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Microcystins produced by cyanobacteria in the aquatic environment are a potential risk to aquatic plants.
In the present study, the uptake of microcystin-LR (MC-LR) and related physiological and biochemical
effects on Vallisneria natans (Lour.) Hara were investigated at concentrations of 0.1–25.0 �g L−1. Results
showed that O2

•− intensity was significantly induced at 1.0 �g L−1 and reached a maximum level at
5.0 �g L−1. Superoxide dismutase (SOD) and peroxidase (POD) were induced with increasing MC-LR
concentrations as an antioxidant response. Catalase (CAT) was significantly induced while GSH/GSSG

−1

allisneria natans (Lour.) Hara
icrocystin-LR

eactive oxygen species
xidative stress
ltrastructure

(reduced/oxidized glutathione) ratio was significantly reduced at 0.1 �g L . The induction of glutathione
S-transferase (GST) and inhibition of GSH revealed that GSH was involved in the detoxification of MC-
LR in plants. Oxidative damage was evidenced by the significant increase of malondialdehyde content
at 1.0 �g L−1. A pigment pattern change and a series of significant ultrastructural alterations were also
observed due to MC-LR exposure. The lowest non-effect concentration of MC-LR for V. natans at the sub-
cellular and molecular level is around 0.5 �g L−1. These results imply that even at relatively low MC-LR

ic pla
concentrations the aquat

. Introduction

Cyanobacterial blooms occur worldwide under certain environ-
ental conditions in eutrophic lakes and reservoirs [1,2]. Many

akes in China, like Lake Taihu, Chaohu and Lake Dianchi have
ad frequent occurrence of cyanobacterial blooms in recent years
ue to intensive agriculture and dense population around the lake
reas [3]. The blooms are of great ecological concern because many
enera of bloom-forming cyanobaceria are known to produce cyan-
toxins such as microcystins (MCs). Nearly 80 structural variants
f MCs have been identified and the most common and toxic one
s microcystin-LR (MC-LR) [4,5]. Concentrations of dissolved MCs
n most eutrophic lakes range from 0.1 to 10 �g L−1 [6]. However,
he concentration can reach up to 1800 �g L−1 or higher, if most
oxins are released into water after lysis of cyanobacterial cells dur-
ng the collapse of highly toxic blooms [6]. Currently the World
ealth Organization has recommended a drinking water guideline
f 1 �g L−1 for MC-LR [7].
MCs have shown adverse effects on mammals, birds, aquatic
rganisms and even the whole aquatic ecosystem [8]. There is
lso evidence that frequent occurrence of cyanobacterial blooms
s accompanied by coincident decrease of the abundance and
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nts may still suffer a negative ecological impact.
© 2011 Elsevier B.V. All rights reserved.

diversity of aquatic plant communities [9,10]. Aquatic plants are
an important part of the aquatic ecosystem and are potentially
exposed to high levels of MCs during blooms and subsequent
cyanobacterial cells lysis [11]. However, the toxic effects of MCs on
aquatic plants have not been widely investigated. Further research
is needed to clarify the toxic effects and toxicity mechanism of MCs
on aquatic plants at relatively low concentrations.

It has been reported that the leaves and roots of aquatic plants,
such as Ceratophyllum demersum, Elodea canadensis, Vesicularia
dubyana and Vallisneria natans can absorb MCs that cause inhibitory
effects of germination, growth, development and photosynthesis
[12–16]. However, how these absorbed toxins affect the aquatic
plants at the subcellular and molecular level was not examined.
MCs have been shown to be a potent inhibitor of PP1 and PP2A
from higher plants (Brassica napus seeds) and for animals [17],
but in many cases, their toxicity on aquatic plants seems to be
more linked to the induction of oxidative stress manifested by
elevated reactive oxygen species (ROS) production and malondi-
aldehyde (MDA) content [13,18–20]. For example, elevated lipid
peroxidation (LPO) was observed in cyanobacteria Synechococcus
elongates in response to MCs exposure [18]. Biochemical studies
demonstrated that the activities of detoxication enzymes, such

as peroxidase (POD) in Lemna minor [21] and superoxide dismu-
tase (SOD), glutathione S-transferase (GST, microsomal and soluble
forms), glutathione peroxidase (GPX) and ascorbate peroxidase
(APX) in C. demersum [13,14] increased following exposure to MCs.
Reduced glutathione (GSH), an important cellular thiol against

dx.doi.org/10.1016/j.jhazmat.2011.03.023
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ekxr@nju.edu.cn
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Table 1
Added and measured concentrations of MC-LR in the solutions.

