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ABSTRACT 

This paper aimed to evaluate the effects of different concentrations of cadmium on growth rates, photosynthetic pig- 
ments, photosynthetic performance, biochemical parameters and structure of chloroplasts in G. domingensis. To ac- 
complish this, apical segments of G. domingensis were cultivated with different concentrations of cadmium, ranging 
from 100 to 300 μM, over a period of 16 days, and were processed for transmission electron microscopy analysis. The 
plants exposed to cadmium showed chloroplast alteration, especially degeneration of thylakoids and a decrease in the 
concentration of photosynthetic pigments, such as chlorophyll a and phycobiliproteins. However, the volume of plas- 
toglobuli increased. As a defense mechanism, the plants treated with cadmium showed an increase in glutathione re- 
ductase activity. These results agree with the decreased photosynthetic performance and relative electron transport rate 
observed after exposure of algae to cadmium. Taken together, these findings strongly indicate that cadmium negatively 
affects the ultrastructure and metabolism of the agarophyte G. domingensis, thus posing a threat to the economic vitality 
of this red macroalga. 
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1. Introduction 

Over the last few years, increasing human population and 
industrial development have led to an increase of con- 
taminants in aquatic systems [1]. Accordingly, studies re- 
porting the effects of heavy metals on aquatic organisms 
are currently attracting more attention, particularly those 
focused on industrial and urban pollution. The contami- 
nation of coastal waters with trace metals through sew- 
age and other anthropogenic sources has become a severe 
problem [2]. Heavy metals, such as lead, copper, cad- 
mium, zinc, and nickel, are among the most common 
pollutants found in both industrial and urban effluents [3]. 
In low concentrations, some heavy metals (Cu, Zn, Ni, 
and Mn) are essential trace elements for photosynthetic 

organisms; however, in high concentrations, these metals  
cause severe toxic effects [4]. Heavy metals affect all 
biological organisms, especially those in the aquatic eco- 
system, in many important ways. Several studies have 
shown effects such as the decrease of macroalgae growth 
rates [2], increased activities of glutathione reductase [5], 
changes in photosynthetic pigments [1,6] and photosyn- 
thetic efficiency [2,6], as well as an increase in total pro- 
teins and lipid contents [1]. Finally, some reports have 
shown changes in the ultrastructure of the red algae Au- 
douinella savina (F. S. Collins) Woelkerling [7] and Ce- 
ramium ciliatum (J. Ellis) Ducluzeau [8], Hypnea musci- 
formis (Wulfen) Lamouroux [6]; the green algae Du- 
naliella minuta Lerche [9], Enteromorpha flexuosa (Wul- 
fen) J. Agardh [10], Euglena gracilis Klebs [1], and the 
brown algae Padina gymnospora (Kützing) Sonder [11]. *Corresponding author. 
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Cadmium (Cd) is one of the heavy metals most fre- 
quently implicated in environmental contamination. This 
metal is utilized in the manufacture of various products, 
such as batteries, chipsets, pigments, televisions, and se- 
miconductors [4,12]. Cd can attach to sulfated groups, as 
well as metalloproteins and metalloenzymes, thereby 
neutralizing their functions [13]. However, Cd has no 
nutritional value for algae [9]. 

The genus of Gracilaria Greville is distributed world- 
wide from the Equator to higher latitudes [14]. As a 
source of agar extraction throughout the world, it has 
achieved significant economic importance [15]. More- 
over, species of this genus have been extensively studied 
because of the high utilization of their phycocolloids. In 
fact, species of Gracilaria are some of the most useful 
algae in the world, combining the production of the 
valuable polysaccharide agar with fast growth rate, ease 
of vegetative reproduction and other attributes favoring 
their cultivation [16]. 

In particular, the agarophyte macroalga Gracilaria 
domingensis is distributed along the Brazilian coastline 
from Ceara State to Santa Catarina State [17]. It occurs 
within the intertidal zone up to the lower shore. Com- 
monly found in areas of high wave action, it has shown 
considerable tolerance to environmental changes, such as 
salinity, temperature and water circulation [14]. In view 
of the effects of heavy metals on other species of algae, 
the present study aimed to evaluate the biological effects 
of cadmium on the growth, photosynthetic pigments, 
photosynthetic performance, chloroplast structure and 
biochemical activities of the red macroalga G. domin- 
gensis, a species especially important to the Brazilian 
economy. 

