KJEE 50(1): 16-28(2017)
https://doi.org/10.11614/KSL.2017.50.1.016
ISSN: 2288-1115 (Print), 2288-1123 (Online)

Original article

Effect of Copper on Marine Microalga Tetraselmis suecica and
its Influence on Intra- and Extracellular Iron and Zinc Content

K. Suresh Kumar'~ (0000-0002-6365-0604) and Kyung-Hoon Shin'"* (0000-0002-3169-4274)

'Department of Marine Sciences and Convergent Technology, Hanyang University, Ansan 15588, Republic of Korea
*Department of Botany, University of Allahabad, Allahabad 211002, India

Abstract

In an aquatic environment, toxicity of metals to organisms depends on external factors (type of

metal, exposure concentration and duration, environmental parameters, and water quality) and intracellular
processes (metal-binding sites and detoxification). Toxicity of copper (Cu) on the marine microalga Tetraselmis
suecica was investigated in this study. Dose-dependent (Cu concentration dependent) inhibition of growth and
cell division, as well as, variation of intra- and extra-cellular Cu, Fe and Zn content was observed. T. suecica
was sensitive to Cu; the 96 h ECso (concentration to inhibit growth-rate by 50%) of growth rate (w) (21.73 pM
L™"), cell division day ™ (18.39 uM L™"), and cells mL™" (13.25 uM L™") demonstrate the toxicity of Cu on this
microalga. High intra- (19.86 Pg cell™") and extra-cellular (54.73 Pg cell ") Cu concentrations were recorded, on

exposure to 24.3 and 72.9 uML™" of Cu.
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INTRODUCTION

Expansion of industrial sectors has amplified emission
of pollutants in the ecosystems. Heavy metals are the most
frequently recognized pollutants in aquatic environment. In
a biological context, heavy metals are categorized into: es-
sential and non-essential. Essential heavy metals could be
toxic at elevated concentrations (Carfagna et al., 2013), for
example, cobalt (Co), copper (Cu), zinc (Zn) and manganese
(Mn) (Al-Hejuje, 2008). Metals could interfere with a wide
spectrum of activities of living organisms, including metab-
olism and growth; keeping this in mind, the effects of heavy

metals on aquatic organisms have been widely studied. Their
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influence on marine ecosystems, their possible transfer to
food chain, and consequently the resulting human health
problems have been conversed frequently (Nassiri et al.,
1996; Volland et al., 2014).

Aquatic organisms take-up and accumulate metals, whether
essential or not, with the potential to cause toxic injury.
These metals could be classified into: 1) metal that could be
detoxified, and, 2) metal that is metabolically available to
satisfy essential needs or, in extreme circumstances, to in-
teract in a way that manifests itself as a toxic response (Ad-
ams et al., 2011). Toxic effects of metals include: blocking
functional groups of biologically important molecules (e.g.,
enzymes and transport systems for essential nutrients and
ions), displacement and/or substitution of essential metal
ions from biomolecules and functional cellular units, and,
induction of cellular generation of reactive oxygen species

(ROS; including superoxide anion, hydrogen peroxide, sin-
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glet oxygen, and hydroxyl radical) (Hossain et al., 2012).
High ROS levels could oxidize proteins, lipids, and nucleic
acids and thereby result in modification and inactivation of
enzymes as well as disruption of cellular and organelle mem-
brane integrity (Kaplan, 2013). In fact, heavy metals decrease
the chlorophyll content, chlorophyll a/b ratio, phaecophytin
levels, and increase the protochlorophyll levels and carot-
enoid/chlorophyll ratios of algae (Aggarwal, et al., 2011).

Copper (Cu) is a trace element essential for all living or-
ganisms, which acts as a structural element in regulatory
proteins, and participates in electron transport in photosyn-
thesis, mitochondrial respiration, oxidative stress responses,
cell wall metabolism and hormone signaling (Cypaité e al.,
2014). It is particularly an essential micronutrient for growth,
metabolism and enzyme activities of various algae, cyano-
bacteria and other organisms (Zhang et al., 2014). However,
slight increase in endogenous Cu*" concentrations (above
optimum level) interferes with various metabolic pathways,
causing inhibition of photosynthesis, respiration, ATP pro-
duction, pigment synthesis, as well as, inhibition of cell
division (Kumar et al., 2014). The toxicity of Cu is mainly
due to the prevalence of two readily inter-convertible oxi-
dation states, which makes it highly reactive; it can catalyze
the formation of free radicals through Haber-Weiss reaction
(Kanoun-Boulé€ et al., 2009).