Added MC-LR (�g L−1) 0.0 0.1 0.5 1.0 5.0 10.0 25.0
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MC-LR concentration in solutions (�g L−1) (n = 5a) 0.00 0.09 ± 0.032

ata are denoted as mean ± SD.
a MC-LR concentration in solutions was monitored respectively after 2, 6, 10, 12

oxic effects of endogenous or exogenous substances, were sug-
ested to detoxify the absorbed MCs in the process of conjugation
ith toxins [14]. Besides the oxidative damage, exposure to MCs

ould led to reduction in chlorophyll content, alteration in pig-
ent pattern and consequent inhibition of photosynthesis in plant

12,20].
V. natans (Lour.) Hara is a perennial submerged clonal macro-

hyte which is widely distributed in different freshwater habitats
n China [22] and some waters in South and Southeast Asia Area
e.g. India, Malaysia, Vietnam, Nepal). It was selected due to its
avorable experimental properties such as highly adaptive capa-
ility and easy to collect, culture and maintain in the laboratory.
requent occurrence of cyanobacterial blooms may play an impor-
ant role in the decline of submerged plants such as V. natans
n some waters. However, the toxicological effects of MCs on V.
atans at environmentally relevant concentrations remain unclear.
herefore, the aim of the present study was to investigate the
ptake of MC-LR by and the related physiological and biochemical
ffects of MC-LR on V. natans at environmentally relevant concen-
rations.

. Materials and methods

.1. Chemicals and reagents

MC-LR (purity ≥ 96%) was purchased from Alexis Biochemicals
Läufelfingen, Switzerland). 1,2-dihydroxybenzene-3,5-disulfonic
cid (Tiron), phenylmethanesulfonyl fluoride (PMSF), uranyl
cetate and lead citrate were from Sigma Chemical (St. Louis,
O, USA). Methanol, acetone, acetonitrile and trifluoroacetic acid

TFA) with HPLC grade were from Tedia (Fairfield, OH, USA). Other
eagents were analytical grade and obtained from chemical com-
anies in China.

.2. Plant material and exposure experiments

The sterilization and germination of V. natans seeds were car-
ied out as described in Ref. [16]. After germination, V. natans
eedlings were then cultured with modified 10% Hoagland nutrient
olution (containing 6.0 mg L−1 K+, 32.0 mg L−1 Ca2+, 12.0 mg L−1

g2+, 46.0 mg L−1 Cl− and 63.0 mg L−1 SO4
2−, pH 7.0–8.0), under a

ight/dark cycle of 12/12 h, a light intensity of 2000 lx and a tem-
erature of 22 ± 1 ◦C.

When the seedlings grew up to 10–15 cm in length, plants with
ealthy and uniform growth were randomly selected to be treated
ith 0, 0.1, 0.5, 1.0, 5.0, 10.0 and 25.0 �g L−1 MC-LR for 14 d. Plant

eedlings were planted in aquariums (16 cm × 16 cm × 25 cm) with
uartz sand (5 cm of thickness) at the bottom. Four replicates were
erformed in each treatment.

The nutrient solutions in the aquariums were renewed and
mended every 48 h with MC-LR stock solution to maintain a con-

tant concentration of MC-LR. MC-LR concentrations in nutrient
olutions were monitored periodically and the results indicated
hat there were no remarkable differences between the measured
nd the added MC-LR concentrations in solutions during the exper-
mental period (Table 1).
.42 ± 0.072 0.91 ± 0.12 4.43 ± 0.61 8.44 ± 1.07 22.9 ± 1.23

d exposure.

2.3. Microcystin analysis

To determine MC-LR concentrations in solutions, 1 L water sam-
ple was vacuum filtered using glass microfiber filters (47 mm,
1.2 �m, Whatman, England), concentrated by solid phase extrac-
tion using an ODS-C18 cartridge (Agilent AccuBOND, USA) and
washed with 20% methanol. MC-LR in cartridge was eluted with
90% methanol containing 0.1% TFA, evaporated to dryness and
reconstituted with methanol. Extracts were analyzed according to
Aranda-Rodriguez et al. [23] using an HPLC (Agilent 1100 Series,
USA) on a Zorbax Eclipse SB-C18 column (250 mm × 4.6 mm, 5 �m).
MC-LR concentration in test solutions was monitored periodically
and the results indicated that there were no remarkable differences
between the measured and added initial MC-LR concentrations in
test solutions during the experimental period.