2. Materials and Methods 

2.1. Algal Material 

G. domingensis samples were collected from Ponta das 
Canas Beach (27˚23′34′′S and 48˚26′11′′W), Florianopo- 
lis-SC, Brazil, in May 2010. The algal samples were col- 
lected from the rocks and were transported at ambient 
temperature in dark containers to LAMAR-UFSC (Ma- 
croalgae Laboratory, Federal University of Santa Ca- 
tarina, Florianopolis, Santa Catarina, Brazil). 

Unialgal culture was established as described by Oli- 
veira et al. [18]. To avoid contamination by the presence 
of epiphytes, the collected algae were meticulously 
cleaned with a brush and filtered seawater. The apical 
portions were maintained by immersing in seawater en- 
riched with von Stosch medium (VSES/2) [19]. These 
segments were cultivated under the same conditions dur- 
ing 14 days (experimental acclimation period) before 
their utilization in the cadmium experiments. 

2.2. Culture Conditions 

The apical thalli portions were selected (±0.5 g) from the 
G. domingensis samples and cultivated for 16 days in 
Erlenmeyers flasks containing 500 mL natural sterilized 
seawater enriched with von Stosch medium at half 
strength (VSES/2) [19] with ±34 practical salinity units. 
Culture room conditions were 24˚C, continuous aeration, 
illumination from above with fluorescent lights (Philips 
C-5 Super 84 16W/840, Brazil) or photosynthetically 
active radiation (PAR) at 80 µmol photons m–2·s–1 (Li- 
cor light meter 250, USA) and 12 h photocycle (starting 
at 8 h). 

The untreated control plants were cultivated as de- 
scribed above. For the treated plants, CdCl2 was added at 
graded concentrations of 100, 200 and 300 μM to the 
culture medium, as previously suggested by Talarico et 
al. [20] and Xia et al. [21] for Gracilaria lemaneiformis 
(Bory de Saint-Vincent) Greville. Four replicates were 
made for each experimental group. 

2.3. Growth Rates (GRs) 

Growth rates for treatment groups and control were cal- 
culated using the following equation: GR [%·day–1] = 
[(Wt/Wi) – 1] * 100/t, where Wi = initial wet mass, Wt = 
wet mass after 7 days, and t = internal time in days [22]. 

2.4. Photosynthetic Performance 

Experiments were followed by measurements of chloro- 
phyll fluorescence using a pulse amplitude-modulated 
(PAM) fluorometer (Diving-PAM underwater fluorome- 
ter; Walz, Effeltrich, Germany). The measurements were 
obtained through the application of a series of eight ex- 
posures to gradually increasing actinic irradiance levels 
using the “Rapid Light Curve” (RLC) option of the Div- 
ing-PAM. The RLC technique is a useful application for 
the rapid investigation of the photosynthetic apparatus 
and provides information on the overall photosynthetic 
performance of seaweeds [23]. PAM optimal configur- 
ations were previously evaluated for G. domingensis un- 
der in situ conditions and, once defined, they were kept 
constant (Gain = 4; Measuring Intensity = 6; Saturating 
Pulse Length = 0.8 s). The seaweeds were dark-adapted 
for 30 minutes before the measurements, and after dark 
adaptation, PAM readings were taken immediately under 
ambient light. 

From each sample, a relative electron transport rate 
(rETR) was determined for each exposure, resulting in a 
rETR curve for every replicate. Since electrons leading to 
CO2 reduction in dark reactions of photosynthesis are 
derived from the splitting of water in photosystem II, 
ETR may be estimated from the effective quantum yield. 
Thus, ETR = ΔF/Fm′ × PAR × 0.5 × 0.16, where PAR is 
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the actinic irradiance in μmol photons m–2·s–1, making 
the assumptions that photosystem II absorbs half (0.5) of 
the quanta of available light [24] and that 0.16 is an 
ETR-factor based on the average of light which is actu- 
ally absorbed by red seaweeds (Diving-PAM Underwater 
Fluorometer Handbook of Operation, Heins Walz GmbH 
1998). To compare RLCs using parametric statistics, two 
descriptive parameters were used: photosynthetic effi- 
ciency (α) and maximum photosynthetic rate (Pmax). 
These parameters were calculated by the equation of [25] 
with the Microcal Origin 5.0 program, using rETR values 
obtained for each replicate. Pmax and α were calculated 
by curve fitting, using all the RLC values, while α was 
obtained by linear fitting using the first three points of 
the rETR vs. irradiance curve [26]. 