Microalgae, forming the basis of most freshwater and
marine ecosystems, are sensitive indicators of environmental
change; they are widely used in risk assessment and develop-
ment of environmental regulations (Levy et al., 2007). In the
aquatic ecosystem, algae are considered as the best bio-indi-
cators of heavy metals contamination (Al-Hejuje, 2008). They
are responsible for the base production, and any change en-
countered in them would influence the higher trophic levels.
Several studies elaborate the physiological effect of Cu on
microalgae, for e.g. Kumar et al. (2014). In a physiological
context, metal exposure could cause a concentration-depen-
dent inhibition of growth, photosynthesis, respiration, nitrate
uptake and nitrate reductase activity, as well as, a reduction in
protein, carbohydrate, and photosynthetic-pigment levels, with
a concomitant increase in intracellular levels of the test met-
als in algae (e.g. Scenedesmus sp.; Tripathi and Gaur, 2006).

The prasinophyceae Tetraselmis is a basic food organism
in aquaculture; it is distributed throughout the world (Nassiri

et al., 1996). It is an important source of antioxidants and is

used in marine ecotoxicological testing (Lee and Hur, 2009).
Nassiri et al. (1996) have discussed mechanisms of metal
detoxification by 7. suecica. However, this study evaluates
the impact of Cu on the growth of 7. suecica and its photo-
synthetic pigment (chlorophyll a) content, as well as, intra-

cellular and extracellular intake of Cu, Fe and Zn.

MATERIALS AND METHOD

1. Sample collection and culture maintenance

Tetraselmis suecica was obtained from Korea Marine
Microalgae Culture Center (KMMCC). They were cultured
in artificial seawater medium, prepared by dissolving com-
mercial sea salts (Coralife, Energy Savers, California, USA)
in deionized water (salinity 15%0) enriched with Walne’s
medium (Walne, 1970). Unialgal cultures were maintained
at 20°C for about 20 generations before use in experiments.
During this period, cultures were illuminated with cool
white fluorescent tubes that provided 130 umol photonsm ™
s of Photosynthetic Active Radiation (PAR; 16L: 8D).

2. Exposure

Copper stock solution was prepared using Copper II Chlo-
ride (Sigma, Cat. No 7447-39-4). The stock solutions were
diluted with Milli-Q water to obtain the desired concentra-
tions (0,0.9,2.7,8.1,24.3,72.9 uM L Cu). Toxicity of Cu
was tested using three replicates; moreover, each set com-
prised a control with no copper. Long-term 96 h exposure
experiments were carried out in sterile narrow necked poly-
carbonate bottles (1 L capacity, Nalgene) containing differ-
ent Cu concentrations. Approximately 750 cells mL™" of T.
suecica was spiked into each bottle. The culture conditions

and setup was similar to that mentioned above.

3. Specific growth rates

The specific growth rate (u) was calculated as p=(In
Ci—In Co)/(ti — to), where C; and Cy were the cell densities
at time #; and fo (11 — to= days), respectively.

4. Chlorophyll a (Chl a) content

In order to determine the Chl a content, 100 mL of culture
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was filtered (Whatman GF/F filters, 25 mm). The cells were
then subjected to methanol extraction overnight, followed
by centrifugation (5°C for 10 min at 5000 X g). The absor-
bance of the supernatant was measured between 200-800
nm. The concentration of the photosynthetic pigment was

calculated based on the equation of Porra (2002).

5. Oxalate reagent preparation

An oxalate solution prepared according to Tovar-Sanchez
et al. (2003) was supplemented with 0.5 mL of Hydroxyl-
amine (1.44 M), 6.5 mL of Perchlorate (0.008 M) and 13 mL
of 1,10 phenanthroline (0.055 M). The pH was adjusted to 8
with NaOH, followed by incubation in a water bath (50°C
for 15 min). The solution was immediately transferred to
a 250-mL Teflon separatory funnel while the solution was
still hot; it was extracted twice using 6 and 4 mL of 1,2-di-
chloroethane (C,H4Cl>). During each extraction, the mixture
was vigorously shaken for 2 min and allowed to stand for
15 min for phase separation. The organic phase was discard-
ed and aliquots of the reagent were collected. This oxalate
reagent was transferred to an acid-washed polyethylene bot-
tle. The bottle was left open for two days in a laminar flow
unit, where it was periodically shaken to remove the excess

volatile solvent.

