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ABSTRACT

In the present study, several physiological respemg the red marine ald@orphyra haitanesis to
elevated concentrations of copper (up toyd@) and zinc (up to 10QM) were investigated. Our
results showed that the effects of?Cand Zr* on growth, photosynthetic pigments (chlorophylls
and carotenoids), phycobiliprotein and metabolidime (fluorescence emission spectra and the
activities of photosysteiih) did not follow the same pattern. The relativevgio rate was inhibited
by different concentrations of €yand was slightly increased at lower concentrati@p to 10.uM)

and inhibited at higher Zfconcentrations. On the other hand, the phycoerythantents were
slightly increased at relatively low concentratigop to 1uM Cu?* or 20uM Zn?") and inhibited by
high C#* and Zi* concentrations. Moreover, photosynthesis and ratipir showed an increase in
the amount of oxygen exchange in response to velgtiiow Cu#* (up to 1uM) and Zrf
concentrations (up to 1AM), and a reduction to relatively high €uand ZA* concentrations.
Oxygenevolution was more sensitive than oxyggmtake to C# and Zi". In addition, the
photoreductive activities and fluorescence emisgibphotosystem Il (PS 1l) were enhanced by
lower concentrations of Gl (up to 0.1uM) and Zr¥" (up to 10puM) and inhibited by higher
concentrations. Furthermore, the intensity of apdiyll a fluorescence and the active PSII reaction
centers followed a similar pattern in responseléwated concentrations of €uand ZA". These
results suggest that lower concentrations of'@ud Zrf* affected the metabolism & haitanesis,
which was inhibited by higher concentrations ofthenetals.

Resumo

No presente estudo foram investigadas as respdisiafgicas da alga vermelh®orphyra
haitanesis as elevadas concentrag@es de cobre (acima d&lpe de zinco (acima de 1G0M). Os
resultados mostram que os efeitos dé"@uZrt* sobre o crescimento, pigmentos fotossintéticos
(clorofilas e carotendides), ficobiliproteina e at®ilismo (o espectro de emisséo de fluorescéncia e
as atividades do fotossistema) ndo seguem o mesah@@ A taxa de crescimento relativo foi
inibida por diferentes concentracbes de'Ge; em presenca de Znaumentou ligeiramente em
baixas concentragbes (abaixo ded) e foi inibida em altas concentragBes. Por oladp, os
teores de ficoeritrina apresentaram leve aumentecamentracdes relativamente baixas dé" @u
Zn*" (até 1uM CU*" e até 20uM Zn*, respectivamente) e foram inibidas por altas camagdes.
Além disso, tanto a fotossintese quanto a resmragdstraram aumento nas trocas de oxigénio em
resposta as concentragdes relativamente baixasfdga® 1uM) e de Z3* (até 10uM), além da
reducdo em concentracdes relativamente altas dess¢sis. Adicionalmente, as atividades
fotoredutoras e as emissdes de fluorescéncia assistema Il (PSIl) foram incrementadas em
baixas concentracdes de*C(até 0,1uM) e de Z3" (até 10uM) e inibidas por altas concentragdes.
Desta forma, a intensidade da fluorescéncia dafdbpa e dos centros de reagéo ativa PSIl seguiram
um padrdo semelhante em resposta as elevadas tandes de Cli e Zrf". Esses resultados
sugerem que baixas concentracdes d& €wrf* afetam o metabolismo d@ haitanesis, que se
torna inibido por altas concentra¢des desses metais

DescriptorsPorphyra haitanesis, Copper, Zinc, Photosystem II.
DescritoresPorphyra haitanesis, Cobre, Zinco, Fotossistema |l.
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INTRODUCTION high economic value, only habits and widely cultlre
in south of China (GAO et al., 2004&)Jlany studies

Among the modern pollutants interfering h_ave been devoted to the interference of copper and

with photosynthetic organism metabolism, heavy?inC With @ number of physiological processes, @hil
metals are one of the most common nonbiodegradadfaere is a general lack of information to followdan
pollutants reported at elevated concentration imyna COrrelate both these metal induced responses in
parts of the world (MALLICK; RAI, 2001). Mining of Macroalgae. The aim of the present study was to
metals, geo- chemical structure, industrial efftsen iNvestigate the effects of copper and zinc on dnowt
and wastes, create a potential source of heavyl mefjiotosynthesis, pigments, ~ proteins, fluorescence
pollution in the aquatic environment (GUMGUMait, ntensities and PSII activities of. haitanesis in
1994). The toxic metals can be divided into twd©€SPOnse to elevated concentrations of copper and
groups: essential and non-essential (REDDYZNC:
PRASAD, 1990). The first group includes Pb, Hg, Ur,

