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Abstract

The uptake of atrazine (ATR) by rice seedlings (Oryza sativa L.) from nutrient solution was investigated in the pres-
ence and absence of Hg>" over a period of 96 h. Either ATR or Hg?" was found phytotoxic to rice seedlings, as they
inhibited the seedling growth. The seedlings showed about 50% biomass reduction when exposed to 1.0 mg/L Hg?" alone
in nutrient solution, and about 80% reduction when exposed to 12.0mg/L ATR alone. Observed ATR and Hg?" levels
(in mg/kg) in seedlings are not related to biomass changes. When either ATR or Hg>* was applied, the concentrations in
seedlings increased largely in proportion to those in nutrient solution. The presence of Hg?* at 0.1 and 1.0 mg/L in solu-
tion caused a small-to-moderate decline in ATR uptake by the seedlings, the effect being largely independent of the ATR
concentration in nutrient solution (at 6.0 and 12.0 mg/L). The presence of ATR (at 6.0 and 12.0 mg/L) in the nutrient
solution led to small-to-moderate irregular changes in the Hg?" concentrations in rice seedlings. The overall results
showed that there was no significant interdependence between the uptakes of ATR and Hg?" by rice seedlings, which is
in contrast to the enhanced ATR uptake noticed earlier with Pb>* ion. Plant uptake of non-ionic organic compounds,
such as ATR may be partly through water channels on the plasma membranes of plant cells.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction has spread widely across soils, surface water, and
groundwater [1-6]. The phytotoxicity of atrazine

Atrazine (ATR) is one of the most extensively on plants has been extensively studied [6-8].
applied herbicides in agriculture, and its residue Although banned in some countries (e.g., Ger-

many), ATR remains as one of the most fre-

quently detected environmental contaminants
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China, ATR applied to rotation fields contami-
nates crops (e.g., rice plants), as crop seedlings
accumulate atrazine residue from soil-water solu-
tion [10].

Previously, we have studied the uptake of ATR
by rice seedlings from nutrient solution in the pres-
ence and absence of coexisting organic and metal-
ion species [11]. It was found that the uptake of
ATR and coexisting organic compounds by rice
seedlings (e.g., chlorophenol and dichlorophenol)
is largely unaffected by coexisting compounds [12]
and appears to proceed essentially by passive (i.e.,
partition) mechanism, as evaluated by a partition-
limited model [13]. By contrast, the ATR uptake is
enhanced by coexisting Cd** or Pb*" ion [11]
because of the ATR-ion binding [14,15]. Thus, the
ATR uptake by plants in the presence of metal
ions might become very complicated because of its
potential metal-binding capability in addition to
its passive-uptake process. In view of the occur-
rence of various metal ions in natural systems, it is
vital to examine the impacts of different metal ions
on the ATR uptake by plants.

Mercury is a toxic metal widely dispersed into
the environment and is known to accumulate
into the living organisms. Most important emis-
sions of mercury originate from mining and
smelting copper and zinc, burning of coal, mer-
cury production and abatement processes,
including waste incineration, with the emitted
amount increasing rapidly in some nations [16].
Coal-fired power plants are the biggest source of
mercury emissions into the atmosphere. During
its atmospheric transport, the emitted Hg could
fall back onto the earth surface through wet and
dry deposition. It is found that more than 90% of
Hg resides in terrestrial ecosystems [17,18] in
which soils are the biggest Hg recipient. Soil con-
tamination with Hg is widespread in China,
resulting primarily from irrigation of sewage
water (e.g., in the suburbs of Beijing and Tianjing
Municipalities) and Hg-mining activities (e.g., in
Guizhou Province, southwest China) [19], the
levels of Hg found in a survey of Chinese soils
range from 0.001 to 45.9 mg/kg, with an average
of 0.038 mg/kg [20]. It is estimated that emission
of Hg from Guizhou Province itself to the atmo-
sphere accounts for about 12% of the world’s

anthropogenic Hg emissions. The highest Hg
level in rice grains in Guizhou reached 569 pg/kg,
of which 145 pg/kg was in methylmercury form
[19]. In natural water, the ionic Hg?" is often the
prevailing mercury form.

Whereas Hg?" is not recognized as an active
metal to bind ATR [14,15], it is known to inhibit
water uptake via aquaporins on plasma mem-
branes in higher plants [21]. Considering the
plant’s passive uptake of organic compounds
from external water [13], we hypothesize that
Hg?" in external water may inhibit the uptake of
ATR, if it significantly inhibits the water flow.
The aim of this study is therefore to test if ATR is
taken up at least partly by rice seedlings passively
through aquaporins on plasma membrane. This
study is also intended to broaden the scope of the
effect of metal ions on ATR uptake by rice seed-
lings by extending the earlier work on the influ-
ences of Cd*>* and Pb*" ions on the ATR uptake
by the same seedlings.

