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ABSTRACT

Transport via xylem of trichloroethylene (TCE) from roots to shoots in seedlings of wheat, corn, and
tomato was measured following a 24-h exposure of plant roots to hydroponic solutions containing TCE.
Dewdrops on plant leaves were also collected to test the foliar uptake by plants and the volatilization
of TCE from shoot to air. Results indicated that the TCE concentration in xylem sap of wheat and corn
decreased significantly with increasing TCE concentration in external solutions, where the initial con-
centration was set at 10-30mgI-'. The translocation stream concentration factor (TSCF) with the three
plant species, defined as the ratio of the contaminant concentration in plant xylem sap to that in exter-
nal solution, decreased sharply with increasing external TCE concentration or with increasing exposure
time. Among the three plant species tested, the efficiency of TCE transport from roots to shoots followed
the order of corn>wheat >tomato, based on the TCE concentration in xylem sap and the TSCF value.
However, the TCE removal efficiency from external solution by three plant species followed the order of
wheat > corn > tomato, because of the strong exchange of TCE between corn leaves and air and the rapid
movement downward via phloem inside the plant. TCE concentrations in dewdrops collected from wheat
and corn were far higher than in the xylem sap, especially with the corn.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Due to the wide pesticide application, irrigation with wastew-
ater, sewage sludge disposal, waste discharge and accidental
chemical release, many food crops are susceptible to contamination
by various organic wastes [1-3]. The need to better understand the
mechanism and influential factors of the contaminant uptake by
plants and transport via plants has promoted active investigations
on the plant-uptake process [4-10]. Analyses of the concentra-
tions of nonionic organic contaminants in plant roots in relation
to the external concentrations in water (or soil water) from exten-
sive sources have revealed that these contaminants enter plants
largely by passive process [4,10-12]. The process may be viewed
to consist of a series of partitions between plant water and plant
organic matter with various plant components [10]. Transloca-
tion of these chemicals to shoots from root uptake proceeds in
the direction of decreasing chemical potential, which is consid-
ered to be more efficient for compounds of intermediate polarity
(1 <log Kow < 3) [4]. For a chemical, the efficiency of translocation is
described in terms of the transpiration stream concentration factor
(TSCF), which is defined as the ratio of chemical concentration in
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transpiration stream to that in the external solution. The concen-
tration in the transpiration stream is usually assessed indirectly
from the mass of chemical accumulated in the shoots for a known
volume of water transpired. The TSCF of a chemical is assumed to
have a maximum of 1.0 for passive uptake [4,11] and to be inde-
pendent of chemical concentration in the external solution when
partition equilibrium between root organic component and water
was reached. The accumulation by shoots is determined by the
partitioning between xylem sap and adjacent stem [4,10,12]. Cur-
rently, models for the uptake and transport of chemicals in plants
have been applied in pesticide manufacturing, risk assessment,
and biotechnology [11]. However, direct evidence for the assumed
chemical transport via xylem is much warranted to substantiate
the assumed in-plant translocation process. Experimental tests on
chemical transport via xylems are thus undertaken in this study.
Trichloroethylene (TCE) is used widely as a solvent to remove
grease from metal parts and as an ingredient in adhesives, paint
removers, and spot removers. TCE is very volatile and has a mod-
erately high water solubility of 1100 mgl-!. It has been widely
detected in groundwater and surface waters as a result of man-
ufacturing, use, and disposal of the chemical [13]. Previously, we
studied the uptake of TCE by rice seedlings from nutrient solution
with and without coexisting organic compounds [12,14]. Results
from single-TCE experiments indicated that TCE concentrations
in rice roots and shoots decreased with the TCE concentration in
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external solutions or the exposure time. There was no steady root
concentration factor (RCF) and shoot concentration factor (SCF),
significant difference with other compounds, such as atrazine,
o-chlorophenol and 2,4-dichlorophenol [14], as well as Lindane
[1], O-methylcarbamoyloximes, substituted phenylureas [4], and
phenanthrene. Because of the high TCE volatility from plant leaves
to air, the potential for reverse TCE vapor uptake by leaves could
thus interfere with the net TCE transport into plant roots and the
subsequent translocation into shoots.