2.5. Pigments Analysis 

The content of photosynthetic pigments (chlorophyll a 
and phycobiliproteins) of G. domingensis was analyzed 
for the treatment group and control. Immediately after 
collection, the samples (fresh weight) were frozen by 
immersion in liquid nitrogen and kept at –40˚C until 
ready for use. All pigments were extracted in quadruple- 
cate as previously reported [27]. 

2.6. Chlorophyll a (Chl a) 

Chlorophyll a was extracted from approximately 1 g of 
tissue in 3 ml of dimethylsulfoxide (DMSO, Merck, 
Darmstadt, FRG) at 40˚C, during 30 min, using a glass 
tissue homogenizer [28,29]. Pigments were quantified 
spectrophotometrically according to Wellburn [30]. 

2.7. Phycobiliproteins 

About 1 g of algae material was ground to powder with 
liquid nitrogen and was extracted at 4˚C in darkness in 
0.1 M phosphate buffer, pH 6.4. The homogenates were 
centrifuged at 2000 g for 20 min. Phycobiliprotein levels 
[allophycocyanin (APC), phycocyanin (PC), and phyco- 
erythrin (PE)] were determined by UV-vis spectropho- 
tometry, and calculations were performed using the equ- 
ations of Kursar et al. [31]. 

2.8. Biochemical Analyses 

Glutathione reductase, NADH dehydrogenase activities, 
and protein content were assessed in the samples. 

The samples of the Control and of the cadmium treat- 
ments of G. domingensis groups were homogenized in 20 
mM phosphate buffer, pH 7.4, and centrifuged at 1000 × 
g for 10 min at 4˚C. The supernatant was separated and 
used for assessing glutathione reductase activity and pro- 
tein content. 

2.9. Glutathione Reductase Assay (GR) 

Glutathione reductase (GR) activity was determined by 
the method described by Carlberg and Mannervik [32]. 
The rate of GSSG reduction was indirectly determined 
through monitoring the NADPH disappearance at 340 
nm. Results are expressed as µg/mg protein. 

2.10. Sample Preparations for Measuring the 
NADH Dehydrogenase Activity 

The samples of the Control and of the cadmium treat- 
ments of G. domingensis groups were homogenized in 10 
volumes of 50 mM phosphate buffer, pH 7.4, containing 
0.3 M sucrose, 5 mM MOPS, 1 mM EGTA and 0.1% 
bovine serum albumin. The homogenates were centri- 
fuged at 1000 × g for 10 min at 4˚C; the pellet was then 
discarded, and the supernatants were used for measuring 
NADH dehydrogenase activity [33]. 

2.11. Determination of NADH Dehydrogenase 
Activity 

NADH dehydrogenase activity was assessed in super- 
natants by the rate of NADH-dependent ferricyanide re- 
duction at 420 nm (1 mM−1·cm−1), as previously de- 
scribed in Cassina and Radi [34]. The method described 
to determine this activity was slightly modified, as de- 
tailed in a previous report by Latini et al. [35]. Enzyme 
activity was calculated as nmol/minute/mg protein. 

2.12. Protein Determination 

The amount of protein in the samples was determined 
according to Lowry et al. [36]. 

