
Aquatic Toxicology 94 (2009) 56–61

Contents lists available at ScienceDirect

Aquatic Toxicology

journa l homepage: www.e lsev ier .com/ locate /aquatox

Combined effect of copper and cadmium on Chlorella vulgaris growth and
photosynthesis-related gene transcription

Haifeng Qian, Jingjing Li, Liwei Sun, Wei Chen, G. Daniel Sheng, Weiping Liu, Zhengwei Fu ∗

College of Biological and Environmental Engineering, Zhejiang University of Technology, Hangzhou 310032, China

a r t i c l e i n f o

Article history:
Received 4 February 2009
Received in revised form 18 May 2009
Accepted 27 May 2009

Keywords:
Copper
Cadmium
Interaction
ROS
Gene transcription

a b s t r a c t

Chlorella vulgaris was tested to assess their toxicities in freshwater contaminated by the metal compounds
of copper (Cu) and cadmium (Cd), both singly and combined. Exposure to 0.5 and 1.5 !M Cu or 1.0 and
2.0 !M Cd alone significantly decreased algal growth and chlorophyll content and increased reactive
oxygen species (ROS) content. Two-way ANOVA analysis shows that the combination of these two metal
compounds decreased cell growth, chlorophyll content and increased ROS content synergistically. The
highest algal cell inhibition was 78.55%, the lowest levels of chl a, chl b and total-chl were 10.59%, 33.33%
and 17.94% of the control, respectively. The highest increase in ROS was 9.15-fold greater than that of the
control when exposed to Cu(1.5) + Cd(2.0). Real-time PCR shows that Cu and Cd reduced the transcript
abundance of psbA and rbcL, but without a synergistic interaction, whereas Cu and Cd increased the
transcript abundance of psaB synergistically. These results demonstrate that Cu and Cd independently
inhibit PSII activity and CO2 assimilation, but synergistically increase ROS content to disrupt chlorophyll
synthesis and inhibit cell growth.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Aquatic ecosystems are particularly susceptible to accumulating
contaminants. Due to their widespread industrial use, large quanti-
ties of metal compounds are discharged into freshwater ecosystems
and the levels of these have increased substantially world-wide
over the last century (Nriagu and Pacyna, 1988; Penuelas and Filella,
2002). Although metal compounds are originate from the bedrock,
these chemicals largely enter the eco-environment through indus-
trial and agricultural activities, and then transferred to the food
chain (Schutzendubel and Polle, 2002), and can ultimately have
significant toxic effects on organisms, causing ecological distur-
bances (Scoccianti et al., 2008). In China, industrial discharge and
urban waste disposal into river and coastal regions are the major
sources of aquatic pollution, the common components of which
are metal compounds such as cadmium (Cd), copper (Cu), mercury,
zinc, and lead (Wang et al., 2007). Unlike complex organic pollu-
tants, metal compounds cannot be degraded by microorganisms;
instead, they can be accumulated by organisms and also take part
in the process of bioaccumulation throughout the food chain, thus
threatening human health (Kong et al., 1995). Therefore, metal com-
pounds are also one of the most persistent pollutants in aquatic
environments.
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Copper is an essential micronutrient for numerous physiological
processes at low concentrations but a toxic metal at high concen-
trations (Gaetke and Chow, 2003). The progressive increase of Cu
in aquatic ecosystems arises from various anthropogenic sources
including copper mine drainage, copper-based pesticides, indus-
trial and domestic wastes, and antifouling paints (Andrade et al.,
2004; Ma et al., 2003). Cadmium is a non-essential element and
extremely toxic to humans, animals and plants. In plants, Cd expo-
sure interferes with plant uptake, transport and uses of different
macro and micronutrients (Hart et al., 1998), and induces various
symptoms of phytotoxicity, e.g., chlorosis, reduction of biomass, and
finally death (Milone et al., 2003). Metals can directly or indirectly
produce, by the production of reactive oxygen species, remark-
able alterations on proteins, DNA and cellular lipids (Leonard et
al., 2004; Valko et al., 2005) that can generate cell death. Cd and
Cu were selected for this study because they play a relevant role
in aquatic pollution and are potentially toxic to freshwater organ-
isms.