In the present study, the dewdrops and xylem saps in wheat,
corn and tomato exposed to different TCE concentrations were col-
lected and analyzed for better understanding the uptake of TCE by
plants and the translocation of TCE within plants.

2. Experimental
2.1. Preparation of plant seedlings

Seeds of wheat (Triticum aestivum L., cv Chunhua), corn (Zea
mays L., cv kennian) and tomato (Lycopersicon esculentum Miller)
were surface sterilized with 30% H, O, for 10 min, rinsed and soaked
in deionized water overnight, and then placed on a nylon net float-
ing on a 0.5 mM CaCl, solution until germinated. Every six seedlings
of each plant species were transferred to a 4-1 container filled with
a modified 1/5-strength Hoagland nutrient solution. The composi-
tion of the nutrient solution was: 1.0 mM KNOs3, 1.0 mM Ca(NO3),,
0.5mM MgS0y, 0.1 mM KH,PO4, 1.0 WM MnCl, 3 wM H3BO3, 1 uM
(NH4 )6M07024, 1 }LM ZHSO4, 0.2 }LM CUSO4 and 60 }.LM Fe(llI)—
ethylenediaminetetra-acetic acid (EDTA). The pH of the nutrient
solution was adjusted to 6.0 using 0.1 M KOH or HClI solution. Plants
were grown hydroponically for 1-3 wk before the experiments. The
nutrient solution was aerated continuously and renewed every two
days. Uniform seedlings were selected and transplanted to brown
glass bottles (a group of five wheat seedlings, one corn seedling
or tomato seedling per bottle) containing 600 ml of a nutrient solu-
tion just before experiment, bottles were wrapped with aluminized
paper and the open areas between the cap and plant seedlings were
sealed with sponge wrapped with aluminized paper.

2.2. Treatments with contaminants

Trichloroethylene used for plant-uptake studies was sup-
plied by Sigma-Aldrich Company. The experiments were carried
out in a controlled environment with a 14h light period
(260-350 wmolm=2s-1) at temperatures of 25°C day and 20°C
night. The relative humidity was 70%. In experiment 1, the wheat
seedlings were exposed to nutrient solutions with different TCE at
10, 20, 30 and 40 mg1-! for 22 h (2 h after the light period started),
collecting the sap for 6 h, then collecting the xylem sap and final
external solution. In experiment 2, 12 groups of wheat seedlings
were exposed to nutrient solutions with the initial TCE concen-
tration at 40 mgl-'. At selected times (1, 2, 12, and 22 h), wheat
seedlings in three replicated groups were cut off and the xylem
sap and final external solution were collected. In experiment 3, the
corn seedlings were exposed to nutrient solutions with different
TCE at 0, 10, 20, 30 and 40 mg 1! for 22 h (2 h after the light period

Table 1

started), collecting the sap for 6 h, then collecting the xylem sap
and final external solution. In experiment 4, 12 wheat seedlings
were exposed to nutrient solutions with the initial TCE concen-
tration at 40mgl-!. At selected times (1, 2, 4, 13, 18 and 24h),
three replicated corn seedlings were cut off and the xylem sap and
final external solution were collected. In experiment 5, the tomato
seedlings were exposed to nutrient solutions with different (ini-
tial) TCE at 1, 2, 3 and 8 mgl~!, collecting the xylem sap and final
external solution after 24 h. At the end of the each experiment, the
plant seedlings were weighed after blotted dry with tissue paper.

2.3. Xylem sap collection and analyses of TCE concentrations

In each experiment, fronds of three replicate plants were cut at
the base of the shoot (c. 1 cm above the roots). The cut surfaces were
rinsed with deionized water and blotted dry. Xylem exudates were
collected for 1 h after excision.

Xylem saps, dewdrops and final external solutions in each
experiment were immediately extracted with n-hexane after being
collected, and were analyzed for TCE by an Agilent 6890 gas chro-
matograph equipped with a 63Ni electron capture detector (ECD)
using a HP-5 capillary column (0.32 mm x 30m x 0.25 wm) and a
split injection mode. The recovery of the solution samples in this
experiment was 95.8+1.2% (n=5). Measured values of samples
were not corrected for the recovery.

