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HIS STUDY was conducted to investigate the effect of NaCl on

the physiological and biochemical traits of Chlorella vulgaris.
The Alga was exposed to different concentrations of NaCl ranging
from 50-300 mM besides control over a period of 10-20 days. Total
chlorophyll contents and carotenoids levels were increased at low
NaCl concentrations but significantly reduced at higher concentrations. It
is interesting to note that total free amino acids and proline contents
increased at low and moderate NaCl concentrations. The activity of
the antioxidant enzymes; CAT, POD, PPO, and SOD; were noticeably
increased by increasing salt concentration up to 200 mM and
thereafter declined. The photosynthetic related genes expression;
rbcL, psaB, and psbC; were significantly reduced at all NaCl
concentrations. The results indicated that salt stress inhibits PSII
efficiency and reduces the overall CO2 assimilation rate in Chlorella
vulgaris
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Algae are one of the most variable organisms that play a principal role for food
production (Britton et al., 1995; Takaichi, 2011). Chlorella is one of the
eukaryotic unicellular green microalgae belongs to Chlorophyta. It contains
green and yellow pigments as chlorophyll a, b and beta-carotene. Chlorella has
the ability to grow in a wide range of environmental habitats and is able to
produce variable hygienic products and hermetical drugs (Kar et al., 2008).

Chlorella is significantly used for remedying cancer, heart and blood vessels
diseases. Salinity is one of the most important a biotic stress factor for aquatic
organisms, including microalgae (Wang et al., 2008). It induces metabolic
alterations in nutrient uptake, accumulation of toxic ions, osmotic stress, and
oxidative stress (Verslues et al., 2006). Consequently, salinity results in molecular
damage, growth arrest, and causes cell death. Microalgae show great variations in
their adaptability response to salinity and other stress conditions. The ability of
algal cells to survive and flourish in saline environment under the influence of
osmotic stress has received considerable attention (Richmond, 1986). Cells
develop many adaptive strategies in response to different a biotic stresses such as
salinity, dehydration, cold and excessive osmotic pressure. Algal cells adapt
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themselves against these stresses by developing different mechanisms including
changes in morphological and developmental pattern as well as physiological
and biochemical processes (Bohnert et al., 1995). The adaptability of algae to
salinity stress is based on their tolerance extent, since they are classified into
halophytic (salt requiring for optimum growth) and halo-tolerant (having a
mechanism that permits their existence in saline medium). Both algal groups
produce some metabolites for their protection from salt injury and for
maintaining the surrounding osmotic pressure balance (Richmond, 1986). Stress
tolerance is therefore associated with metabolic adjustments that lead to
accumulation of several organic solutes and osmolytes.

Various antioxidant enzymes like superoxide dismutase (SOD), Polyphenol
oxidase (PPO), peroxidase (POD), and catalase (CAT) are involved in the
detoxification of the reactive oxygen species (ROS) in order to avoid algal cell
damage induced by salt stress (Cavalcanti et al., 2007). Higher plants also
produce compatible solutes like proline or glycine betaine to adjust the osmotic
potential within their cell and to serve as osmo-protectants for stabilizing the
antioxidative enzymatic activities during osmotic stress (Hasegawa et al., 2000;
Hoque et al., 2007). These osmotic adjustments protect sub-cellular structures
and reduce oxidative damage caused by free radicals produced in response to
high salinity.

Salt stress could have negative effects on photosynthetic mechanism in algae
through DNA mutation, transcriptional regulation of some photosynthetic genes,
protein denaturation, lipid peroxidation and chlorophyll bleaching (Leshem
et al., 2007). The effects of salt stress on phytoplankton have rarely been
assessed at the gene transcription level. Therefore, the aim of the current study is
to assess the effects of salt stress on pigmentation system, antioxidant enzymes,
and photosynthesis related genes expression in the unicellular green alga
Chlorella vulgaris. Transcript accumulations of three photosynthesis-related
genes were measured under different NaCl concentrations: rbcL, psaB, and
psbC. rbcL encodes the large subunit of Rubisco, the key enzyme of the Calvin
cycle that catalyzes the primary step in CO assimilation into organic carbon.
psaB is part of the psaA/B operon of the chloroplast genome and encodes the
photosystem | (PSI) reaction center protein. psbC encodes an integral membrane
protein component of photosystem Il (PSIl) that plays a major role in
transduction of excitation energy from the light harvesting proteins to the
photochemical reaction center.

Material and Methods

Algal culture and NaCl treatment

The test organism, Chlorella vulgaris, was obtained from the National
Research Center (NRC); Dokki, Giza, Egypt. The alga was cultured in 250 ml
flasks containing 100 ml sterilized Bold Basal Medium (Bischoff and Bold,
1963) supplemented with sterile compressed air and kept under fluorescent light
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(50 pmol m?s') with 16 hr light period and at 25°C #2 °C temperature.
Exponential phase of C. vulgaris growth was determined in cultures, where it
grown for 14 d in media containing NaCl at concentrations of 50, 150, 250, and
300 mM. The starting cultures were adjusted to contain 0.125 x 10° cell mI?
medium.