6. Estimation of Intra- and Extra-cellular metal
concentration

Quantification of intracellular Cu was carried out by filter-
ing 100 mL of the sample through a 0.45 um polycarbonate
filter paper. The cells retained on the filter paper were there-
after rinsed with 20 mL oxalate reagent. This mixture was
allowed to stand for 5 min after which the filtrate was dis-
carded. The filter paper (containing the cells) was thereafter
digested using a 3 : 1 mixture of concentrated HNO3 and
HCL, evaporated to dryness and re-dissolved in 2%HNOs3
to obtain a final volume of 30 mL. The metals Cu, Fe and
Zn were analyzed using Inductively Coupled Plasma Mass
Spectrometer (ICP-MS; Thermo-Elemental X7). Quantifi-
cation of total Cu concentration was carried out using the
aforesaid protocol, but, no oxalate reagent was used in this
case. The extracellular Cu concentrations were determined
by calculating the difference between the total and the in-

tracellular Cu concentration. The impact of Cu on intra-

and extra-cellular Fe and Zn content of this microalga was
established using ICP-MS.

7. Statistical analyses

Data were expressed as mean+95% confidence interval.
Significant differences between control and treated sam-
ples were determined using One-way analysis of variance
(ANOVA), wherein values of p<0.05 were considered sig-

nificant.

RESULTS AND DISCUSSION

Heavy metal-algae interactions suggest that initial metal
binding to the algal cell occurs at the cell wall, which has a
negatively charged external layer, surrounded by extracellu-
lar polymeric substances such as sulfated polysaccharides,
glycoproteins, and lipids. Particularly initial copper binding
at the cell wall may be to protein carboxylic and amino
residues, rather than to thiol groups (Wilde et al., 2006).
Thereafter, Cu accumulates and migrates through this layer
to the plasma membrane, where it binds with physiological-
ly inert sites, physiologically active sites (directly affecting
cell membrane functions), or could be transported by facil-
itated diffusion or active uptake into the cell (Campbell et
al., 2002). Once within the cell, Cu affects cell processes
such as photosynthesis, enzyme activity, and cell division.
Cu competes for binding sites of enzymes (e.g. urease, acid
phosphatase and ATPase), and can also inhibit other enzymes
of nitrogen metabolism and photosynthesis (Rai and Rai,
1997). In the cytoplasm, Cu could either inhibit enzymes
such as esterase and -D-galactosidase, or cause changes
in intracellular pH. Cu is reported to oxidize glutathione
(reduced form GSH to oxidized form GSSG) in the cyto-
plasm Nitzschia closterium, thereby causing disturbance of
the GSH : GSSG ratio, and suppression of mitosis (Stauber
and Florence, 1987). Cu also affects subcellular organelles
such as the chloroplast and mitochondria; it causes struc-
tural alterations to thylakoid membranes, and also impacts
chl a fluorescence and thereby photosynthesis (Wilde et al.,
2006). However, in one study of Wilde et al. (2006), Cu
concentrations were inhibitory to cell division but had no
effect on other cell functions such as photosynthesis, respi-

ration, ATP production, electron transport, and membrane
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ultrastructure; they reported that the cells photosynthesized
but were unable to divide, leading to an increase in cell
size. On the other hand, Nassiri et al. (1996) evaluated Cu
toxicity to T. suecica, stating that the presence of Cu in
walls of a multilayered cell suggests that these structures
constituted an additional adsorbing area for this element,
and this helped reduce the free metal concentration in the

medium.

1. Effect of Cu on algal growth rate

As growth reflects the proper functioning of various phy-
siological and biochemical processes within the cell (photo-
synthesis and nutrient uptake), and can be easily monitored
in laboratory, it has been used as a key indicator of toxicity
of metals to microalgae. Growth inhibition in microalgae
is directly related to the amount of metal ions bound to the
cell surface or taken up intracellularly, besides correlating
with the chemical nature of the metal at stake (Monteiro et
al.,2012).

Fig. 1a and b elucidate the effect of Cu on the growth of
T. suecica in terms of growth rate (i) and cell division. Al-
though Cu serves as an essential micronutrient for several
physiological processes at low concentrations, it is toxic at
higher concentrations. In this study, a concentration depen-
dent growth inhibition of 7. suecica was evident; there was