To determine the uptake of MC-LR by V. natans, the pretreat-
ment of leaf samples was performed according to Yin et al. [16]
with minor modifications. Leaf tissues were grounded to fine pow-
der under liquid nitrogen, and then extracted with 5% acetic acid
followed by 90% methanol. The extracts were pooled, centrifuged
at 15,000 rpm for 20 min and diluted with Milli-Q water before
applied to Oasis HLB cartridges (Waters, Ireland). MC-LR in car-
tridge was eluted with 90% methanol and evaporated to dryness.
The dried exacts were reconstituted with Milli-Q water and ana-
lyzed by ELISA (Microcystin plate kit, Institute of Hydrobiology,
Chinese Academy of Sciences). All extraction and centrifugation
were conducted at 4–8 ◦C.

2.4. O2
•− determination

O2
•− levels were determined by electron paramagnetic res-

onance (EPR) according to the method described by Lynch
and Thompson [24] with some modifications. About 0.3 g fresh
leaf tissues were grounded into a fine powder in a mortar
under liquid nitrogen and homogenized in 50 mM CHES (N-(2-
cyclohexylamino) ethanesulfonic acid) buffer (containing 10 mM
Tiron and 0.5% (v/v) Tween-20, pH 8.6). All operations were per-
formed in a sealing box that was purged continuously with nitrogen
gas. Homogenates were centrifuged at 12,000 rpm for 20 min at
4 ◦C and the supernatant was used for EPR analysis. The EPR spec-
tra were recorded with Bruker EMX 10/12 X-band spectrometer
at a center field, 3470 G; scan range, 50 G; modulation frequency,
100 kHz; modulation amplitude, 1.0 G; receiver gain, 2 × 104; scans,
1 times; microwave power, 20 mW. The EPR signals were used to
calculate the height of the second peak and interpreted as intensity
of O2

•−.

2.5. Enzyme extraction and activity assays

About 0.2 g frozen leaf tissues were crushed to a fine powder
in a mortar under liquid nitrogen. The powder was resuspended
in 2 mL 50 mM PBS, containing 1 mM EDTA, 1 mM PMSF, 5 mM
ascorbic acid, 0.3% Triton X-100 and 4% polyvinylpyrrolidone, pH

7.8. The extracts were centrifuged at 12,000 rpm for 20 min. The
supernatant was then divided into aliquots and stored at −80 ◦C
for further analysis. All operations were performed at 0–4 ◦C.

SOD (EC 1.15.1.1) activity was determined according to the pho-
tochemical method as described by Giannopolitis and Ries [25].
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atalase (CAT, EC 1.11.1.6) activity was determined according to
estwick et al. [26] with some modifications. Three millilitre reac-
ion mixture contained 50 mM PBS (pH 7.0), 20 mM H2O2, and 50 �L
f enzyme extracts. One CAT unit was defined as the amount of
nzyme necessary to decompose half of the concentration of H2O2
n 100 s at 25 ◦C. POD (EC 1.11.1.7) activity was assayed according
o Kochharm et al. [27]. GST (EC 2.5.1.18) activity was determined
ccording to Habig et al. [28] using 1-chloro-2,4-dinitrobenzene as
substrate. In all cases total protein (Pr) content was measured

ccording to the Bradford method [29] with bovine serum albumin
s a standard.

.6. Glutathione determination

The levels of GSH and oxidized glutathione (GSSG) in plant
eaves were determined according to Hissin and Hilf [30] with some

odifications. Frozen leaf tissues were extracted with 100 mM
odium phosphate–EDTA buffer (pH 8.0) and 6.5% trichloroacetic
cid. The homogenates were centrifuged at 12,000 rpm for 20 min
t 4 ◦C, and the supernatant was stored at −80 ◦C for further anal-
sis.

GSH level in supernatant was measured fluorometrically after
ncubation with o-phthaldialdehyde in phosphate–EDTA buffer.
he fluorescence intensity was recorded at 420 nm after excitation
t 350 nm on a fluorescence spectrophotometer (Hitachi, Japan).
o measure GSSG levels, an aliquot of 0.5 mL of the supernatant
as incubated at room temperature with 200 �L of 0.04 M N-

thylmaleimide for 20 min.

.7. MDA determination

The MDA content was measured using a commercialized chem-
cal assay kit (Nanjing Jiancheng Bioengineering Institute, China)
ccording to the manufacturer’s instructions.

.8. Chlorophyll determination

Following extraction of leaves with 80% acetone, the chlorophyll
Chl a and Chl b) contents were determined according to Porra et al.
31].