2.13. Transmission Electron Microscope (TEM) 

For observation under the transmission electron micro- 
scope (TEM), samples approximately 5 mm in length 
were fixed with 2.5% glutaraldehyde in 0.1 M sodium 
cacodylate buffer (pH 7.2) plus 0.2 M sucrose overnight 
[37]. The material was post-fixed with 1% osmium te- 
troxide for four hours, dehydrated in a graded acetone 
series, and embedded in Spurr’s resin. Thin sections were 
stained with aqueous uranyl acetate, followed by lead 
citrate, according to Reynolds [38]. Four replicates were 
made for each experimental group; two samples per rep- 
lication were then examined under TEM JEM 1011 
(JEOL Ltd., Tokyo, Japan, at 80 kV). Similarities based 
on the comparison of individual treatment with replicates 
suggested that the ultrastructural analyses were reliable. 

2.14. Data Analysis 

Data were analyzed by unifactorial Analysis of Variance 
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(ANOVA) and Tukey’s a posteriori test. Unifactorial 
statistical analyses were performed using the Statistica 
software package (Release 6.0), considering p ≤ 0.05. 
Analyses were performed in order to evaluate the effects 
on the growth rates, concentration of photosynthetic 
pigments, photosynthetic parameters (α and Pmax), bio- 
chemical analyses for control (PAR-only), and cadmium- 
treated plants. 

3. Results 

3.1. Growth Rates and Morphology 

After 16 days in culture, G. domingensis showed statisti- 
cal differences (ANOVA, p < 0.05) in growth rates (GRs) 
between control plants (no cadmium) and thalli cultured 
with different concentrations of cadmium (Figure 1). 
Cadmium stress caused a significant reduction in GRs. 
The sample control showed increased dichotomy in api- 
cal segments at the end of the experiment (Figures 2(a) 
and (b)). However, for the apical segments cultivated 
with 100 (Figure 2(c)), 200 (Figure 2(d)) and 300 µM 
of cadmium (Figure 2(e)), a reduced dichotomy in the 
apical segments of G. domingensis was detected. During 
16 days, the exposure to 200 and 300 M of cadmium 
caused a bleaching of the apical segments (Figures 2(d) 
and (e)). This process, which ultimately led to weight 
loss, significantly affected GRs. The control had the 
highest GRs at 7.6% day–1, compared to 100 µM at 2.1% 
day–1, 200 µM at 1.6% day–1 and 300 µM at 1.1% day–1 
from the average 16-day cultivation. 

3.2. Pigments 

Cadmium treatment affected the content of photosyn- 
thetic pigments in G. domingensis (Table 1). Cadmium  
 

 

Figure 1. Growth rates (GRs) of G. domingensis under 
cadmium treatment and control. Vertical bars represent 
±SD for means (n = 4). Letters indicate significant differ-
ences according to Tukey’s range test (p < 0.05). 

 

Figure 2. Apical segments of G. domingensis according to 
the treatments. (a): Control initial; (b): Control after 16 
days of culture; (c): Apical segments after 16 days of treat- 
ment with 100 μM of the cadmium; (d): Tallus after 16 days 
of treatment with 200 μM of the cadmium; (e): Apical seg- 
ments after 16 days of treatment with 300 μM of the cad- 
mium. Scale bars = 1 cm. 
 
Table 1. Changes in photosynthetic pigments [µg/g – 1(FM)] 
of G. domingensis under cadmium treatment. The values 
refer to mean ± SD, n = 4. Different letters indicate signify- 
cant differences according to Tukey’s range test (p < 0.05). 

Treatments Chl a APC PC PE 

Control plants 88 ± 6.3a 207 ± 4.0 a 113 ± 2.5a 344 ± 2.3a

100 μM of cadmium 74 ± 6.8b 199 ± 1.5b 106 ± 2.8b 300 ± 1.8b

200 μM of cadmium 73 ± 5.5b 129 ± 2.5c 57 ± 3.3c 198 ± 2.5c

300 μM of cadmium 61 ± 1.1c 90 ± 0.5d 39 ± 2.0d 103 ± 2.9d

 
treatment decreased chlorophyll a level compared to 
control algae, as well as the amounts of phycobiliprotein 
contents (APC, PC, and PE). The values of concentration 
of all photosynthetic pigments were significantly diffe- 
rent for the control and cadmium-treated algae. 

