene; PY, pyrene; DCM, dichlo-
romethane; DMSO, dimethyl sulfoxide; RCFs, root concentra-
tion factors; LCFs, leaf concentration factors; SCFs, stem
concentration factors; TF, translocation factor.
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