.9. Microscopic analysis

Rectangular segments (1 mm × 2 mm) were cut from the young
eaf tips and the location to cut was chosen to include veins. Seg-

ents were immediately fixed in 0.2 M PBS (pH 7.2) with 4% (v/v)
lutaraldehyde. The leaf samples were then rinsed in 0.1 M PBS,
ost-fixed in 1% OsO4 in PBS, and rinsed with buffer again. Sub-
equently, they were dehydrated in graded acetone series and
mbedded in epon 812. Polymerization was conducted respectively
t 30 ◦C for 24 h, 40 ◦C for 24 h and 60 ◦C for 48 h. Ultrathin sections
ere sliced with LKB-8800 Ultramicrotome, stained with uranyl

cetate and lead citrate and examined under a H-600 transmission
lectron microscope (Hitachi, Japan).

In total, eight segments were cut from each group and the pho-
ographed cell in each cell layer was randomly chosen, but the
ocation inside the cell was selected to include chloroplasts.

.10. Data analysis
Data were reported as mean ± standard deviation (SD) and
nalyzed using one-way ANOVA. Significant differences between
eans were determined by LSD-t test. Modeling fitting was per-

ormed in Origin 8.0.
Fig. 1. MC-LR accumulation in leaves of V. natans seedlings exposed to MC-LR at
different concentrations for 14 d. Data are denoted as mean ± SD (n = 4). MC-LR was
not detected in the control group.

3. Results and discussion

3.1. Uptake of MC-LR by V. natans

Fig. 1 shows that the MC-LR accumulated in leaves increased
and reached a plateau at MC-LR > 1.0 �g L−1. To avoid the possi-
bility of false positive results in determination of MC-LR by ELISA
method, the leaf tissues extracts were further qualitatively ana-
lyzed by LC–ESI-MS. Both ELISA and ESI-LC–MS analyses (Fig. S1)
showed the presence of MC-LR in V. natans leaves. The maximum
value was 13.63 ± 3.42 ng g−1 DW at 25.0 �g L−1 MC-LR, which was
12.5 times higher than that at 0.1 �g L−1 MC-LR (1.09 ± 0.042 ng g−1

DW). However, when exposed to 10 mg L−1 MC-RR, it was reported
that the toxin absorbed in V. natans leaves peaked at 7 d and the
maximum amounts reached up to 0.3 ± 0.03 �g g−1 FW [16], which
is about 110 times the maximum concentration of MC-LR accumu-
lation in the current study (a coefficient of 5 was used to convert
DW to FW). This great discrepancy may arise from the difference
between the two types of toxins, but mainly from the difference
in treatment dosage in the two studies: the treatment dosage of
MC-RR in Yin et al. [16] was 400 times higher than that of MC-LR in
the current study. The plateau observed in the present study may
arise from the inhibition of transfer of toxins from roots to leaves.
The inhibition was induced by roots damage under the exposure of
MC-LR at high concentrations (>1.0 �g L−1).

A Langmuir equation was applied to fit the MC-LR accumula-
tion in leaves of V. natans seedlings exposed to MC-LR at different
concentrations for 14 d:

q = qmkC

(1 + kC)

where q is the uptake of MC-LR in leaves, ng g−1 DW; qm is the possi-
ble maximum concentration of MC-LR absorbed by V. natans under
environmentally relevant concentrations, ng g−1; k is a constant,
L �g−1; and C is the exposed MC-LR concentration, �g L−1.

The parameter estimates are as follows: 13.9 ng g−1 DW and
2.91 L �g−1 for qm and k, respectively. Fig. 1 shows that Langmuir
equation fits well for the uptake of MC-LR by V. natans (the resid-
ual sum of squares is 4.19). The ability of V. natans to take up MCs
under environmentally relevant concentrations indicates that MCs
may enter the food chain because V. natans is an important food
source for many kinds of aquatic animals.
3.2. Effects of MC-LR on O2
•− production

Endogenous ROS such as superoxide anion (O2
•−), hydrogen

peroxide (H2O2) and hydroxy radical (•OH) are formed in many
normal cellular reactions [32]. They also can be generated as by-
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Fig. 2. Effect of MC-LR on O2
•− production in the leaves of V. natans seedlings. (A)

Tiron-O2
•−-EPR spectra detected in leaves of V. natans seedlings exposed to MC-LR

at different concentrations for 14 d. (B) Signal intensity of Tiron-O2
•− adducts in
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decrease of GSH contents was considered to be related to forming
eaves of V. natans seedlings exposed to MC-LR at different concentrations for 14 d.
ata are denoted as mean ± standard deviation (n = 3). Significant differences from

he control are indicated as * (p < 0.05) and ** (p < 0.01).