In aquatic ecosystems, algae are primary producers, provid-
ing oxygen and organic substances to other life forms. In recent
years, algae have been widely used in ecological risk assessment to
evaluate the impacts of metal, herbicide and other xenobiotic con-
tamination and bioavailability in aquatic systems, since they are
sensitive to metal contaminants at environmentally relevant con-
centrations (Levy et al., 2007; Stauber and Davies, 2000; Qian et
al., 2008a,b). Traditionally, most of the knowledge on the toxicity
of metal compounds pollutants to freshwater algae is based upon
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the effects of a single metal compound tested in the laboratory by
evaluating biochemical parameters such as EC50, chlorophyll lev-
els, biovolume, cell count, cell size, and so on (Wilde et al., 2006).
However, in metal-polluted sites such as mines, two or more metal
compounds are often found together in the environment. Since nat-
ural pools of water are normally polluted by a mixture of substances,
these metals may exert their toxicity simultaneously (Shuhaimi-
Othman and Pascoe, 2007). A few studies have been conducted
to investigate the combined effect of metal compounds on plant
species. The combined effects of Cu, Cd, and zinc on Chlorella sp.
cell division rate, either as synergistic or antagonistic effects was
observed in mixtures of different combinations of metals (Franklin
et al., 2002). Sacan et al. (2007) proved that the combination of
aluminum and lead synergistically caused cell membrane lysis in
marine alga Dunaliella tertiolecta. Wong and Chang (1991) showed
that various bimetallic combinations of copper, chromium and
nickel interacted synergistically on growth, photosynthesis and
chlorophyll a synthesis of Chlorella pyrenoidosa. Although there is
an extensive literature on the biochemical and physiological influ-
ence of Cu and Cd on algae, to our knowledge, the interactive effects
of Cu and Cd on plankton have rarely been assessed or reported at
the gene transcription level.

In the present study, Chlorella vulgaris was chosen as a repre-
sentative green microalga to evaluate the effect of Cu and Cd singly
and in combination at the physiological (algal growth, chlorophyll
and ROS content) and gene transcription (photosynthesis-related
genes: psaB, psbA and rbcL) levels.

2. Materials and methods

2.1. Algal culture

All toxicity tests were conducted using the freshwater uni-
cellular green alga, C. vulgaris, obtained from the Institute of
Hydrobiology, Chinese Academy of Sciences. The alga was cul-
tured in 250 mL flasks containing 50 mL of sterilized shuisheng-4
medium (Zhou and Zhang, 1989), which is composed of the follow-
ing chemical ingredients (mg/L): (NH4)2SO4, 200; Ca(H2PO4)2·H2O,
30; MgSO4·7H2O, 80; NaHCO3, 100; KCl, 25; FeCl3, 1.5; K2HPO4,
10; and 3 mL/L soil extract. Algae were cultured at 25 ± 0.5 ◦C on
a 14:10-h light:dark cycle with a light intensity of approximately
46 !mol m−2 s−1. Cells in the exponential growth phase were used
for all experiments, and the initial cell density for each experiment
was about 3.5 × 105 cells/mL.

2.2. Test chemicals

Cadmium chloride (CdCl2, JingShanTing Chemical Co., China,
reagent grade, 99.9% purity) and copper sulfate (CuSO4, ZhengXin
Chemical Co., China, reagent grade, 99.0% purity) were used. Met-
als were added as aqueous solutions. Stock solutions of metals
were prepared in distilled water at a 100 !M concentration. Stock
solutions were diluted with distilled water to obtain the desired
concentrations for chemical tests.

2.3. Experimental design

The toxicities of copper sulfate and cadmium chloride were
assessed independently in our preliminary experiments that gen-
erated the concentration–response curves for C. vulgaris. The
concentration–response curves for copper sulfate and cadmium
chloride were shown in Fig. 1. According to these curves, we
selected two concentrations of CuSO4 (0.5 and 1.5 !M) and CdCl2
(1.0 and 2.0 !M) to research their combined toxicology. Inhibition
of algal activity was expressed by the percentage inhibition (PI),

Fig. 1. Effects of copper and cadmium, singly and in combination, on the percent-
age inhibition of Chlorella vulgaris growth after 48 h. (a) Copper alone, (b) cadmium
alone, and (c) copper and cadmium singly and in combination.

which was calculated as our previous report (Qian et al., 2009). Five
replicates were made of each bioassay.