2. Materials and methods
2.1. Preparation of rice seedlings

Rice seeds (Oryza sativa cv Giyou-1) were dis-
infected in 30% H,O, (w:w) solution for 10 min,
followed by thorough washing with de-ionized
water. The seeds were germinated in moist perlite.
After 3 weeks, uniform seedlings were selected
and transplanted to PVC pots (7.5cm diameter
and 14cm high, one plant per pot) containing
500ml of a nutrient solution. The compositions
of nutrient solutions were as follows: 1.7mM
NH,NO;, 40mM KH,PO,, 0.7mM K,SO,,
1.3mM CaCl,, 0.5mM MgSO,, 50.0 uM Fe(III)-
ethylenediaminetetraacetic acid (EDTA), 5.0 uM
H;BO,, 0.5uM ZnSO,, 0.5uM CuSO,, 2.5uM
MnSO,, 02uM Na,MoO,, and 0.1 uM CoSO,.
The nutrient solution was a modification of Long
Ashton Formula after Zhu et al. [22] with the pH
maintained at 5.0 using 0.1 M KOH or HCI solu-
tion [23]. The nutrient solution was changed twice
a week. The seedlings were allowed to grow in
nutrient solution for three weeks before being
used for uptake studies.
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2.2. Treatments with atrazine and mercury

Chemicals used for plant uptake, such as
HgCl,, NH,NO,, CaCl,, were all of analytical
grade; ATR was provided by Chem. Service. The
purities of all chemicals are more than 98%. In
series-1 experiments, the rice seedlings were
exposed to nutrient solutions with different (ini-
tial) ATR concentrations at 0, 2.0, 4.0, 6.0, 8.0,
and 12.0mg/L without added Hg. In series-2,
seedlings were exposed to Hg?*, as HgCl,, at 0,
0.1, and 1.0 mg/L without ATR. In series-3, seed-
lings were exposed to mixtures of ATR and Hg,
with ATR at 6.0 and 12.0 mg/L, and Hg** concen-
tration kept at 0.1 mg/L. In series-4, seedlings
were exposed to mixtures of ATR and Hg, with
ATR at 6.0 and 12.0 mg/L, while Hg>* concentra-
tion at 1.0mg/L. In series-1 and series-2, each
treatment was conducted with four replicates; in
series-3 and series-4, each treatment was con-
ducted with eight replicates. The exposure peri-
ods for all these experiments were 96 h. Nutrient
solutions with prefixed ATR and/or Hg** levels
were not replaced during the experimental
period. The experiments were carried out in a
controlled environment with a 14-h light period
(260-350 ymolm~2s~!) and temperatures of
25°C day and 20 °C night. The relative humidity
was 70%. The control seedlings at the end of the
experiments were sectioned into roots and
shoots, weighed, and parts of them then freeze-
dried (—45°C) to determine the respective plant
water contents (f,,,,) and organic-matter contents
(fpom)'

The nutrient solutions containing different
levels of given contaminants were held by a series
of identical PVC cylinders. The cylinder was
fitted with a PVC septum (7.5 cm in diameter and
0.5 cm in thickness) with a hole drilled at its cen-
ter (1.5cm in diameter), through which the plant
shoots extended into outside air. The section of
shoots passing through the septum hole was
wrapped with sponge sheets to minimize the
open space. This design prevented direct water
evaporation from nutrient solution into the out-
side air when seedlings were in place and main-
tained full contacts of seedling roots with
nutrient solutions.

2.3. Analysis of mercury

After plants were harvested, Hg?>* (and ATR, if
present) in solution was analyzed. The plant roots
were washed with deionized water and blotted dry.
The plants were then separated into shoots and
roots and the respective fresh weights were recorded
immediately. The shoots and roots from series-2 and
parts of series-3 and series-4 experiments were
freeze-dried at —45°C for 48 h and the dry weights
were recorded. The dried plant material was ground
and a weighed amount of sample was placed into
clean, dry Teflon tubes for digestion (100 ml) (CEM
digestion tubes). Concentrated HNO; (5ml) was
added. The tubes were placed on a microwave-accel-
erated reaction system (Mars5, CEM microwave
Technology, USA). The sample digestion was con-
ducted with 15min ramping (at 10°C/min) to
160°C, with a holding at this temperature for
15min. After digestion, the solutions were cooled,
diluted to 50ml with ultra-pure water (Easy-pure,
Dubugue, Iowa, USA) and transferred into acid-
washed plastic bottles. Concentrations of Hg in acid
digests were quantified with an atomic fluorescence
spectrometer (AFS-2202E, made in China) [24].