Ag and Be, all of them are highly poisonous without MareriaL AND METHOD

any nutritional value (INTHORN, 2001). The secqnd Alga Harvest
group consists of metals such as that are essestial )
nutritional requirements at trace amount for many The gametophytic blade ofPorphyra

organisms but are toxic at high level. This grougl@itanesis Chang et Zheng was collected from the

consists of Fe, Mn, Cu, Mo, Zn and Co (SOLISHO seashore of Xiamen, China. Discs of approximately
al., 2008). 1.2 cm in diameter were cut from the gametophytic

Copper is the most Common|y used toxicblade Of P hajtaneSIS and inCUbated in nutritional
heavy metal for industrial purposes and its presémc Seawater in which 0.1 M NaNOand 01 M
aquatic system sarises from both naturally occgrrinNH4H-PO, was added. Plants were grown at 18°C in
and man-made origin (PERALES-VELA at, 2007). 16:8 light and dark cycles with §0mol photons i
Copper is ubiquitous in the environment. Variouss Provided by cool- white fluorescent bulbs.
domestic wastes, agricultural practices, coppeimaar been autoclaved at 122Q for 20 min. The copper and
drainage, copper-based pesticides, and antifoulirgnc stock solutions were prepared from their
paints, have leaded to a clear increase in Canalytical grade metallic salts (i.e. CuS&B,0 and
concentrations in aquatic environments (CALLOW;ZnSQ,. 5H,0, respectively) dissolved in deionized
CALLOW, 2002). Cu is essential for macroalgaewater. Cd" and Zri* solutions in the range 0-50M
which participates in important biological reactioms and 0- 100uM, respectively were prepared by the
an enzymatic cofactor and electron carrier in thdilution of a concentrated stock solution. Algal
photosynthetic and respiratory processes at lowamples were taken after seven days of incubation.
_concentrat?ons (ANDRADE_et gl., 2004). It_can Growth Rate
interfere with numerous physiological processesiand
considered to be potentially cytotoxic when applied  The relative growth rate (R), expressed as %'day
amounts higher than its particularly level, and itSyas computed from the following expression (KAIN,
sensitivity varies among different macroalgae1987):
(FERNANDES; HENRIQUES, 1991; CHANG;
SIBLEY, 1993). The toxicity of copper is mainly R =(In& Ing)/t
related to free ions and is a potent inhibitor ofyhere ais the area measured at time (t) in days and a
photosynthesis in macroalgae (KUPPER et al., 2002)js the area at the initial time. Three replicatesren
Zinc (Zn) is a well- known essential taken for each treatment. Disc area was determined
micronutrient for normal growth of algae, which isysing an image analysis software.
widely required in many biological processes and is
present in nearly 300 enzymes that perform many Oxygen Exchange
different metabolic functions (VALLEE; AULD,
1990). It has the adverse effects of this non- xedo The oxygen exchange was measured with a
active metal as oxidative stress factor when ireexc commercial Clark-type oxygen electrode (Hansatech
(CHAOUI et al., 1997). Instruments Ltd., England), at T8 P. haitanesis
Porphyra is one of the most important fronds were placed in an electrode chamber comigini
marine macroalgae with respect to its globabicarbonate buffer, pH 7.6, to provide constant,CO
distribution and economical importance, which soal concentration in the medium. The changes in oxygen
important for aquatic ecosystems and as a foodoncentration in the darkness and in the lighty (&0l
biochemicals, and pharmaceuticalsPorphyra m?s? illumination) were recorded under constant
haitanensis Chang et Zheng, an intertidal red alga withstirring of the sample.
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Photosynthetic Pigments Statistical Analysis

Two discs of approximately 10- 20 mg fresh  All data were presented as the mean + SD (n= 3).
weight (FW) per sample were extracted in 80%The statistical analyses were performed using SAS
acetone at 4°C in darkness. The resulting suspensi&Oft\{Vare- The data were analyzed using Duncan's
was centrifuged at 10,000 g for 5 min. The contént multiple range test at the 5% level.