2.4. Pigment and ROS assays

To analyze chlorophyll a (chl a), chlorophyll b (chl b) and total
chlorophyll (total-chl) content according to the method of Inskeep
and Bloom (1985), 40 mL of each culture was collected. ROS were
measured following the instructions supplied with the ROS kit (Bey-
otime Institute of Biotechnology, Haimen, China). In this kit, the
non-fluorescent probe 2′, 7′-dichlorofluorescein diacetate (H2DCF-
DA) passively diffuses into cells and is deacetylated by esterases
to form non-fluorescent 2′, 7′-dichlorofluorescein (DCFH). DCFH
reacts with ROS to form the fluorescent product DCF. The fluores-
cence was read at 485 nm for excitation and 530 nm for emission
with a fluorescence plate reader (Bio-TEK, USA). The intensity of flu-
orescence as compared to the control was viewed as the increase
in intracellular ROS.

2.5. Gene transcription analysis

Total RNA was extracted from frozen, homogenized algae, which
had been collected from 30 mL of algal culture using the RNAiso
reagent (TaKaRa Biochemicals) according to the manufacturer’s
instructions. A given amount of total RNA (500 ng) was reverse
transcribed using an M-MLV reverse transcriptase kit (TaKaRa Bio-
chemicals). Real-time quantitative PCR was performed using a PCR
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instrument (ABI 7300, USA) as described our previous report (Qian
et al., 2008b).

2.6. Data analysis

Experimental data were checked for normality and homogene-
ity of variance using the Kolmogorov–Smirnov one-sample test and
Levene’s test, respectively. When necessary, data were transformed
for normalization to reduce heterogeneity of variance. Intergroup
differences were assessed by one-way analysis of variance (ANOVA)
followed by Dunnett’s post hoc test. In order to assess the individ-
ual effects of Cu and Cd, a factorial experiment design consisting of
three concentrations of Cu and Cd, was performed, and followed by
two-way ANOVA. All statistical analyses were carried out using SPSS
13.0 (SPSS, Chicago, IL, USA) and Origin 7.0 (OriginLab, Northamp-
ton, MA, USA). The critical value for statistical significance was
p < 0.05.

3. Results

3.1. Effect of Cu and Cd compounds on algal growth

Panels a and b of Fig. 1 show the cell growth percentage of growth
inhibition C. vulgaris exposed to either Cu or Cd alone. The influence
of metal compounds on algal cell growth was expressed as a PI of the
algal growth compared to the control treatment. The algal growth
was adversely affected upon Cu and Cd exposure. The severity of
the response increased with increasing concentrations of Cu and
Cd. From Fig. 1a and b, we calculated that the EC50 values of Cu and
Cd were 2.63 and 4.68 !M, respectively, such that 0.5 and 1.5 !M
concentrations of Cu and 1.0 and 2.0 !M concentrations of Cd were
selected to analyze the toxicological interaction between Cd and Cu.
In our preliminary study, we had selected higher concentrations of
Cu and Cd to assess their interaction, and we found that the PI of
alga was too high to perform additional assessments (PI >90%).

Fig. 1c shows the inhibitory ratio of Cu and Cd, both singly
and combined. The percentage of inhibitions (PI) was 1.59%
and 7.90% after exposure to Cu(0.5) and Cd(1.0), respectively,
and growth in Cu(1.5) and Cd(2.0) induced a similar PI (∼16%).
The combined treatments were Cu(0.5) + Cd(1.0), Cu(0.5) + Cd(2.0),
Cu(1.5) + Cd(1.0), and Cu(1.5) + Cd(2.0), where their respective PIs
were 6.01%, 20.80%, 59.64% and 78.55%. By one-way ANOVA, the
inhibitory effects of Cu(1.5), Cd(2.0), and Cu(0.5–1.5) + Cd(2.0) treat-
ments were significantly increased as compared with the control.
Furthermore, PIs resulting from Cu(0.5–1.5) + Cd(2.0) combinations
were much greater than those of any other treatment. Two-way
ANOVA indicated that either Cu or Cd alone had a significant
inhibitory effect on algal growth (p < 0.001, Table 1), and that they
also exhibited a strong synergistic interaction on algal growth inhi-
bition (p < 0.001, Table 1).