3. Results and discussion
3.1. Transpiration efficiency of TCE in plants

Because of the short exposure (within 24 h) to a relatively low
concentration of TCE (less than 4% of the solubility), no toxicity
symptoms were observed in all of experiments. Average biomasses
of plants in each experiment were listed in Table 1. There was no
significant difference in the biomass with different exposed con-
centrations. About 100-300 .l of xylem exudates were collected
from the wheat experiment (experiment 1), 50-100 pl collected
from the corn experiment (experiment 3),and 100-300 .l collected
from the tomato experiment (experiment 5).

TCE concentrations in xylem sap collected from wheat seedlings
were 0.24+0.07, 0.17+0.03, 0.13+0.01 and 0.39+0.09mgl!
when the initial TCE concentrations in nutrient solution were
10, 20, 30 and 40 mgl-!; the respective final TCE concentrations
in external solution were 0.40+0.03, 0.57 +£0.08, 1.61+0.11 and
3.06+0.10mgl-! (Table 1). After a 22-h plant uptake, the TCE
concentration in nutrient solution showed 96%, 97%, 95% and 92%
reductions, respectively. The ratio of TCE concentration in xylem
sap to that in final external solution (TSFC) in wheat seedling in the
present study was not constant (Table 2); it decreased with increas-
inginitial or final TCE concentration in final external solution, as has
been found with rice seedlings [14]. These observations disagree
with the hypothesis that the TSCF of a contaminant should be inde-
pendent of its concentration in external solution [4]. This indicates
that the uptake of TCE by plants roots could not be explained solely
by a physical partition process nor predicted by models based only
on passive uptake [4,5,7,10]. There was no significant difference in

Biomasses (g fresh weight) of plant seedlings exposed to various concentrations of (TCE) in nutrient solution (mean +S.E., n=12-18).

Plant Wheat

Experiment 1n=12 Experiment 2n=12

Corn Tomato

Experiment 3n=12

Experiment 4n=18 Experiment 5n=12

Shoot 0.98 +£0.02 0.99+0.05
Root 0.53+0.02 0.58+0.05
Total 1.51+0.03 1.58+0.10

0.72+0.04 0.79+0.03 2.39+041
0.48 +0.04 0.35+0.02 0.59+0.09
1.20+0.06 1.14+£0.04 2.98+0.48
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Table 2

Xylem transport efficiency of TCE in wheat, corn and tomato seedlings (mean+S.E., n=3).

Plant TCE concentration, mg1-! Significance level
G 10 20 30 40
wh I 0.24+0.07 0.17+0.03 0.13£0.01 0.39+0.09 NS
eat CF 0.40+0.03 0.57+0.08 1.61+0.11 3.06+0.10
TSCF™ 0.59+0.27 036+0.15 0.085+0.01 0.050+0.02
G 10 20 30 40
c Gt 1.39+0.26 0.76+0.25 0.57+0.07 0.74+0.04
orm & 3.67+0.28 435+0.05 8.61+0.60 13.14+1.47
TSCF” 0.38:0.08 0.17+0.06 0.067:+0.013 0.058+0.009
G 1 2 3 8
Tomat Cpmer 0.033:0.009 0.02240.007 0.02340.002 0.078+0.017 NS
omato G 0.81+0.16 1.03+0.02 1.20+0.21 1.20+0.06 NS
TSCF” 0.048:£0.017 0.022 0.007 0.021:+0.006 0.067+0.017 NS

Cg: Initial TCE concentration in nutrient solution (mgl-1).
C;*: Final TCE concentration in nutrient solution (mg 1-1).

TSCF™: Ratios of TCE concentration in xylem sap to TCE concentration in final external solution (mgI-1).

NS, not significant.
"P<0.01.

' P<0.05.
" P<0.001.

the volume of the final external solution between TCE treatments,
indicating that the effect of TCE uptake on plant transpiration rate
was negligible, similar to the results in previous report [14].