Chl a and carotenoids were determined as described
by Kursar and Alberte (1983).
REsuLT
Phycobiliprotein Content

2+ +
One tenth ofP. haitanesis gametophytic Effect of Cu*" and Z{* on Growth

blade was extracted in 2 ml of 0.1 M Na-phosphate

bufter (pH 7.0) at K?f in garkness.. Thfe resrTL;iLing decreased as €U concentration increased in the
suspension was centrifuged at 10,000 g for 5 T culture medium. Inhibition of relative growth rates

supernatant was collected for in vivo absorptior\yvas not significant at 0,1M Cu?*, whereas at &M, a

spectra - measurement _at room temperatgre. Th‘@duction in relative growth was apparent. At tine e
contents of phycoerythrin (PE), phycocyanin (PC)y¢ e experiment, the relative growth rate in the

and allophycocyanin (APC) in the cell extractsRf ~ ,no) was 1.29% day and was 0.05% day at 50
haitanesis were made using the extinction coefﬂments,uM CW# (Fig. 1a). On the other hand, lower

as described by Kursat al. (1983). concentrations (0.1 and M) of Zn®** led to an
. increase in the relative growth Bf haitanesis. Thus, a

Isolation of Photosysteril growth stimulation of 7.7% and 1.7% was observed in
, the cultures treated with 0.1 and AM ZzZn*,

The photosystemll (PSIl) was isolated respectively. Higher concentrations (20, 50 and 100

according to the method of Gao et al. (2004b). Then) exerted a progressive inhibitory effect on algal
fragmented alga was centrifuged at 5, 000 g forirb m growth (Fig. 1b).

to remove large debris. The supernatant was cetlect

and centrifuged at 140,000 g (Beckman L8-80, Ti- 45

rotor) for 1h at 4C. The resulting pellet was

suspended and centrifuged at 140,000 g on themcrc_: 27
density gradient consisting of 60%, 50%, 40%, 30%%
and 20% (w/v) sucrose in proportions of 1:1:1:1:19

~
(Beckman L8-80, Sw-40 rotor) for 3.5 h a4 The *

—~
T

oy .
03_01’

R

-~

The relative growth rates dP. haitanesis

thylakoid membrane was isolated in 50-60% sucros >
layer, and treated with SDS, then loaded onto thg
sucrose density gradient consisting of 60%, 50%0,40 : *
30%, 20%, 15%, 10% (w/v) sucrose in proportions 0%

1:1:1:1:1:2:1  containing 0.2 % SDS, and 0
ultracentrifuged at 140,000 g for 15 h & 4The band  (a) o o1 2+5 1020 80
in 40% sucrose layer was PSII. , Cu®" (uM)

The Activities of Photosystert

%
1.5
The DCIP (2, 6- dichloroindophenol) ] *
photoreduction rates of potosyst8m(PSII) obtained |
from the sucrose density gradient ultracentrifugati 0 *
either with or without added artificial electron raw ' i
DPC (1,5-diphenylcarbazide), were measuret
0 1 10 20 50

spectrophotometrically at 580 nm (12.9 mMem?), 100
in a medium containing 4@M DCIP and 30 mM )
MES-NaOH (pH 6.8). The concentration of samples
was equivalent to 10g Chla. mL™.

The fluorescence emission spectra of PSII

(% day™!)

[S)]

Relative growth

[e)

Zn%t (uM)

were recorded at room temperature by a Hitachi 8579- 1 Effect of Cd" (a) and Zf' (b) on relative growth rates
% day") in Porphyra haitanesis following metal exposure

fluorescence SpeC'Frophotometer. The ancentraobnsfor 168 h. Significant levels between control areatments
samples were equivalent to i Chla. mi™. are indicated by asterisks (P < 0.05).
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Effect of Cu®* and Zri*on Photosynthesis and Respiration Effect of Cu**and Zrf* on Photosynthetic Pigment

Metabolic rates were stimulated at lower As shown in Figure 3a, the application of 0.1
CW?* and ZR' concentrations and inhibited at higherand 1uM Cu?" increased chlorophyll a (Ch) content
Cuw** and Zii* concentrations (Fig. 2). Photosyntheticby 7.3 and 39.1% above the control level, respelgtiv
oxygen evolution reached a maximum agMl Cu**  However, Chla content decreased significantly with
and was 68.5% higher than the control. AtN6 Cu**,  increased Ci concentrations. Thus, 5, 10, 20, @@
the photosynthetic rates decreased greatly and @t?* led to a reduction of 7.3, 21.8, 36.4 and 58.2%
50uM, which was the highest concentration tested, theompared with the control level, respectively. Lowe
photosynthetic process was inhibited by 67.6%CU*" concentrations (0.1 and M) stimulated the
compared to the control. Respiratory rates incre&sed biosynthesis of carotenoids. Whereas, highef* Cu
a maximum at M Cu?* and were 108% higher than concentrations resulted in lower reductions in
that of the control, then decreased with increasingarotenoids when compared with Ch. The
CU*" concentration (a). On the other hand, lowemagnitude of this reduction was 56.5% for cultures
concentrations of Zi (1 and 10puM) gradually treated with 5QuM Cu?* (Fig. 3a). On the other hand,
increased oxygen evolution and oxygen uptake (b). Application of 1, 10 and 2aM Zn?* stimulated an
considerable decrease in oxygen evolution wasicrease in Chh content, and a pronounced increase
observed at higher concentrations. Oxygen evolutiom carotenoids was only achieved in 4Bl Zn®*. The
was reduced by 27.8, 50 and 76.9% compared to tlgplication of 50 and 10@M Zn** resulted in an
control when treated with 20, 50 and 1081 Zn?**, apparent decrease in Ghand carotenoids (Fig. 3b).
respectively. At the same time, oxygen uptake was
reduced by 21.2, 34.6 and 19.2% compared with tF o = .