roducts of biotransformation reactions of xenobiotics or toxins.
ew studies have been carried out to directly detect these short-
ived ROS induced by MCs in aquatic plant tissues. So far, the spin
rapping technique, followed by analysis of the resulting adducts
y EPR spectroscopy, has been proved to be the most reliable and
irect technique for detecting short-lived radicals in vivo [33]. In the
resent study, via spin trapping by EPR spectroscopy, the Tiron-
2

•− adducts were detected in leaf tissues of V. natnas seedlings
Fig. 2A), indicating that MC-LR could stimulate the production of
2

•−. Because the whole trapping operation was performed in an
xygen-free system, the influence of oxygen is negligible.

As shown in Fig. 2B, after 14 d exposure, the signal intensity of
2

•− increased with the increasing of MC-LR concentrations and
eached a maximum at 5.0 �g L−1 MC-LR. When MC-LR concentra-
ion was above 5.0 �g L−1, the signal intensity declined. Significant
ncreases in the signal intensity of O2

•− were observed at MC-
R concentrations from 1.0 to 10 �g L−1 (p < 0.05, p < 0.01). At the
ighest MC-LR concentration (25.0 �g L−1), a sharp reduction in
2

•− level was shown, which might be a result of antioxidant sys-
em responses or subcellular damages of membranes and cellular
rgans in mesophyll cells under MC-LR exposure (see Section 3.7).

O2
•− will be generated if electrons are misdirected and donated
o oxygen. The mitochondrial electron transport and the electron
ransport chain of the photosynthetic apparatus within chloro-
lasts are well known as the two sources of superoxide anion
32]. Therefore, injuries to these cellular organs may result in the
aterials 190 (2011) 188–196 191

disturbance of various cellular events and the reduction of O2
•−

levels. In addition to its direct deleterious effects on organisms,
O2

•− accumulation in V. natans seedlings can react with H2O2 in a
Haber–Weiss reaction under catalysis of metal ions (such as iron)
to form hydroxyl radicals. If the cellular antioxidant defense is defi-
cient, the highly reactive hydroxyl radicals (and their derivatives)
are able to rapidly attack macromolecules and result in LPO, pro-
teins denaturation, and DNA mutation [32,34].

3.3. Effects of MC-LR on antioxidant enzymes

It is well known that organisms have developed an antioxidant
system involving antioxidant enzymes or free-radical traps (e.g.
GSH) as protection from oxidative stress. As shown in Table 2, SOD
activities were elevated with increasing concentrations of MC-LR
concentration and significant differences occurred at the MC-LR
concentrations of 10.0 (105.3% of the control) and 25.0 �g L−1

(206.9% of the control). In addition, a good correlation was found
between the SOD activities and the MC-LR concentrations (r = 0.944,
p < 0.05). CAT activities increased significantly by 135.3% at the low-
est MC-LR concentration (0.1 �g L−1) and then decreased with the
increasing concentrations of MC-LR. For POD activities, a similar
trend to that of the SOD activities was observed and significant
differences in POD activities were found at all levels of MC-LR con-
centrations between 0.5 and 25.0 �g L−1 except for the 5.0 �g L−1.

Induction of antioxidant enzymes like SOD, CAT, POD and GST
indicated the ongoing detoxification process. Oxidative stress in
plants caused by MCs exposure has been documented previously
for different species of spinach (Spinacia oleracea L.) variants, Lep-
idium sativum, C. demersum and Medicago sativa [13,19,35,36].
Elevation of SOD indicates an increase of O2

•− production in plants,
which dismutated to form H2O2 [37,38]. The induction of SOD
resulted in an accumulation of H2O2 which in turn activated the CAT
and POD. CAT was sensitive to low dose of MC-LR, but insensitive
at higher MC-LR levels because of its poor efficiency in removing
H2O2 at low levels and an inhibition effect by a reaction product of
O2

•−, H2O2 and CAT [39]. GST plays a key role in the biotransfor-
mation of MCs to a glutathione conjugate and detoxification of the
metabolites of lipid preoxidation [13,35,36]. Pflugmacher et al. [40]
found that soluble GST in C. demersum was activated when MC-LR
was above 0.5 �g L−1 after 7 d exposure. In the current study, signif-
icant promotion of GST activities at higher MC-LR levels indicated
that the conjugation reaction occurred and therefore GSH would be
necessary to act as a co-substrate.