Results of TCE uptake and transport by corn and tomato
seedlings from nutrient solution in experiments 3 and 5 provided
more evidence that the ratio of TCE concentration in xylem sap
to TCE concentration in final external solution (TSCF) was not
constant (Table 2). In experiment 3, the observed TSCF in corn
seedlings decreased with increasing initial or final TCE concen-
tration in external solution. The TSCF of TCE in tomato seedlings
changed from 0.021 to 0.067 at initial and final TCE concentrations
in external solution in experiment 5. Although exposed to the same
initial TCE concentration, corn seedlings showed lower removal
efficiency than wheat seedlings. In experiment 3, 63%, 78%, 71% and
67% of TCE were removed by corn seedlings when the initial TCE
concentrations in nutrient solution were setat 10, 20, 30,40 mg 1!,
respectively. The final TCE concentrations in experiment 3 were far
more (by 4-9 times) than those in experiment 1. However, TCE con-
centrations in xylem sap with corn seedlings were 1.9-5.8 times
more than those with wheat seedlings, resulting in the lower cal-
culated TSCF values with corn seedlings than with wheat seedlings
(Table 2). In the present study, TCE showed the least translocation
from roots to shoots with tomato, and thus the calculated TSCF with
tomato was far less than those with corn and wheat, even though
the initial TCE concentrations in external solution with tomato were
less than those in wheat and corn (Table 2).

3.2. Concentrations of TCE in dewdrops

Before harvest, dewdrops on plant leaves in experiments 1 and
3 were collected carefully at selected times (every 10-15 min), and
extracted with hexane to determine the TCE concentration. About
60-300 .l and 10-50 .l of dewdrops were collected from corn
and wheat leaves within 6 h, whereas the dewdrop from tomato
seedlings could not be collected in this experiment. A series of 10-
ml control solution were put into culture dishes 15 min in order to
test the TCE dissolution from air into water during the experiment
process (control 1).

Results showed that the TCE concentration in control solution
was negligible, indicating that TCE in dewdrops were mainly con-
tributed by volatilization via shoots along with water vapor. Results
also indicated that TCE concentrations in dewdrops collected from
wheat seedlings were 2-3 times higher than those in xylem sap
when the initial TCE concentration were at 20-40 mgl-! (Fig. 1)

but were lower than that in xylem sap (Figs. 1 and 2) at a low initial
TCE concentration in nutrient solution (10 mg1-1). TCE concentra-
tions in xylem sap and dewdrop collected from wheat seedlings in
experiment 1 indicated the TCE transport from roots to shoots was
higher than that from shoots to dewdrops.

Compared with wheat seedlings, corn seedlings showed a higher
TCE transport efficiency from shoots to dewdrops (Fig. 3). TCE con-
centrations in dewdrops from corn leaves were far higher (by 2-8
times) than those in xylem sap, and increased with increasing TCE
concentration in external solution (Fig. 3). Similar to a previous
report that TCE in plant could be taken up via shoots from air (foliar
uptake) and transported to roots [14], TCE was detected in the final
external solutions of control treatments (control 2) in experiment
3 that were not contaminated with TCE before experiment. Mean-
while, TCE was also detected in the dewdrops collected from control
2 in experiment 3. The TCE concentrations in control dewdrops as
a function of the foliar uptake time were shown in Fig. 4. Due to
its high solubility (1100 mgl-1) and volatility, TCE could be eas-
ily translocated via plant transpiration streams to plant shoots and
volatilized along with water into air to give rise to higher TCE con-
centration in corn dewdrops (Figs. 2 and 3). On the other hand, the
foliar uptake of TCE by shoots concurred with the TCE volatiliza-
tion [13], and the downward transport via phloem decreased with
increasing TCE concentration in roots or external solution. As a

Fig.1. Change of TCE concentration in dew and in xylem sap in wheat seedlings with
TCE concentration in external solution. Each point is the mean of three replicates.
Error bars represent S.E.
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Fig. 2. Change in transport efficiency of TCE from wheat and corn seedlings to
dewdrop with uptake time. Each point is the mean of three replicates. Error bars
represent S.E.

result, the TSCF of TCE in plants decreased with increasing TCE con-
centration in external solution, and the TCE concentration in control
dewdrops decreased sharply with an increase in uptake time after
the fastinitial foliar uptake of TCE. Compared with wheat seedlings,
the stronger foliar uptake and downward movement via phloem
with corn seedlings resulted in higher TCE concentrations in the
final external solution (Table 2).