a slight increase in growth (upto 2.7 uM L™ Cu in case
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of growth rate, cell division day™' and cells mL™"; Fig. 1)
in the presence of lower Cu concentrations, nonetheless,
higher concentrations of Cu was inhibitory (i.e. >20 uM
Cu caused decreased growth of 7. suecica); this could be
explained by the fact that Cu®* causes massive failure of
many cellular processes and thereby influences algal growth
(Li et al., 2010). A few other reports elaborate a similar
effect of Cu on S. capricornutum, Chlorella sp.(Franklin et
al., 2002a), P. subcapitata (éypaité et al., 2014), Chlorella
pyrenoidosa and Scenedesmus obliquus (Zhou et al., 2012).
Rising Cu concentrations are also known to inhibit growth
of Scenedesmus incrassatulus (Perales-Vela et al., 2007). In
this context, Zhang et al. (2014), studied Cu-spiked Chlo-
rella vulgaris and described that high Cu concentrations
caused substantial decrease in organic osmolytes (betaine
and glycerol phosphocholine), which was an implication of
Cu-induced redox imbalance; this was also accompanied by
growth inhibition and photosynthesis impairments, which
in turn revealed a clear relationship between Cu toxicity
and redox homeostasis. According to Zhou et al. (2012),
high Cu concentration decreased the photosynthetic pig-
ments and destroyed algal cell ultrastructure. In another
gene transcriptional study, Wei et al. (2014) reported sev-
eral respiratory-related genes (nad5, SDH2, and cox3) and
photosynthesis-related gene transcripts (psbD, petD, psaB
and petF) of Phaeodactylum tricornutum to be strongly de-
creased after a 48 h exposure to 20 or 40 uM Cu. As per Wei
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Fig. 1. Impact of Cu (96 h) on (a) Specific growth rate or SGR (p) and (b) cell division of Tetraselmis suecica. Data points representing

mean = 95% confidence interval are shown.
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Table 1. ECs values for growth inhibition of various algae.

Period of exposure Organism ECso(uML™) Reference
Chlorella sp. 0.30 Wilde et al. (2006)
48h C.vulgaris 2.63 Qian et al.(2009)
C.vulgaris 156 Abreu et al.(2014)
Planothidium lanceolatum 9.78
Dunaliella tertiolecta 8.34
Tetraselmis sp. 0.74 Cenp
72h Emiliania huxleyi 031 Levy et al.(2007); Sbihi et al.(2012)
Nitzschia closterium 0.28
Minutocellus polymorphus 0.009
S. obliquus 0.79
C. pyrenoidosa 1.07
C. lunula 3.15 Yan and Pan (2002); Lim et al.(2006)
96h T. suecica 20.46
D. tertiolacta 21.09
T. suecica 21.73 This study
120h Isochrysis galbana 22.03 Sbihi et al.(2012)

et al. (2014), this decrease in gene transcription could lead
to a decrease in the net synthesis of proteins in the electron
transfer chains; in turn, the cells would not over-express
cellular redox proteins in response to Cu stress, but rather
down-regulate or decrease their net synthesis due to toxic
effects of Cu or to cope with a lower demand in cellular
energy produced by the electron transport chain machinery
due to slower growth rates at high Cu concentrations. This
could probably explain the slow growth rates of 7. suecica
encountered in our studies at high Cu concentrations.

The effects of Cu on the growth of algae, depends on the
species used, the composition of the culture medium and
the experimental protocol used (Perales-Vela et al., 2007).
The effective concentration of heavy metal that causes 50%
inhibition of algal growth (ECso) is widely used as an index
of toxicity (Regaldo et al., 2013). After 96 h of exposure,
the ECso for growth rate and cell division day_1 of T. sue-
cica were 21.73 and 18.39 uM L' respectively; Table 1
compares the ECsos of T. suecica obtained in this study with
several other reports; this table testifies species dependent
toxicity of Cu. The ECso for growth rate and cell division
day™
the ECsos of Yan and Pan (2002) but comparable with Lim
et al. (2006). Rocchetta and Kiipper (2009) observed 20-30
and 60-70% inhibition in the growth of Euglena gracilis on
96 h exposure to 10.07 and 49.89 uM L™" Cu** respective-

of T. suecica obtained in our study were higher than

ly. On another stance, Ouyang et al.(2012) observed that
growth inhibition became weaker with the increase of expo-
sure time in 5 uM L™ Cu exposed C. vulgaris, i.e. the per-
centage of inhibition (PI) were 85.5%, 67.8%, 55.05% and
38.3% after exposure times of 24, 48, 72 and 96 h. Even
Zhang et al.(2014) observed growth inhibition in case of C.
vulgaris exposed to 200 uM CuCl for 72 h.

Our study also evaluates the ECso in terms of cell density;
the 96 h ECso for cell density for 7. suecica was 13.25 uM
L™". Most reports elucidate Cu induced reduction in growth
rate (e.g. Asterionella glacialis and Chlorella pyrenoidosa,
Pistocchi et al., 1997), as well as, cell division and other
biochemical composition of algae (e.g. S. capricornutum;
Kim and Smith, 2001). Franklin et al.(2002a) report the cell
density to influence inhibition of growth (cell division) rate;
they observed that as the initial cell density increased from
10% to 10° cellsmL™", the 72 h ECso increased from 72.38 to
251.79 uM L™" for Chlorella sp. and from 103.86 to 267.52
uM L' for S. capricornutum. Kebeish et al. (2014) too re-
ported higher Cu concentrations (3 and 4.5 uM L") caused

a reduction in growth rate and cell density of C. vulgaris.