3.2. Effect of Cu and Cd compounds on chlorophyll content

The inhibitory effects of Cu and Cd, singly and in combination,
on chl a, chl b and total-chl in C. vulgaris cells after 48 h of exposure
are shown in Fig. 2. The 0.5 and 1.5 !M concentrations of Cu signifi-
cantly inhibited the content of chl a to 81.78%, 72.46% of the control,
respectively, while the 1.0 and 2.0 !M concentrations of Cd signif-
icantly inhibited the content of chl a to about 84% of the control,
respectively. The combined treatments of two metal compounds
also had an inhibitory effect on chl a content, being only 23.24% and
10.59% of that of the control after exposure to Cu(1.5) + Cd(1.0) and
Cu(1.5) + Cd(2.0), respectively, levels far lower than those of other
treatments.

The influence of these two metal compounds on chl b and
total chlorophyll content was similar to that of chl a. Each metal

Fig. 2. Effects of copper and cadmium, singly and in combination, on the inhibition
of Chlorella vulgaris chlorophyll content after 48 h. (a) Chlorophyll a, (b) chloro-
phyll b, and (c) total chlorophyll. Different letters represent statistically significant
differences at p < 0.05 from one-way ANOVA.

compound was found to significantly decrease chl b and total-
chl by two-way ANOVA. The combination of Cu(1.5) + Cd(1.0) and
Cu(1.5) + Cd(2.0) caused a decrease in chl b and total-chl content,
to levels much lower than those seen after other treatments. Chl
b content was 49.51% and 33.33% of the control after exposure to
Cu(1.5) + Cd(1.0) and Cu(1.5) + Cd(2.0), respectively, and the total-
chl content was 31.75% and 17.94% of the control, respectively.
Two-way ANOVA indicated that either Cu or Cd alone had a signifi-
cant inhibitory effect on the content of chl b and total-chl (p < 0.001,
Table 1), and that they exhibited a strong synergistic interaction on
chlorophyll content (p < 0.001, Table 1).

3.3. Effect of Cu and Cd compounds on ROS content

Lower concentrations of single metal compounds caused a small
increase in ROS (Fig. 3); ROS content in the Cu(0.5), Cu(1.5), and
Cd(1.0) single treatments are 104%, 124%, and 120% of that of the
control, respectively, and are not significantly different by one-way
ANOVA. The Cd(2.0) treatment increased ROS content significantly.
The combined Cu(1.5) + Cd(1.0) and Cu(1.5) + Cd(2.0) treatment
stimulated ROS content to levels 3.58- and 9.15-fold greater of
that of the control, and were higher than levels observed after
other treatments. Two-way ANOVA indicated that both Cu and Cd
alone had a significant positive effect on ROS formation (p < 0.001,
Table 1). Furthermore, we also observed a strong synergistic inter-
action between Cd and Cu on algal growth inhibition (p < 0.001,
Table 1) and on ROS content by two-way ANOVA (p < 0.001, Table 1).

3.4. Effect of Cu and Cd compounds on gene transcription

Fig. 4 shows the change in three photosynthesis-related gene
transcripts (psbA, psaB and rbcL) after C. vulgaris exposure to Cu
and Cd. psbA gene transcription is slightly inhibited by Cu(1.5) and
Cd(2.0) treatments; mRNA levels are 82.74% and 92.53% of the con-
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Table 1
Results of 3 × 3 factorial analysis of variance (ANOVA) between copper and cadmium on growth inhibition, ROS content, chlorophyll and psbA, psaB and rbcL mRNA expression
in Chlorella vulgaris.