3.3. Effect of exposure time on xylem transport efficiency

Results from both experiments 2 and 4 indicated that the TCE
concentration in xylem sap of wheat seedlings increased slowly
with increasing exposure time within 2h, and then decreased

Fig. 3. Change of TCE concentration in dew and in xylem sap in corn seedlings with
TCE concentration in external solution. Each point is the mean of three replicates.
Error bars represent S.E.

Fig. 4. Change of TCE concentration in control dewdrops collected from corn
seedlings with uptake time. Each point is the mean of three replicates. Error bars
represent S.E.

Fig. 5. Change in xylem transport efficiency of TCE in wheat seedlings with uptake
time. Each point is the mean of three replicates. Error bars represent S.E.

sharply with the exposure time. To wheat seedlings, the trans-
port efficiency as represented by the ratio of TCE concentration in
xylem sap to TCE concentration in external solution (TSCF) showed
a sharp decrease (by 99%) after 2-22 h (Fig. 5). The trend of the TCE
transport efficiency with the exposure time for corn seedlings was
similar to that in wheat seedlings, which showed a 97% reduction
of TSCF after 2-24 h (Fig. 6).

It is assumed that the equilibrium of a non-polar chemical
between barley stem and xylem sap is rapid so that the chemi-
cal partition into the stem would be essentially complete after 24 h
if the chemical’s log Ko is less than 3.5 [4]. For passive uptake,

Fig. 6. Change in xylem transport efficiency of TCE in corn seedlings with uptake
time. Each point is the mean of three replicates. Error bars represent S.E.
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the maximum TSCF value is 1.0. With log Kow =2.42 for TCE, the
observed TSCFs with both wheat and corn seedlings were far less
than 1.0, indicating that the TCE accumulated in plant shoots was far
below the equilibrium capacity. A similar effect has been observed
in TCE uptake and accumulation by rice seedlings [14].

After TCE entered plant root probably partly via water channels
[3], the translocation of TCE in plants could be ascribed to four con-
tinuous processes: (1) the partitioning of TCE between plant roots
and external water phase; (2) the translocation from roots to shoots
via xylem, and from shoots back to roots via phloem if the chemi-
cal potential is higher at shoots; (3) the partitioning between xylem
sap and organic matter in shoots; (4) the volatilization from shoots
to air, and the foliar uptake of vapors by plants if the air phase has
a higher chemical potential. Among these processes, the rapid TCE
volatilization resulted in a low TCE accumulation in plant shoots
[14]. The high downward transport of TCE via phloem increased
TCE concentrations in roots and xylem sap, especially at low exter-
nal TCE solution, since the plants were exposed to the same TCE
concentration in the air.

4. Conclusion

TCE could be transported rapidly from plant roots to shoots via
xylem. On the other hand, a rapid downward transport via phloem
could also occur because of the high exchange efficiency of TCE
between plant leaves and air. Due to the complicated TCE upward
or downward movement depending on the situation, it is difficult to
predict the accumulation of TCE by plants with time using a simple
passive process (or partition process) [4,10]. It was observed here
that the ratio of TCE concentration in the xylem stream to that in
external solution (or the TSCF) [4] decreased rapidly with increasing
TCE concentration in external solution or increasing exposure time.
The TCE concentration in dewdrops from corn increased sharply
with the increasing TCE concentration in external solution in sup-
port of the high TCE volatility and the importance of the subsequent
foliar uptake by plants. Ratios of the TCE concentration in dewdrops
to that in xylem sap with corn leaves ranged from 2 to 8 and were
well related to TCE concentrations in external solution. In compar-
ison, the ratios with wheat leaves varied only between 1 and 3,
which indicated that TCE exhibited higher volatilization from corn

leaves than from wheat leaves. Meanwhile, considering the higher
TCE concentrations in both the xylem sap of corn seedlings and final
external solution, TCE appeared to exhibit a greater foliar uptake
and downward transport via phloem with the corn seedlings than
with the wheat seedlings.
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