2. Effect of intra- and extracellular Cu
concentrations on growth rate (w)

Metal-algae interactions suggest that initial binding of a
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metal to the algal cell wall takes place through the formation
of coordination bonds between metals and the negatively
charged amino and carboxyl groups of cell wall polysaccha-
rides, glycoproteins, and lipids (Perales-Vela et al., 2007,
Monteiro et al., 2012; Kumar et al., 2014; Kumar et al.,
2015). However, the toxicity of metal to organisms is as-
sumed to occur as the result of free metal ion reaction with
the physiologically active binding sites and the accumula-
tion at the binding sites is controlled by the free Cu concen-
tration in aqueous phase (Ma et al., 2003).

Gonzalez-Davila et al.(1995) stated that Cu was bound to
the cell wall of Dunaliella tertiolecta by two major binding
sites, one with a high affinity for Cu and another with low
affinity. Growth inhibition in microalgae is generally related
to the amount of metal bound to the algal cell surface; par-
ticularly, in case of Cu, this inhibition is proportional to the
amount of intracellular metal concentration (Wilde et al.,
2006). Ma et al.(2003) reported that the extracellular Cu
concentration level was a good indicator for measuring the
toxic effects of Cu on alga growth in complex matrix. But,
only few researchers have studied the relationship between
intra- and extra-cellular Cu and algal growth inhibition. Fig.
2a and b demonstrates the relationship between intra- and
extracellular Cu and growth rate (u) of T. suecica; the intra-
and extracellular Cu concentration required to inhibit the
algal growth rate by 50% was 9.49 and 51 uM L respecti-
vely (p<0.05). Wilde et al. (2006) reported that growth

inhibition of Chlorella sp. was independent of pH, and was
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related to both surface-bound and intracellular Cu; they
observed 100-300 X 10~* ng um™ and 30 X 10™* ng pm ™ of
intra- and extra-cellular Cu concentrations to respectively
cause 50% growth inhibition. On the other hand, Ma et al.
(2003) evaluated dissolved Cu, extracellular Cu, and intra-
cellular Cu in Scenedesmus subspicatus; they observed that
the concentration of intracellular Cu increased to 0.6-1.5 X
107® uM per cell when the growth inhibition reached ~50%.
Franklin et al. (2000b) reported that when Chlorella sp. was
exposed of 10mgL™" Cu, about 60% of the total cellular Cu
was located intracellularly, while 40% was bound to the cell
surface; however, at higher Cu concentrations (e.g. 640 mg
L™, majority of cellular Cu (75%) was bound to the cell
surface and only 25% was located intracellularly. Therefore,
toxicity and growth rate inhibition, are correlated with both
intra- and extracellular Cu, i.e. the more Cu bound at the
cell surface, the more Cu penetrated the cell and the greater
the toxicity. Our study complies with the report of Wilde et
al.(2006) and Franklin et al. (2000b) in stating that toxicity
of Cu and growth inhibition depends on the amount of in-

tra- and extracellular Cu concentrations of the algae.

3. Effect of Cu on photosynthetic pigment (Chl a)

According to Lim et al.(2006) Cu ions initially affect the
osmotic permeability of the outer cell membranes; how-
ever, when these Cu ions are transported into cytoplasm it

affects the photosynthetic sites and uncouples the electron
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Fig. 2. Relationship between (a) Intracellular Cu and SGR inhibition, and (b) extracellular Cu and SGR inhibition of 7. suecica. Data points

representing mean * 95% confidence interval are shown.
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Table 2. Copper inhibits pigment content and growth of algae.

Reports

Findings

This study

Chl a content of T. suecica significantly decreased with increasing Cu concentrations

Perales-Vela et al. 2007;
Veerapandiyan et al. 2014; Kumar et al. 2014

Cu inhibits photosynthetic pigments of algae and reduces their chl a content

Azeez and Banerjee (1986)

Cu toxicity induced decreased chlorophyll contents in two Cyanophytes, Spirulina
platensis and Anacystis nidulens

Chl a content of Phaeodactylum tricornutum was 0.02 and 0.01 Pgcell™ in the

Wei et al.(2014)

presence of 40 and 60 UM L™" Cu respectively; however, the reduction of chl a

content was less pronounced as compared to the algal growth rate

Fargasova (2001)

10 day ECso of growth for Cu exposed Scenedesmus quadricauda was 0.408 pML™";
a 33.8% reduction in the total chlorophyll at this concentration was evidenced

Fargasova et al.(1999)

10 day ECso of S. quadricauda for chlorophyll accumulation was 0.613 uM

Qian et al.(2009)

At0.5and 1.5 uM L' Cu concentrations, 81.78 and 72.46% inhibition of chl a
content was respectively observed in case of C. vulgaris.