Factors F(p)

Percent inhibition Chl a Chl b Total-Chl ROS psbA psaB rbcL

Cu 638.50 (<0.001) 286.99 (<0.001) 73.42 (<0.001) 209.46 (<0.001) 384.52 (<0.001) 38.61 (<0.001) 14.12 (<0.001) 19.59 (<0.001)
Cd 248.20 (<0.001) 86.85 (<0.001) 13.29 (<0.001) 56.47 (<0.001) 199.65 (<0.001) 14.31 (<0.001) 49.09 (<0.001) 5.63 (<0.05)
Cu + Cd 106.41 (<0.001) 33.11 (<0.001) 12.59 (<0.001) 26.08 (<0.001) 172.67 (<0.001) 1.06 (0.390) 2.94 (0.035) 0.60 (0.668)

Fig. 3. Effects of copper and cadmium, singly and in combination, on the inhibition
of Chlorella vulgaris ROS content after 48 h. Different letters represent statistically
significant differences at p < 0.05 from one-way ANOVA.

trol, respectively (Fig. 4a). Lower concentrations of Cu and Cd had
no influence on psbA gene transcription. The Cu(0.5) + Cd(1.0–2.0)
combinations also had no influence on psbA gene transcrip-
tion, however, the Cu(1.5) + Cd(1.0–2.0) combinations significantly

Fig. 4. Effects of copper and cadmium, singly and in combination, on the Chlorella
vulgaris mRNA expression after 48 h. (a) psbA, (b) psaB, and (c) rbcL. Values were
normalized against 18S rRNA, and represent relative the mean mRNA expression
value ± SEM of three replicate cultures. Different letters represent statistically sig-
nificant differences at p < 0.05 from one-way ANOVA.

inhibited psbA mRNA expression. ANOVA indicated that both Cu
and Cd alone had a significant inhibitory effect on psbA gene tran-
scription (p < 0.001, Table 1). However, we observe no significant
interaction between Cd and Cu on psbA gene transcription by two-
way ANOVA (p > 0.05, Table 1).

Fig. 4b shows psaB gene transcription after exposure to Cu
and Cd. The addition administration of Cu (both 0.5 and1.5 !M
doses) or Cd (both 1.0 and 2.0 !M doses) stimulated psaB mRNA
levels to be 1.43-, 2.98-, 3.30- and 4.08-fold greater than the
control. Cu and Cd combined also stimulated psaB mRNA expres-
sion, and the level of stimulation is significantly higher than that
of the single treatments. psaB mRNA levels were 3.80-, 5.32-,
4.94- and 5.31-fold greater than the control when after treat-
ment with Cu(0.5) + Cd(1.0), Cu(0.5) + Cd(2.0), Cu(1.5) + Cd(1.0), or
Cu(1.5) + Cd(2.0). ANOVA indicated that both Cu and Cd alone had
a significant stimulated effect on psaB gene transcription (p < 0.05,
Table 1). We also observed a significant interaction between Cd and
Cu on psaB gene transcription by two-way ANOVA (p < 0.05, Table 1),
and we surmise that this interaction should be synergistic by the
increase trend.

rbcL exhibited similar responses to Cu and Cd treatment as
psbA (Fig. 4c). At both of the higher Cu and Cd concentrations
used in this study, abundance of rbcL transcripts decreased. Two-
way ANOVA indicated that both Cu and Cd alone had a significant
inhibitory effect on rbcL gene transcription (p < 0.05, Table 1). The
combined treatment of Cu and Cd also decreased rbcL mRNA
expression, and the maximum decrease in the rbcL transcript abun-
dance is observed after exposure to Cu(1.5) + Cd(2.0). However,
we did not observe a significant interaction of Cd and Cu com-
bined on rbcL gene transcription by two-way ANOVA (p > 0.05,
Table 1).

4. Discussion

Photosynthetic organisms are highly sensitive to metal com-
pounds. The effect of metal ions on higher plants includes the
disruption of many physiological functions such as water uptake,
respiration, mineral nutrient uptake and photosynthesis (Burzynski
and Zurek, 2007). Copper is an essential micronutrient for algal
growth and also plays a vital role as an enzymatic cofactor and
electron carrier in the photosynthetic and respiratory processes
(Andrade et al., 2004). Cadmium is a non-essential metal with high
toxicity, it can substitute for other metal ions (mainly Zn2+, Cu2+

and Ca2+) in metalloenzymes and shows a very strong affinity to
biological structures containing −SH groups.