3.4. Effects of MC-LR on glutathione content

As shown in Table 2, after 14 d exposure, GSH content in
treated groups was slightly induced at 0.1 �g L−1 and then reduced
with increasing MC-LR concentrations. Significant differences were
observed for GSH content when MC-LR concentrations increased
from 5.0 to 25.0 �g L−1 (p < 0.05, p < 0.01). GSSG content showed no
significant differences in all treated groups as compared to the con-
trol. The GSH/GSSG ratios in all treated groups were significantly
inhibited as compared to the control and reached a minimum value
at the MC-LR concentration of 5 �g L−1.

Glutathione is one of the most important components of antiox-
idant system in plants and the GSH/GSSG ratio is stable in the
normal functioning of plant metabolism [13]. The initial increase
of GSH content was probably because of synthesis of new GSH trig-
gered by exposure to low concentrations of MC-LR. The subsequent
glutathione conjugate via the GST system or nonenzymatically to
detoxify MC-LR [11,14,41], or inhibition of the GSH synthesis in
plants [36]. Furthermore, there is a transformation trend from GSH
to GSSG under oxidative stress [38], remaining relative stable GSSG
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Table 2
Biochemical responses of V. natants exposed to MC-LR.

Biochemical measurements Added MC-LR concentrations (�g L−1)

0.0 0.1 0.5 1.0 5.0 10.0 25.0

SOD (U mg−1 Pr) 1.89 ± 0.52 2.91 ± 0.96 3.17 ± 1.20 3.04 ± 0.62 3.49 ± 1.06 3.88 ± 0.70* 5.80 ± 0.43**
CAT (U mg−1 Pr) 17.2 ± 1.8 40.1 ± 0.4* 31.7 ± 8.1 27.4 ± 6.4 23.6 ± 3.7 17.2 ± 4.9 23.2 ± 8.4
POD (U mg−1 Pr) 318 ± 48 411 ± 15 431 ± 64* 418 ± 20* 409 ± 59 421 ± 21* 530 ± 51**
GST (U mg−1 Pr) 178 ± 35 161 ± 22 178 ± 26 136 ± 5 219 ± 32* 260 ± 18** 241 ± 10**
GSH (�g mg−1 Pr) 5.21 ± 0.52 5.85 ± 0.99 4.59 ± 0.67 4.53 ± 0.38 3.90 ± 0.85* 3.68 ± 0.30** 3.37 ± 0.50**
GSSG (�g mg−1 Pr) 4.65 ± 0.30 5.39 ± 0.20 4.92 ± 0.83 4.73 ± 0.33 4.65 ± 1.10 4.00 ± 0.30 3.84 ± 0.35
GSH/GSSG 1.05 ± 0.05 1.01 ± 0.06** 0.91 ± 0.03** 0.87 ± 0.08** 0.84 ± 0.02** 0.88 ± 0.02** 0.89 ± 0.05**
MDA (nmol TBARS mg−1 Pr) 2.79 ± 0.58 2.79 ± 0.46 3.07 ± 0.41 3.75 ± 0.34** 3.40 ± 0.41 3.39 ± 0.22 1.88 ± 0.13*
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Chl a (mg g−1 FW) 1.05 ± 0.02 0.99 ± 0.02 1.04 ± 0.
Chl b (mg g−1 FW) 0.38 ± 0.05 0.35 ± 0.03 0.42 ± 0.

ata are denoted as mean ± SD (n = 4). Significant differences from the control are i

ontents. It is worth noting that the cell membrane damage and
onsequent GSH efflux, as previously proposed by Ding et al. [42],
ould also contribute to the depletion of intracellular GSH under

he exposure of high concentrations of MC-LR. Besides the loss of
etoxification capability, the alteration in intracellular GSH can also
lter the redox status of the cell [43] and therefore may favor ROS
eneration and disturb the related signaling pathways. The deple-
ion of GSH contents resulted in the reduction of the GSH/GSSG ratio
nd limited the ability of V. natans seedlings to detoxify MC-LR.

.5. Effects of MC-LR on lipid peroxidation

Evidences showed that elevated LPO, indicative of oxidative
amage, is an important aspect of the toxicity of MCs to aquatic
lants [12,13,18,20]. In the current study, the LPO level in V.
atans leaf tissues was determined by the production of MDA,
hich is commonly used as an indicator of oxidative stress in

iological systems [44]. Results showed that MDA level was signifi-
antly increased at the MC-LR concentration of 1.0 �g L−1 (p < 0.01)
ompared to the control (Table 2), indicating the plant suffered
rom oxidative damage. However, MDA level showed a significant
ecrease at 25.0 �g L−1 of MC-LR, which might relate to the sub-
ellular damage of membrane structure in mesophyll cells at this
oncentration. Normally, MDA levels can be well correlated with
OS levels [38,45]. A similar result was also observed in the cur-
ent study (r = 0.817, p < 0.05) (Fig. 3), indicating that there exists
close connection between MDA production and cellular redox