Exposure to elevated Cu concentrations ([Cu2+] =1.0nM and 3.2nM; 11 days)

Sunda et al.(2002)

caused a 67% decrease in the specific growth rate of Emiliania huxleyi, as well as,

a 50% reduction in its Chl a concentration

transport to NADP in photosystem II. Cu disturbs the dis-
tribution of biochemicals such as proteins, lipids and free
fatty acids in algae (Lupi et al., 1998; Lim et al., 2006);
overall, Cu effects algal respiration and photosynthesis. At
the lower concentrations (sub-uM), Cu** substitutes the
central Mg*" ion in the chlorophyll. However, at higher
(uM or mM) concentrations, Cu’* inhibits the synthesis of
d-aminolevulinic acid and the protochlorophyllide reduc-
tase (responsible for the final reductive step of chlorophyll
biosynthesis), which leads to reduction in Chl content
(Perales-Vela et al., 2007; Aggarwal et al., 2011; Kumar et
al.,2014). Keeping in mind that Cu inhibits photosynthetic
pigments of algae and reduces their chl a content (Pera-
les-Vela et al., 2007; Veerapandiyan et al., 2014; Kumar et
al., 2014), we investigated the Chl a content of T. suecica.
Just like the other findings elaborated in Table 2, the Chl
a content of T. suecica significantly decreased in the with
increasing Cu concentrations (Fig. 3). Lim et al. (2006) also
observed decrease in growth and chlorophyll content in
case of Cu(I) oxide exposed T. suecica. Table 2 advocates
that growth was more suggestively influenced by Cu rather
than chlorophyll synthesis. According to Lim et al. (2006),
when the concentration of Cu is increased, it binds to chlo-
roplast membranes and other cell proteins causing reduction

in chlorophyll pigments. In fact, higher concentrations of
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Fig. 3. Impact of Cu (96 h) on Chl a of T. suecica. Data points rep-
resenting mean = 95% confidence interval are shown.

Cu, cause irreversible damage to chloroplast lamellae, pre-

venting photosynthesis and ultimately leading to cell death.

4. Intra- and extracellular accumulation of Cu, Fe
and Zn

Mechanism of metal uptake and accumulation in microal-
gae involve: (1) passive absorption of metals to charged

polysaccharides in the cell wall and intracellular matrix, and
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(2) active metal uptake against large intracellular concentra-
tion gradients. Metals bound on the cell wall are transported
across the plasma membrane, and the driving force of metal
uptake is the presence of free chelating molecules in the al-
gal cytoplasm. Phytochelatins are metal chelating molecules
that bind to free metal ions (Monteiro et al., 2012; Zhang et
al., 2014; Kumar et al., 2015). In our study, the toxicity of
Cu on T. suecica increased with increasing Cu concentra-
tion (in the media); likewise, Franklin ez al. (2002a) report
concentration dependent increase in Cu toxicity in case of

Selenastrum capricornutum.

1) Cu concentration in the medium influences the
intra- and extracellular Cu content

In our study on T. suecica, intra- and extracellular Cu
concentrations of T. suecica were dependent on the external
dissolved Cu concentration (Fig. 4a). At higher Cu concen-
tration (72.9 uM L") a slight decrease in intracellular Cu
content was recorded; similarly, Arredondo ez al. (2006)
also evidenced increase in intracellular Cu with increase
in media Cu concentrations. Likewise, in a study of Ozkog
et al.(2010), as the metal concentration and exposure time
increased, the metal uptake into cells decreased but the
amount of adsorbed metal on cell surfaces increased.

In our exposure studies, the intracellular Cu content of 7.
suecica ranged from 1.01+0.21 to 14.39+1.60 Pg cell™,
while the extracellular Cu content ranged from O to 54.74 +
7.29Pg cell ™. According to Levy et al.(2008), Cu (0.79 uM
L™") exposed P. tricornutum had an intra- and extracellular
Cu content was 0.062 and 0.1 Pg cell_l, while Cu (7.86 pM
L™") exposed D. tertiolecta had an intra- and extracellular
Cu content of 0.59 and 5.7 Pg cell”". These values were
lower than that obtained for 7. suecica in this present study.
Further, Levy et al. (2008), obtained 72 h 1Csp values of 47
ug CuL™ for the green algae Tetraselmis sp., which had
high intracellular Cu (1.97+0.01x 107" g Cu cell™), sug-
gesting that Tetraselmis sp. effectively detoxifies Cu within
the cell. Uptake of Cu occurs through Cu(I) transport sys-
tem, for e.g. in Chlamydomonas reinhardtii Cu is reduced
from Cu®* to Cu™ via a surface reductase (Sdnchez-Marin er
al.,2014).