2.4. Analysis of atrazine

The seedling samples were first cut to separate
them into roots and shoots. The cut shoots and
roots were rinsed with distilled water four times to
remove residual ATR on seedling surfaces, wiped
with tissue paper, and immediately weighed. The
samples were then homogenized using a mortar
and pestle, and then extracted using an ultrasonic
crusher machine with 40 ml of mixed methanol and
water (1:1, v:v). The liquid phase was filtrated and
collected. The samples were then extracted three
times with 10 ml of fresh mixed solvents. The liquid
portions from all extractions were combined and
extracted with 20 ml of mixed petroleum ether and
dichloromethane (6.5:3.5, v:v). Supernatants of the
mixed-solvent phase were eluted through anhy-
drous Na,SO, columns and collected. This proce-
dure was repeated four times. The eluates were
combined, concentrated into a small volume (1-
2ml) using a rotary evaporator (Senco, China)
with a gentle stream of dry nitrogen, solvated
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again with 30ml petroleum ether, and extracted
three times with 20 ml acetonitrile. The acetonitrile
fractions were combined, concentrated, and evapo-
rated off. The residues were solvated with petro-
leum ether and cleaned with a Florisil column. The
concentrations of ATR in extracts were analyzed
with an Agilent 6820 gas chromatograph with a
%3Ni electron capture detector (ECD) using a HP-5
capillary column (0.32mm x 30m, 025um film
thickness). Peak areas of ATR were quantified
with external standards for quantifying ATR con-
centrations. The average recoveries of ATR in con-
trols were 90.3 £ 6.4% (n=15) for the plant samples.

2.5. Data analysis

Analysis of variance (ANOVA) was performed
using Genstat for Windows on a personal computer
(NAG Ltd, England). Two-way analysis of variance
was carried out on ATR and mercury uptake data.

3. Results and discussion
3.1. Plant biomass

The observed biomasses of both roots and
shoots showed large decreases when the seedlings
were exposed to increasing concentrations of either
ATR or Hg?" alone in growth solution as com-
pared to the control (Table 1). At fixed concentra-
tions of ATR in nutrient solution (6.0 or 12.0 mg/
L), the respective biomasses are found to increase
to a small-to-moderate extent when the Hg?" level
in solution increases from 0.1 to 1.0mg/L. How-
ever, with fixed concentrations of Hg?* in solution,
changes in biomass with varied ATR concentra-
tions (from 6.0 to 12.0mg/L) are generally small

Table 1

and not all consistent in trend. Overall, the data
suggested that although the added Hg*" level may
affect the seedling growth to some extent, the seed-
ling growth is mediated mainly by the ATR phyto-
toxicity, ie., there appears to be no measurable
ATR-Hg** complexation to significantly attenuate
the ATR toxicity.

3.2. Atrazine uptake

Earlier studies showed evidence that the plant
uptake of most non-ionic organic compounds
from external water occurs essentially by passive
process (i.e., partition) [13,25,26]. Without the addi-
tion of Hg?*, the observed ATR concentrations in
roots and shoots of rice seedlings are significantly
higher than in external nutrient solution after the
96-h exposure. Close linear relations exist between
ATR concentrations in roots/shoots and nutrient
solution, as shown in Fig. 1. The ATR concentrations
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Fig. 1. Atrazine uptake by rice seedlings from nutrient solution
without Hg added. Each point is the mean of four replicates.
Error bars represent the standard errors (SE).

Biomass (g dry matter) of rice seedlings exposed to various concentrations of atrazine (ATR, mg/L) and mercury (Hg?*, mg/L) in

nutrient solution (mean + SE, n =4)

ATR concentrations Hg concentrations

Root biomass

Shoot biomass

0.0 0.1 1.0 0.0 0.1 1.0
0.0 0.20 £ 0.02 0.13+£0.01 0.10£0.01 0.92+0.04 0.69 £0.03 0.51£0.05
6.0 0.05+0.01 0.04 £0.01 0.07£0.01 0.27+0.01 0.23£0.01 0.32+£0.02
12.0 0.04 £0.01 0.05+0.01 0.06 £+ 0.01 0.17£0.01 0.24 4+ 0.01 0.26 +0.02
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are higher in shoots than in roots. This difference is
consistent with the presumed ATR association with
certain active metal ions (e.g, Mg®") in shoots
(leaves) that support plant photosynthesis [11].
While the different ATR concentrations in nutrient
solution (6.0 and 12.0mg/L) reduced the biomass
of rice seedlings to different extents (Table 1), the
fact that the linear concentration relationship
exists between concentrations in plant tissues and
nutrient solutions (Fig. 1) indicates that the plant
ATR concentration is largely independent of the
biomass. This effect suggests that the ATR
concentration in plants reaches a steady-state level
with respect to the external nutrient solution
concentration.