3.3. Photosynthetic Performance 

The rETR values decreased after culture with cadmium 
(Figure 3) when compared to control samples of the G. 
domingensis (Figure 3). However, no meaningful dif- 
ference (p < 0.05) was detected among the cadmium- 
treated plants compared to control. Maximum photosyn- 
thetic rate (Pmax) and photosynthetic efficiency (α) va- 
lues decreased after culture with cadmium (Table 2). 

3.4. Biochemical Responses 

G. domingensis plants treated with cadmium showed sig- 
nificantly increased GR activity (Figure 4(a)) when  
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Figure 3. Relative electron transport rate of G. domingensis 
exposed to cadmium treatments for a period of 16 days. 
Data are means of quadruplicates. Means ± SD, n = 4. 
 
Table 2. Photosynthetic efficiency of G. domingensis culti- 
vated with different concentrations of cadmium over a pe- 
riod of 16 days. Means ± SD, n = 4. Different letters indicate 
significant differences according to Tukey’s range test (p < 
0.05). 

Treatment Control 100 µM 200 µM 300 µM 

Pmax 24.9 ± 0.001 21.6 ± 0.001 13.3 ± 0.97 8.4 ± 0.08

α 0.53 ± 0.003 0.03 ± 0.006 0.02 ± 0.002 0.02 ± 0.002

 
compared with control plants (p < 0.05). On the other 
hand, NADH dehydrogenase activity and protein content 
were not altered by Cd treatment (Figures 4(b) and (c)). 

3.5. Observations under TEM 

When observed by transmission electron microscopy, the 
chloroplasts assumed the typical internal organization of 
the red algae with unstacked, evenly spaced thylakoids 
(Figure 5(A)). Electron-dense lipid droplets described as 
plastoglobuli were observed between the thylakoids 
(Figure 5(A)). After 16 days of culture with 100 μM 
(Figure 5(B)), 200 μM (Figure 5(C)) and 300 μM (Fig- 
ure 5(D)) of cadmium, G. domingensis chloroplasts 
showed visible changes in ultrastructural organization 
with irregular morphology (Figures 5(B)-(D)). The thy- 
lakoids were disrupted (Figures 5(B)-(D)), and the num- 
ber of plastoglobuli increased in the chloroplasts (Fig-
ures 5(B)-(D)). 

4. Discussion 

The present study showed that the architecture and me- 
tabolism of the agarophyte G. domingensis are affected 
by cadmium exposure. The treatment induced changes in 
chloroplast morphology and growth rates, in addition to 
decreased photosynthetic pigments and photosynthetic 
performance, but increased glutathione reductase acti- 
vity.  

G. domingensis treated with cadmium showed a decrease 

 

Figure 4. Biochemical responses of control and Cd-treated 
G. domingensis plants. (a): Glutathione reductase activity; 
(b): NADH dehydrogenase activity; (c): Protein content. 
The symbols indicate significant differences according to 
Tukey’s range test (p < 0.05). 
 
in growth rates, indicating that cadmium stress is a key 
factor limiting growth. Similar results were observed by 
Bouzon et al. [6] with the carragenophyte H. musciformis 
after exposure to cadmium during 7 days. The apical 
segments of G. domingensis cultivated with 200 and 300 
μM of cadmium showed bleaching and depigmentation 
after 16 days in culture. In G. domingensis, Schmidt et al. 
[17] also observed that bleaching and depigmentation 
occur in apical segments after submission to ultraviolet 
radiation-B during 21days.  

According to Xia et al. [21], cadmium is a nonessen- 
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Figure 5. Transmission electron microscopy of G. domin- 
gensis chloroplasts (C) under cadmium treatment. A: Con- 
trol. Observe the thylakoids (arrows). Note the presence of 
plastoglobuli (P); B: Treatment with 100 M of cadmium; 
C: Treatment with 200 M of cadmium; D: Treatment with 
of 300 M cadmium. 
 
tial element for macroalgae growth, development, and 
physiological processes. The algae may actively exclude 
or sequester the cadmium to minimize toxicity. The de- 
crease in growth rates observed in G. domingensis stud- 
ied in this report may be related to the use of energy for 
activation of adaptation mechanisms and repair of dam- 
age induced by cadmium stress. According to Collén et 
al. [39], heavy metal in exposed algae induces the pro- 
duction of reactive oxygen species (ROS). The ROS, in 
turn, induce changes in several molecules, including lip- 
ids, proteins, and nucleic acids. As a strategy to prevent 
the damaging effects of ROS, photosynthetic organisms 
induce antioxidant defenses, such as flavonoids, toco- 
pherols, carotenoids, and enzymes. 