Several studies have focused on the inhibition of photosyn-
thesis; however, the mechanisms of the toxic effects that metal
compounds (including Cu and Cd) have on photosynthetic pro-
cesses have remained for the most part, elusive. It is known that
Cu and Cd can decrease the activity of photosystem II (PSII). Baron
et al. (1995) reviewed that Cu has a direct impact on photosyn-
thesis by inhibiting photosynthetic electron transport, especially
in PSII. Geiken et al. (1998) demonstrated that Cd could alter the
activity of the oxygen-evolving complex in pea and broad bean,
ultimately causing the disassembly of their PSII, and Herbette et
al. (2006) demonstrated that Cd down-regulates PSII proteins in
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Arabidopsis thaliana. Zhou et al. (2006) showed that the inhibitory
site of Cd in M. aeruginosa is not located at the PSII or PSI level,
but is probably situated on the ferredoxin/NADP+-oxidoreductase
enzyme at the terminal of the whole electron transport chain. In this
study, we have proved that concentrations of Cu (0.5 and 1.5 !M)
and Cd (1.0 and 2.0 !M) inhibit the abundance of psbA in C. vul-
garis, a gene that codes for an integral membrane protein D1 of
photosystem II (PSII). The inhibition of psbA mRNA transcripts may
decrease the activity of photosystem II (PSII) and electron transfer
rates in C. vulgaris, which was observed by a decrease in chlorophyll
content.

Some reports have shown that Cu and Cd can cause a
decrease in the assimilation of CO2 by influencing the activities
of photosynthetic carbon reduction cycle enzymes. Sheoran et al.
(1990) observed the inhibitory effect of Cd on 3-phosphoglyceric
acid kinase (PGK, one of photosynthetic carbon reduction cycle
enzymes) in pigeon pea leaves. Burzynski and Zurek (2007)
showed that Cu and Cd not only decreased the activities of PGK
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, another
photosynthetic carbon reduction cycle enzyme), but also the syn-
thesis of these proteins in cucumber cotyledons; both metals
affected PGK in the experiments of Stiborová et al. (1986) on
maize leaves. Rubisco is the carboxylase that controls the rate-
limiting step of carbon assimilation as it enables the continuation
of growth and development of plants. In this study, we have per-
formed real-time PCR to evaluate the abundance of rbcL, which
codes for the large subunit of Rubisco, and we have shown that
Cu and Cd decrease rbcL gene transcription. Therefore we speculate
that Cu and Cd may decrease of the assimilation of CO2 not only
by influencing the activities of enzymes, but also by inhibiting the
mRNA expression of genes coding for related enzymes, at least for
rbcL.

A few reports have shown a relationship between Cu or Cd and
the activity of photosystem I (PSI), and some of which have been
controversial. Neelam and Rai (2003) reported that Cd inhibited
PSI activity in Microcystis sp. However, Zhou et al. (2006) reported
that Cd increased the activity of PSI in M. aeruginosa. Our results
show that exposure to Cu and Cd results in a higher transcript abun-
dance of psaB, which is part of the psaA/B operon of the chloroplast
genome and encodes P700 chlorophyll A2 apoproteins. The increase
in psaB transcript abundance should improve the activity of PSI.
Zhou et al. (2006) suggested that the increase in PSI activity results
from the increase of cyclic electron transport around PSI, which
increases of ATP synthesis but decreases the generation of NADPH,
which is regarded as reducing equivalents to fix CO2. Therefore, we
speculate that NADPH content should decrease. The decreases in
NADPH and rbcL gene transcription disrupt carbon assimilation, and
retard the algal growth or cause cell death. At the same time, this
cyclic electron transport around PSI is suggested to play an impor-
tant role in the synthesis of more ATP, which could be provided
as energy to synthesize more anti-stress molecules. Several studies
have also confirmed the increase of cyclic electron flow in cyanobac-
terial cells under salinity stress (Howitt et al., 2001; Jeanjean et al.,
1998; Tanaka et al., 1997). Thus, the increase in PSI activity resulting
from the increase of cyclic electron transport around PSI could be
one of the adaptive mechanisms to stress (Howitt et al., 2001; Zhou
et al., 2006). Furthermore, our previous research also found that the
abundance of psaB in C. vulgaris increased after short exposure to
low concentrations of glufosinate (Qian et al., 2008a).