On the other hand, Cu (5.35 uM L") exposed S. subspi-
catus is reported to have an internal Cu content of 14.95
Pgcell™ (Ma ez al., 2003); this was slightly higher than the
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Fig. 4. Intra- and extra-cellular (a) Cu, (b) Feand (c) Zn content
of T. suecica after 96 h of exposure to copper. Data points
representing mean +95% confidence interval are shown.

internal Cu content of 7. suecica obtained herein. After a 72
exposure to 8.5 ug CuL™, Johnson ez al. (2007) obtained
intracellular (66 % 17 X 10~ ng um™) and extracellular (21
7x107® ng um™) Cu concentrations in Chlorella sp. How-
ever, Franklin et al. (2002b) reported Chlorella sp. exposed
(72h) to 8.2 ug Cu L™ to have intra- and extracellular Cu
concentrations as 68 X 10 ng um™ and 25X 10~ ng um ™,

respectively.
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2) Presence of Cu in the medium influences the
intra- and extracellular Fe and Zn content

Copper (Cu), iron (Fe) and zinc (Zn) are essential mineral
elements that exhibit important interactions and possible
competitive inhibition of transport and bioavailability
(Arredondo et al., 2006); therefore, it is essential to eval-
uate the effect of the presence of Cu on uptake of Cu, Fe
and Zn. Knauer et al. (1997) investigated effects of free
Cu’* and Zn** ions on growth and metal accumulation in
freshwater alga reporting that the growth of algae showed
a high tolerance toward high intracellular Cu and Zn con-
centrations; they suggest that the cells may immobilize the
metals intracellularly. In addition, they precisely mention
that the freshwater algae they investigated (S. subspicatus,
C. reinhardtii, Chlorella fusca and another Chlamydomo-
nas culture) tolerated higher Cu®* than marine algae. Thus,
variation in intra- and extracellular metal content could
occur based on the type of algal species (its mechanism,
biochemical composition and functional groups), as well as,
the metal concentrations used.

The Cu concentration dependent variation of intra- and
extracellular Cu, Fe and Zn content of 7. suecica obtained
in this study is shown in Fig. 4b and c.

Iron (Fe) is undoubtedly the most versatile and important
trace element for biochemical catalysis (Morel ef al., 1991);
it is required for chlorophyll synthesis. Although its precise
role in the chlorophyll synthesis remains a mystery, Fe
deficiency invariably leads to a simultaneous loss of chlo-
rophyll and degeneration of chlorophyll structure (Aggar-
wal et al., 2011). In Tetraselmis, the presence of inducible
cell surface Fe chelate reductase activity that operates at a
rate commensurate with that of overall Fe uptake, suggests
that, the process begins with a reduction of Fe(Ill) to Fe(Il)
(Hartnett et al., 2012). Blaby-Haas and Merchant (2012)
state that Cu is required for Fe uptake. In our study on T.
suecica, increasing media Cu concentration enhanced the
intra- and extracellular Fe content. The intra- and extra-
cellular Fe content respectively ranged from 26.10+2.33
to 38.48£3.61, and 908.96+178.75 to 1734.2+64.11 Pg
cell™; notably, the internal Fe was much lesser than the
external Fe content. However, when the Cu concentration
increased from 0.9 to 24.9 uM, the intracellular Fe concen-
tration increased from 3.45 to 19.87 Pgcell”". In a metal
crosstalk, Blaby-Haas and Merchant (2012) mentioned

that the reduced concentration of one metal ion can cause
a secondary deficiency in another metal ion; they illustrate
Chlamydomonas, stating about a Cu-dependent component
of the high-affinity Fe transporter in algae. The presence of
Cu could influence some metabolism of T. suecica which
in turn caused the changes in the Fe content; however, this
needs to be further investigated.

Zinc, another essential micronutrient, is required for
many biological processes, and, acts as an important co-
factor for enzymes (like carbonic anhydrase, superoxide
dismutase and RNA polymerase) (Li et al., 2010; Monteiro
et al., 2011). However, Cu and Zn have similar ionic radii,
and, both bind strongly to oxygen- and nitrogen-containing
ligands (Johnson et al., 2007); thus, it is possible that the
uptake and bioavailability of Cu could influence Zn uptake
in algal cells. The intra- and extracellular Zn content of the
Cu exposed T. suecica ranged from 3.35+0.54 to 4.10+
0.97, and, 1.96+0.99 to 0.71+£0.60 Pg cell”' respectively.
Though there was increase in Cu concentration 24.3 and
72.9 uM L , the intracellular Zn content remained almost
constant. Although there was an initial increase in the ex-
tracellular Zn concentration which rapidly declined under
increasing Cu concentrations; however, exposure to high
concentrations of Cu caused a remarkable increase in the
intracellular Zn content of 7. suecica. This reduction in
metal content following addition of increasing second metal
may be due to competitive inhibition; it probably indicated
interaction at a single uptake site (Webster et al., 2011).