. 2+ 20 * BChl a

control when treated with 20, 50 and 1081 Zn“", a

. - OCarotenoids
respectively. 'w 15 |
N e3
10 - x  *
'.1: 250 1 . ;ghot?svrtitthesis E . N *
E 200 F esplration g h
&) E‘O 0 L |
T, PO = 0 0.1 1 5 10 20 50
E (@
o 100 Cu?* (uM)
o
o 50 r & o5 mChl a
g 0 T o0 * * OCarotenoids
0 0.1 1 5 10 20 50 . . .
a
@) Cu* (ub) £ *
w 10 .
- 200 M Photosynthesis = oo
< 55
* ORespiration g *
— % &
S 150 — 0
.
— * . 0 1 10 20 50 100
*
@ 100 . ®) zn®* (uM)
* *
S 50 . , " .
= Fig. 3. Effect of C& (a) and ZA* (b) on the content of Clal
E and carotenoids ifforphyra haitanesis after 168 h of metal
0 i treatment. Significant levels between control amtments
b 0 110 20 50 100 are indicated by asterisks (P < 0.05).
(b) Zn?" (uM)
Fig. 2. Effect of C& (a) and ZA" (b) on the @ evolution Effect of Cu**and Zrf* on Phycobiliprotein
(photosynthesis) and ;0 consumption (respiration) in
Porphyra haitanesis after 168 h of metal treatment. As shown in Figure dlower concentrations

Significant levels between control and treatmente a of C2t and ZA" stimulated the biosynthesis of PE, PC
indicated by asterisks (P < 0.05). and APC, and higher concentration of?Cand zA*
inhibited the biosynthesis of PE, PC and APC. The



LI ET AL.: THE GROWTH AND METABOLISM OFPorphyra haitanesis TO DIFFERENT COPPER AND ZINC CONCENTRATIONS 26

contents of PE and APC were maximal atM Cu*",

n
and PC was maximal at 0AM Cu*. Maximum 52? 200 .
reductions in PE (54.4%), PC (41.6%) and APC? .
(44.8%) were recorded at 5 Cu** (). Increases in  § 150
PE, PC and APC were 34.2, 38.2 and 8.6 % agtN0 § 8 N N
Je ) . . ; . 100
Zn”", respectively. Maximum reductions in PEZ T *
(46.7%), PC (43.8%) and APC (39.7%) were recorde§ 3 50 I *
at 100pM Zn?* (b). 5 *
2T 0
£

40 * HPE (a)
=
2 & 30 Hpe $ 200
e W APC LN
£ 20 5= 250
p— o
B S 200
2210 g8
g\ .-:T' 150
"f 0 _é’ 2 100
© O ~n
50 5 g 90
cu® (ull) 527 0
@ s = 0 1 10 20 50 100
40 1
835 : WPE (b) Zn*™ (uM)
8= oPc
530 B APC
&7 o5 Fig. 5. Effect of C&" (a) and ZA" (b) on the PSII activities in
= - Porphyra haitanesis after 168 h of metal treatment.
-8 » Significant levels between control and treatmente a
2 16 indicated by asterisks (P < 0.05).
= 10
5 As shown in Figure 6, lower concentrations
0 of CU#* (0.1 uM) and Zrt* (1 and 10uM) enhanced

the fluorescence emission of PSIl, and higher
(b) Zn?t (uM) cogf:entrations of Cui (1, 5, 10, 20 and 50M) and
Zn“" (20, 50 and 10QM) inhibited the fluorescence

Fig. 4 Effect of C&#" (a) and ZA" (b) on phycobiliprotein in emission of PSII.

Porphyra haitanesis after 168 h of metal treatment.
Significant levels between control and treatmente a
indicated by asterisks (P < 0.05).