In this study, we found that ROS content increases not very
significantly after exposure to Cu and Cd in single, except for the
treatment of Cd(2.0). It showed that low concentration of metal
compound was difficult to promote ROS content in short-time
exposure. The combined Cu(1.5) + Cd(1.0–2.0) treatment stimulated
ROS significantly, which meant these two combinations were the
strongest oxidative stress among all treatments. ROS included free

radicals (hydroxyl radical OH•, phenoxy radicals RO•, peroxy rad-
icals ROO•) and other ROS (superoxide radical anion O2

•−, singlet
oxygen 1O2, hydrogen peroxide H2O2). As it is known, chloroplasts
are the main source of ROS, which can cause cell damage in various
ways when photosynthesis-related genes are inhibited and elec-
tron transport is blocked. These surplus electrons are transported
to molecular oxygen, generating ROS (Kumar et al., 2008). Conse-
quences of ROS formation include the gradual peroxidation of lipid
structures (Baryla et al., 2000), oxidative DNA damage (Kasprzak,
2002) and photosynthetic apparatus damage (Dewez et al., 2005;
Vajpayee et al., 2005). In our study, we have found that the content
of chl a, chl b and total chlorophyll decrease, with lower chlorophyll
content indicating a decrease in the antenna size of the photosyn-
thetic reaction center complexes (Björkman, 1981). This result is
consistent with the report of Devos et al. (1991) showing that Cu
disturbed the integrity of thylakoid membranes and with the report
of Yruela (2005) showing that ROS interfered with the biosynthe-
sis of photosynthetic machinery and decreased the photosynthetic
rate.

Compared with metal compound stress of single metals, few
studies have looked at the interactions between metal compounds.
An et al. (2004) observed three types of interactions: strictly addi-
tive, synergistic and antagonistic in Cucumis sativus. It is particularly
complex to understand the mechanisms involved in the interac-
tion between metal compounds, including Cd and Cu (Gallego et
al., 2007). Our present study shows that Cu and Cd have no sig-
nificant synergistic interaction on the expression of psbA and rbcL
at the transcriptional level; however, they show a significant syn-
ergistic interaction on the expression of psaB. We speculate that
Cu and Cd have different interaction sites with which they inhibit
psbA and rbcL gene expression, and that these interaction sites have
no relationship. Cu and Cd then indirectly interact to cause syner-
gistic effects on psaB gene expression because of the anti-stress
mechanism, the cyclic electron transport around PSI.

Our results also show that Cu and Cd synergistically interact to
affect ROS formation and chlorophyll content. Some reports have
shown that copper ions are prone to participate in ROS formation
via the so-called Fenton reaction (Mehta et al., 2006). Furthermore,
Cd can replace Cu in various cytoplasmic and membrane proteins,
thus increasing the amount of unbound free Cu ions participat-
ing in oxidative stress via the Fenton reaction (Valko et al., 2005).
This Cd-induced displacement may explain the synergistic toxic-
ity that we have detected in ROS formation, which has also been
found in Tetrahymena thermophila in high metal concentrations of
Cu and Cd (Gallego et al., 2007). ROS either disrupted photosyn-
thetic pigments or damaged the photosynthetic apparatus (Bernal
et al., 2006), causing a decrease in chlorophyll, while the more-
than-additive increase in ROS content by the combination of Cu
and Cd decreased chlorophyll content synergistically, resulting in
the synergistic inhibition of algal cell growth.

The effects of Cu and Cd singly and in combination on C. vulgaris
growth, ROS content and the transcription of photosynthesis-
related genes have been assessed in this study. The results show
that Cu and Cd independently inhibit psbA and rbcL gene expression,
and that they can synergistically stimulate psaB gene expression.
Furthermore, Cu and Cd can increase ROS formation and decrease
chlorophyll content synergistically. To our knowledge, this report is
among the first to study the effects of Cu and Cd, singly and in com-
bination, on physiological parameters and gene expression levels
in C. vulgaris.
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