Exposure to Cu particularly causes ultra-structural chang-
es in Tetraselmis suecica; this includes increased vacuoliza-
tion of the cytoplasm (particularly larger-sized vacuoles are
observed), the appearance of cells within multilayered cell
walls, and the excretion of organic matter and an increased
number of vacuoles (Nassiri et al., 1996; Levy et al., 2008).
According to Levy et al. (2008), Cu exposed 7. suecica,
demonstrated high concentration of Cu in the organic mat-
ter and the vesicles; the Cu was found to be associated with
sulfur and phosphorus within the vesicles. Moreover, high
Cu concentrations also led to loss of their flagella, making
the cells spherical; in addition intra-cytoplasmic granules
were formed. Levy et al. (2008) reported the increase in
organic matter in the medium led to greater aggregation of
cells.

Overall, algal sensitivity to Cu is more likely to be related
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to Cu internalization, rather than adsorption to non-specific
surface binding sites (Levy et al., 2007); particularly, intra-
cellular Cu concentrations are responsible for growth inhi-
bition in microalgae (Stauber and Florence, 1987; Franklin
et al., 2002a; Levy et al., 2007). Generally, the binding of
Cu on the plasma membrane is a critical step before inter-
nalization of Cu and its toxicity. However, internal metal
loadings do not always reflect differences in sensitivity, as
organisms can bioaccumulate metals in a non-metabolically
active form. Levy et al. (2007) have well-deliberated that,
post-internalization, algae could either possess: (i) detoxi-
fication mechanisms (exclusion, internal sequestration and
active efflux mechanisms), for e.g. Cu could be prevented
from entering algal cells by release of exudates (that bind
Cu in solution, reducing the bioavailable fraction of metal,
thereby reducing its toxicity), or alternatively possess: (ii)
physical exclusion mechanisms (such as reduced membrane
permeability or alteration of the metal species at the cell
surface). But, once the Cu is internalized, the produced cys-
teine-rich phytochelatins could bind to the excess Cu (mak-
ing it less toxic through subcellular partitioning of metals to
inactive sites). However, apart from the aforesaid internal
metabolic mechanisms, Cu detoxification could also take
place by cell wall sequestration (Nassiri et al., 1997), accu-
mulation in thylakoid membranes (Soldo and Behra, 2005),
and, via toxicant- or nutrient deficiency-induced production
of proteins and antioxidant superoxide dismutase (Levy et
al., 2007). Nevertheless, an efflux mechanism could also
exist that would pump the metal back into solution as a po-

tentially different, less toxic metal species.

CONCLUSIONS

Copper (Cu) at low concentration acts as a micro-nutrient,
favoring several physiological processes in algae, but, when
present at higher concentrations it could be toxic; it could
be transferred and accumulated at higher trophic levels. In
the aquatic environment, toxicity of Cu depends on external
factors (exposure concentration and duration, environmental
parameters, and water quality) and intracellular process-
es (metal-binding sites and detoxification). Microalgae,
forming the base of freshwater and marine ecosystems, are

sensitive indicators of environmental change and pollution;

they are widely used in risk assessment. This study demon-
strates Cu concentration dependent inhibition of growth and
cell division, as well as, variation of intra-and extracellular
Cu, Zn and Fe, content of T. suecica. T. suecica grown
under low Cu concentrations manifested a slight increase
in growth and cell division, however, exposure to higher
Cu concentrations caused a tremendous decline in growth,
cell division and chl a content. Evaluation of the intra- and
extracellular Cu concentration, revealed that, a moderate
increase in the intracellular Cu content was accompanied
with notable decline in the growth rate and cell division,
and this impact was more pronounced as compared to that
of extracellular Cu content. The surface bound Zn content
was reduced significantly, with increasing Cu concentra-
tions. However, the intra- and extracellular Fe content of 7.
suecica was considerably constant under moderate amounts
of Cu, and increased under high Cu concentrations. Cu, Zn
and Fe, are important trace elements in algal metabolism;
therefore, any change in their concentration would result in
a change in physiology of the microalgae. Invariably, met-
als are transferred and accumulated at higher trophic levels,
for e.g. grazing zooplanktons, crustaceans, or (via aqua-
culture feed to) aquaculture animals; therefore, any change
in the physiology of the studied primary producer would
definitely impact the diet supply to ecosystem. Thus, future
research examining Cu uptake, its intracellular localization
and detoxification (e.g. phytochelatins) in microalgae, could

provide further insights into the mode of action of Cu.
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