400 500
z z
= E
I z 2375
Effect of Cu®* and Zf* on PSII activities '.;300 d
200 % 250
Figure 5 shows that the application of 0.12 g
o

and 1uM Cu®" increased the photoreduction activities ®
of PSII, with values of 38.5 and 21.8% above the
control level, respectively. Higher concentratiaofs —/

CUW" resulted in a pronounced reduction in the - o
photoreduction activities of PSII. Maximum reductio (2) 600 Wavelength (,7.(.)“) ® Wavelength (Z(,),?)
was recorded in the culture treated with 80 Cu**

with a value of 87.1% below the control level (@)1 Fig. 6. Effect of C&' (a) and ZA" (b) on the fluorescence
the other hand, the application of 1, 10 anduy®0 emission spectra of Clalin Porphyra haitanesis after 168 h
Zn?* led to a 45.4, 84.6 and 50.8% increase above ttoé metal treatment. a: (1) control, (2) ¥ Cu**, (2) 1uM

control value, and the application of 50 and 100  CU”, (2) 5uM Cu™, (2) 10uM i, : (2) 20uM Cu”, (2) 50
Zn?* resulted in a pronounced reduction in thé,‘{g/' l\CA“an? (%) ;g”htﬂfoz'ng?) (é‘)”‘ﬁo%”M S])Z}OP‘M Zn~, (4)
photoreduction activities of PSII(b). K 2 a

N
n
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Discussion The photosynthesis and respiration results
showed that the photosynthetic process was stilleac
in samples following treatment withyM Cu*" and 50

2+ : 2+
of relative growth rate, namely, pigment contenttM Zn”". However, negative results for the.sl Cu

. - and 100 uM Zn*" treatments indicated that

oxygen evolution, P8 activities and fluorescence - . - )
intensities ofP. haitanesis, were promoted in lower consumption of oxygen during respiration was _hlgher
concentrations (up to 0iM CU?* or 10uM Zn?*) and than that produced.by photosynthesis, cor%flrmlrtg th
inhibited in higher concentrations of €igreater than damage to metabolism caused by"Cand Zif". The

+ SN significantly reduced oxygen evolution parameters i
5 uM) and Zrf" (greater than 5M), indicating that P. haitanesis were correlated with the relative decrease

CU*" and zr* are essential nutritional requirements, ; Pt .
while excess copper and zinc might interfere witl n gzln‘;"eg?%ﬁ;t{ﬁgopessjzslgyAEgra d1e-h<|est \;vlas(zlgo 4)
several aspects of plant biochemistry includin goreover a higher concentration of 220 uM) .also
photosynthesjs, pigment synthesis,IP&ctivities and decreaseé photosynthesis and @htontent. Above
photosynthetic electron transport. 2 results indicated that Gliand Zi* also exerts their

At _1 “M_CU or 20 pM Zn™, QVOW”" toxicity on photosynthesis mainly due to the lo$s o
photosynthetic ~ pigment,  photosynthesis, IPS cpi 3 Moreover, increased generation of reactive
activities and electron transport showed differentyygen species induced by these metals can induce
sensitivities. The reason for this may be due ® thmemprane lipid peroxidation and increase unstaching
inhibition of different enzymes involved in a given ¢ thylakoids (CLIJSTERS et al., 1999).
process or induction of enzymes which can be The changes of CHd fluorescence and PSll
beneficial or detrimental to a process or pathwethe  gctivites showed the same pattern indicating that
cell. . changes in room temperature Cél fluorescence
_ Growth decreased as €uconcentration jntensity are intimately association with PSctivity
increased in the culture, a similar ph_enomenon Waghd reflect the primary acceptor of PSIl (RENGER;
observed In Schenedemus Incrassatus  SCHREIBER, 1986). In this study, marked decreases
(PERALES-VELA et al., 2007)The effect of C& on i chiorophyll fluorescence and PSII activities wer
algal growth has been attributed to a massiveraitd  gpserved in response to exposure to higher
many  cellular  processes (FERNANDES; concentrations of Cii and ZA* due to the substitution
HENRIQUES, 1991). It is well known that €uhas  of Mg?* in Chla molecules bound to the PS Il reaction

toxic effects on chromosomal morphology and thgenter (KUUPPER et al., 1996, 1998, 2002).
mitosis cycle (JIANG et al., 2001). In this studjgal

growth was more sensitive to €uthan metabolism.
The reason for this may be that growth is the

conclusion of photosynthetic processes including The work was supported by the key subject

correct electromagnetic energy absorption which isf Biochemistry and molecular bioloav in. Henan
then changed into chemical energy and the efficient y oy

utilization of this chemical energy for Gdixation province.
(PERALES-VELA et al, 2007). These cellular

All the studied parameters with the exceptio
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