The increased GR activity observed in G. domingensis 
after cadmium exposure could be related to the increased 
antioxidant defenses that result from Cd-induced oxida- 
tive stress. These results agree with those of Kumar et al. 
[5], who demonstrated that the green alga Ulva lactuca 
also increased in GR activity after exposure to cad- 
mium. 

In the present study, we observed a dramatic reduction 
in values of photosynthetic efficiency and photosynthetic 
pigments of G. domingensis after exposure to cadmium. 
In the green alga Dunaliella minuta exposed to cadmium, 
Visviki and Rachlin [9] demonstrated a reduction in 
chloroplast volume and photosynthetic potential. Chlo- 
rophyll a levels decreased drastically in G. domingensis 
after exposure to cadmium. This reduction could be as- 
sociated with Mg and Fe deficiency in the biosynthetic 
process of chlorophyll a [21,40]. On the other hand, the 
reduction could be related to the inhibition of enzyme 

activity, i.e., photochlorophyllide reductase [21,41]. A 
similar result was observed by Bouzon et al. [6] with the 
carragenophyte H. musciformis after exposure to cad- 
mium during 7 days. 

The amounts of phycobiliproteins decreased in G. do- 
mingensis treated with cadmium. The phycobiliproteins 
are located in the phycobilisomes outside the chloroplast 
thylakoids. Our results demonstrated that phycobilipro- 
tein levels, including APC, PC, and PE, decreased in G. 
domingensis after cadmium treatment. According to Xia 
et al. [21], a high concentration of cadmium altered phy- 
cobilisome structure, and these changes resulted in a de- 
cline of absorbed light energy, thus inhibiting photosyn- 
thesis. We found a decrease in the phycobiliprotein levels 
similar to the findings of Xia et al. [21] who studied the 
red macroalga Gracilaria lemaneiformis cultivated with 
cadmium during 4 days and those of Bouzon et al. [6] 
with H. musciformis after exposure to cadmium during 7 
days. This indicates that cadmium strongly inhibited the 
accumulation of phycobiliproteins. 

In red algae, the thylakoids that are not associated with 
each other are free in chloroplasts. The chloroplasts of 
control G. domingensis showed a structure very similar 
to that of normal red algae, having one peripheral thyla- 
koid surrounded by parallel thylakoids. The number of 
parallel thylakoids is variable, and this number mainly 
depends on the spatial location of the cell in the algae 
[17]. In contrast, the chloroplasts of G. domingensis ex- 
posed to cadmium showed significant structural changes, 
including modification in the quantity, size, and organi- 
zation of thylakoids. Similar results were observed with 
the red macroalga Ceramium ciliatum exposed to cad- 
mium, where the chloroplast appeared with disrupted 
thylakoids and an increase in plastoglobuli volume [8], 
and with H. musciformis after exposure to cadmium dur- 
ing 7 days [6]. However, it should be noted that Talarico 
[7] demonstrated only a few changes in the chloroplast 
organization of Audouinella saviana after exposure to 
cadmium. Finally, when analyzed by TEM, Cd-exposed 
G. domingensis revealed an increase in the number of the 
plastoglobuli in the chloroplast. This increase in the 
number of lipids can interpreted as a change in metabo- 
lism, which, in turn, results in a reduction of cell proli- 
feration and a decrease in GRs. According to Holzinger 
et al. [42], when algae are subjected to stress, nitrogen 
limitation and the synthesis of lipids are observed. These 
phenomena occur because the pathways to form pro- 
tein-containing cell structures are suppressed.  

Our results indicated that the concentrations of cad- 
mium utilized in the experiments were directly related to 
decreased photosynthetic mechanism, as a consequence 
of inhibited growth rates and increased enzymatic de- 
fense, showing that cadmium is highly toxic to G. do- 
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mingensis. 
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