tatus.
In the current study, we found an apparent dualistic response
f MDA level in plants toward the MC-LR treatment, which was
ot reported in previous studies. In addition, among the other

nvestigated parameters, changes of GST activity and GSH con-
ent could also be recognized in a dualistic pattern. In fact, a

ig. 3. Correlation between O2
•− levels and MDA levels in leaves of V. natans.
1.00 ± 0.06 1.02 ± 0.04 0.95 ± 0.04* 0.90 ± 0.01**
0.47 ± 0.09 0.44 ± 0.05 0.41 ± 0.01 0.49 ± 0.08*

ed as *(p < 0.05) and **(p < 0.01).

known dualistic effect of MC on animal cells has been well inves-
tigated, with both apoptosis and increased cellular proliferation
being reported, which is believed to be the result of inhibition of
PP1 and PP2A [46]. In this study, we infer that ROS or the cellu-
lar redox may play a critical role in the dualistic responses of these
oxidative stress biomarkers. The low-intensity or the high-intensity
responses apparently depend on the MC-LR exposure concentra-
tions, indicating a limit tolerance of V. natans to relatively high
MC-LR concentrations.

3.6. Effects of MC-LR on chlorophyll content

Although there was no death of V. natans seedlings in all treated
groups after 14 d exposure to MC-LR, retarded growth, declined
root length and root hairs, as well as a phenomenon of pigment
bleaching were observed. A decrease of Chl a content (significant
at MC-LR concentrations of 10.0 and 25.0 �g L−1) accompanied by
an increase of Chl b content (significant at the MC-LR concentra-
tion of 25.0 �g L−1) was observed (Table 2), indicating that MC-LR
caused a pigment pattern change. A similar effect on chlorophyll
was observed by exposing C. dermesum to MC-LR of 0–5.0 �g L−1

for 24 h, and a clear dose-dependent switch from Chl a to Chl b was
also indicated [12]. The decrease of Chl a and related damages in
the chloroplasts (see Section 3.7) under the environmentally rele-
vant concentrations suggest that MCs, as secondary metabolites of
cyanobacteria, do act as allelochemicals in the aquatic plant–algae
interactions.

3.7. Effects of MC-LR on ultrastructure of mesophyll cells

So far, little attention was paid to ultrastructural alterations
of aquatic plants exposed to MC-LR under the environmentally
relevant concentrations. Fig. 4A and B shows mesophyll cells of
young leaves from the control group. Organelles in the cytoplasm
were abundant and chloroplasts, mitochondria, and golgi appa-
ratus were significant with normal and intact morphology. Most
chloroplasts are located near the cell wall with a few osmiophilic
granules within them. Thylakoid lamellae arranged in order and
could be observed easily. Note that the ingrown cell wall extending
into the cytoplasm formed lots of wall ingrowths. After exposing
to 0.1 �g L−1 MC-LR for 14 d, only the number of osmiphilic gran-
ules increased slightly and a slight plasmolysis could be observed in
some cells (Fig. 4C). However, when treated with 1.0 �g L−1 MC-LR
(Fig. 4D–F), a series of morphological changes, such as plasmolysis,
swollen chloroplasts with partly disappeared outer membrane, dis-

tended or indistinct thylakoid lamellae and condensed chromatin,
could be observed. It was also found that mitochondria swelling and
cristae vague appeared in the cells. The degree of cell and organelle
structural damages increased as MC-LR concentrations increased.
At 10.0 or 25.0 �g L−1, the number of mitochondria kept decreasing,
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Fig. 4.
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Fig. 4. Effects of MC-LR on ultrastructure in mesophyll cells of V. natans after exposure to MC-LR for 14 d. (A) Part of mesophyll cell of V. natans in control group. Note intact
organelles and membranes and lots of wall ingrowths. (B) Chloroplast in control group with thylakoid lamellae arranged in order. (C) Part of mesophyll cell of V. natans exposed
to 0.1 �g L−1 MC-LR. Note the increased number of osmiphilic granules. (D) Chloroplast and mitochondria in a mesophyll cell of V. natans exposed to 1.0 �g L−1 MC-LR. Note
swollen chloroplast with distended and indistinct thylakoid lamellae (arrow a) and swollen mitochondria with distended vague cristae (arrow b). (E) Plasmolysis (arrow)
and (F) part of broken cell wall (arrow) and damaged organelles in a mesophyll cell of V. natans exposed to 1.0 �g L−1 MC-LR. (G) Note the karyopyknosis and chromatin
c t and
t wall (
e lgi ap
p