ATR is known to bind with certain metal ions
(e.g, Mg?*, Cd**, and Pb%*) [14,15], and is thus able
to interrupt the plant photosynthesis by acting as
an electron acceptor in the electron-transfer pro-
cess. Therefore, the uptake of ATR by plant shoots
may be enhanced by some active metal ions in
plant leaves in addition to its passive uptake by the
plant organic matter [27]. However, in the present
experiment in the ATR-Hg?* mixture systems, the
presence of Hg?" at 0.1 and 1.0mg/L in solution
significantly reduced the ATR levels in both roots
and shoots, especially the latter (Fig. 2). The
observed ATR concentrations in the seedlings with
added Hg?" show no definitive relations with the
corresponding biomasses. As noted, the effect of
Hg?" on tissue ATR concentrations increased with
increasing Hg>" concentration (from 0.1 to 1.0 mg/
L). The essentially linear relations between the
ATR concentrations in seedlings and nutrient
solution, illustrated by Fig. 2, indicate that the
reductions in ATR concentrations in both roots
and shoots are practically independent of the ATR
concentrations in solution. The reducing effect of
Hg?* on ATR uptake is a sharp contrast to the
enhancing effect of either Cd** or Pb** on ATR
uptake observed earlier [11], although the latter
studies were conducted over a much longer expo-
sure period (4 weeks). The reduced ATR uptake
with Hg?*, which is independent of the ATR con-
centrations in water, suggests that the ATR-Hg*"
binding to form a non-extractable complex is not a
likely cause, since this formation under a fixed
Hg?* level should show a dependence on the ATR
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Fig. 2. Atrazine uptake by rice seedlings from nutrient solution
with and without added Hg. Each point is the mean of four
replicates. Error bars represent the standard errors (SE).

concentrations in nutrient solution and plant tis-
sues. Instead, it appears that Hg?" inhibits the
ATR uptake by somehow blocking the transport
path of ATR within the plants, considering that
the effect is greater at higher Hg?* level and more
significant for distant shoots than for directly
exposed roots. Given the fact that Hg?* is an inhib-
itor of water channels on plasma membranes of
plant cells [19], the reduction in ATR accumula-
tion in plant tissues by Hg?" in the external solu-
tion may indicate ATR is taken up at least partly
via water channels However, further studies are
warranted to clarify to what extent water channels
contribute to the overall accumulation of non-
ionic organic compounds by higher plants.
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Table 2

Hg?* concentrations (mgkg™~! fresh weight) in rice seedlings exposed to various concentrations of ATR (mg/L) and Hg?>* (mg/L) in

nutrient solution (mean + SE, n =4)

Hg concentrations ATR concentrations in solution

in solution . .
Hg concentrations in roots

Hg concentrations in shoots

0.0 6.0 12.0 0.0 6.0 12.0
0.1 15.94 £ 1.60 33294224 29.90 +1.36 1.71 £0.11 1.07 £0.06 1.51 £0.09
1.0 125.5+£3.54 119.2+£522 1179 +£3.87 14.77 +£1.38 19.13+£1.23 24.64 +3.36
Analysis of variance

Hg skokok kK
ATR NS *
ATR x Hg o *
NS, not significant.

* P<0.05.
* P<0.01.
P <0.001.

3.3. Hg uptake

Without ATR, the Hg?" level in roots and
shoots increased nearly proportionally with
increasing Hg?* levels in nutrient solution (see
Table 2). In Hg?>"-ATR mixture systems, the addi-
tion of ATR to solution with a fixed Hg>* level
produced small-to-moderate irregular changes in
Hg** levels in roots and shoots. In these systems,
the Hg?* concentrations in rice seedlings bear no
definitive relations to the corresponding seedling
biomasses. Overall, the uptake of Hg?" is not sensi-
tively influenced by ATR in the solution.

Based on the combined results as discussed
above, one may conclude that there is no signifi-
cant binding between Hg?>* and ATR within the
plant body, as a strong binding should be concen-
tration dependent and likely lead to enhanced
ATR and/or Hg?* uptake by the seedlings. This is
consistent with the literature that Hg>* is not rec-
ognized as a strong binder for ATR. It appears
that the reduced uptake of ATR caused by added
Hg?" is related to the blockage of ATR transport
into the rice seedlings, possibly mediated by the
reduced permeability of water channels on root
cell membranes. Opposite to the present finding,
our earlier study shows that if a metal ion (e.g.,
Cd?* or Pb**) binds strongly with ATR, both the
uptakes of ATR and the metal ion by rice seed-
lings are enhanced. This indicates that the uptake
of ATR in the presence of different coexisting

metal ions may be very complex and unpredict-
able, depending on specific metal ions and other
conditions involved. More future work is needed
to delineate the complex effect of metal ions on
ATR uptake by rice seedlings and other plant
species.
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