m
o
a
d
M
t
o
C
s
p
t
o

ondensation (arrow) and (H) distorted cell wall, and seriously damaged chloroplas
he strongly chromatin condensation (arrow) and (J) distorted or even broken cell
xposed to 25.0 �g L−1 MC-LR. Abbreviations: CH, chloroplast; CW, cell wall; G, go
lasmamembrane; PL, plasmolysis; Th, thylakoids.

ost structure of chloroplasts and mitochondria were disrupted,
uter membrane disappeared, severe plasmolysis, karyopyknosis
nd chromatin condensation appeared, and the cell wall became
istorted or even broken in some cells at 25.0 �g L−1 (Fig. 4G–K).
C-LR induced damage to morphology of mesophyll cells was fur-

her supported by the scanning electron microscope observations
n leaves surface of V. natans exposed to MC-LR for 14 d (Fig. S2).

onsidering that MC-LR is a potent inhibitor of PP1 and PP2A, these
ubcellular damages might relate to the disturbance of MC-LR on
rotein phosphorylation and the consequent induction of oxida-
ive stress. It is worth noting that the severe damage to cellular
rgans like chloroplasts and mitochondria induced by high level

Fig. 5. Proposed biochemical response pathway after
mitochondria in mesophyll cells of V. natans exposed to 10.0 �g L−1 MC-LR. (I) Note
arrow) and (K) totally damaged chloroplast (arrow) in mesophyll cells of V. natans
paratus; M, mitochondria; N, nucleus; NL, nucleolus; OG, osmiophilic granules; P,

MC-LR exposure may explain the reduction of O2
•− as mentioned

in Section 3.2.

3.8. Proposed biochemical response pathway of V. natans to
MC-LR

As Fig. 5 shows, forming glutathione conjugates via the GST

system or nonenzymatically is the first step for plants to detox-
ify MC-LR after uptake in mesophyll cells of V. natans. Then the
plant transfers the conjugate into vacuoles for storage and fur-
ther processing [12,47]. In mesophyll cells, MC-LR can disturb the
normal protein phosphorylation balance to cause a series of toxic

uptake of MC-LR in mesophyll cells of V. natans.
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ffects after binding to protein phosphatases and may therefore
avor ROS production in an unspecific way. Enhanced formation of
OS can in turn trigger the responses of the antioxidant system,

nvolving antioxidant enzymes or glutathione for protection from
xidative stress. A series of negative effects occur under the distur-
ance of protein phosphorylation and oxidative stress upon MC-LR
xposure. These negative effects include increased MDA content,
ecreased Chl a content and induction of subcellular damages. Fur-
her research should pay more attention to the witnessed decrease
f the O2

•− production and MDA level at high concentration of MC-
R (25 �g L−1). This phenomenon indicates that ROS formation and
elated oxidative damage are results from complex cascades of cel-
ular events in response to MCs. Other more toxic effects should be
nvestigated to clarify the toxicity mechanism of MCs on aquatic
lants at environmentally relevant concentrations. For instance,
xposure to MCs may also be capable of causing apoptosis, a well
ccepted MC-induced process in plants and animal cells, which is
elieved to be closely related to excessive formation of ROS and
he subsequent induction of mitochondrial permeability transition
46,48,49].

. Conclusion

The uptake and accumulation of MC-LR in leaves of V. natans
eedlings showed that MC-LR may enter the food chain. Low con-
entrations of MC-LR can lead to ROS production and oxidative
tress in V. natans, which is evidenced by changes in the activi-
ies of SOD, CAT, POD, GST, glutathione content and MDA content.
mong these parameters, the CAT activity and GSH/GSSG ratio are
ensitive to low concentration of MC-LR (0.1 �g L−1). In addition,
xposure to MC-LR can result in decrease of Chl a concentration and
nduce ultrastructural damage of mesophyll cells of V. natans. The
everity of cell and organelle structural damages increased as MC-
R concentrations increased. Considering the oxidative effects and
ther adverse effects assessed in this study, the critical toxic thresh-
ld of MC-LR to V. natans at the subcellular and molecular level is
etween 0.5 and 1.0 �g L−1. These results indicate that even when
he cyanobacterial blooms have not occurred in a large scale, low
oncentrations of MCs may still exert a negative ecological impact
n aquatic plants.
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