Pigment fraction, total free amino acids and proline contents

Chl. a, Chl. b and Carotenoid contents of fresh algal cells was measured by
extracting these pigments with 80% chilled acetone after 14 d of algal growth
under salt stress. The absorbance at 475, 645, and 663 nm were read in a
Spectrophotometer (UV/VIS model T80+, PG Instrument, UK) and the
calculation was made according to Arnon (1949). Total free amino acids were
determined according to Lee and Takahashi (1966) using glycine as a standard.
Extraction and determination of proline was performed according to the method
of Bates et al. (1973).

Antioxidative enzymes extraction and assays

The fresh algal cells were homogenized in cold phosphate buffer (0.05 M at
pH 7.5). The homogenate was centrifuged at 12000 rpm for 20 minutes at 4°C
(Kar and Mishra, 1976). The supernatant was used for analyzing the activity of
Catalase (CAT) (Xu et al. 2008), Peroxidise (POD), (Racusen and Foote, 1965)
Polyphenol oxidase (PPO) (Kar and Mishra, 1976), and Superoxide dismutase
(SOD) (Zhang and Zhai, 2003).

RNA was prepared from 50 ml Chlorella vulgaris cell cultures after 2 days
exposure to different NaCl concentrations following the BCP (1-bromo-3-
chlorpropane) protocol (Chomczynski and Mackey, 1995). Nucleic acid
concentrations were measured spectrophotometrically at 260 nm. The 260/280
nm ratios were determined and referred to as the purity of the total RNA
extracted. The integrity was tested by electrophoresis on a 1% agarose gel.
Preparation of first strand cDNA was performed as described by Niessen et al.
(2007) where the remaining genomic DNA in the preparation was subjected to
DNase digestion before first strand cDNA synthesis. Gene-specific primer pairs
of psaB, psbC, rbcL, and housekeeping gene 18S rRNA used for PCR are listed
in Table 1. The 18S rRNA transcript was used to standardize the results by
eliminating variations in the quantity and quality of mRNA and cDNA. Each
mRNA level was expressed as the ratio of itself to 185 rRNA. RT-PCR
amplifications were performed in the presence of SYBR Green (SYBR®
GreenER™ gPCR SuperMixes; Invitrogen), and oligonucleotides were
purchased from Metabion, Planegg, Germany. The final primer concentration
was 200 nM in the reaction mixture. Amplification conditions were 10 min of
initial denaturation at 95 °C, followed by 40 cycles each of 15 s denaturation at
95 °C and 1 min combined annealing and extension at 60 °C.
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TABLE 1. Sequence of primer pairs used in real time RT-PCR.

Gene . GenBank accession
Primer
name no.

Forward 5°-
18S TTCTATGGGTGGTGGTGCAT-3"
rRNA Reverse 5°-
GCGAACCAACCGTGACTATT-3"

Forward 5°-
psaB TGCCAC:FGGGTTTATGTTCC—s GenelD:809130
Reverse 5°-

GCCATCGTACGAGATTTGCT-3

Forward 5°-
GAACGTCGTGCTGCTGAATA-3"
Reverse 5°-
CCAACTACGCGGAGAAACAT-3

Forward 5°-
rbel. CGGTGG‘TGGTACTTTAGTC-3 AF499684
Reverse 5°-

TCACGAGCAAGATCACGACC-3

psaB: Photosystem | reaction center protein subunit B, psbC: Photosystem Il reaction
center protein subunit C, and rbcL: Large subunit of Rubisco.

X13688

psbC GenelD:809108

Statistical analysis

Data are presented as mean + standard error of the mean. Significance was
determined according to Student‘s t-test using Excel software (Microsoft). Two-
sided tests were performed for homoscedastic matrices.

Results and Discussion

This study was conducted to evaluate the effect of salinity on the growth and
biochemical traits of Chlorella vulgaris. For this, the microalga was allowed to
grow at different NaCl concentrations where the effects of salinity on algal
growth, pigment fractions, bioactive metabolites, antioxidant enzymes activity,
and photosynthesis related gene expression were studied.

Evaluation of Chlorella vulgaris growth under salt stress

The growth of Chlorella vulgaris was measured by estimating the cell
density in terms of optical density changes at 678 nm in presence of different
concentrations of NaCl as shown in Fig. 1. No lag phases for the alga were
observed in the first three concentrations of NaCl (i.e. 50, 150, and 200 mM) and
control culture .This indicating that the alga has good adaptability to these
growth conditions. However, the growth patterns of Chlorella vulgaris at 250
and 300 mM NaCl have lag phases extended for four days then started to be in
the exponential phase. Moreover, the exponential phases of Chlorella in the last
two concentrations extended for six days then passed to the stationary phase.
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Whereas the control samples started the exponential phase with the inoculums
and their overall growth was NaCl dependent. Thus, the alga before and after
primary settling has highly overlapped growth curves along the experiment time.
This growth behavior with NaCl treatment shows a strong relationship between
salt stress levels, nutrient levels and algal growth response.
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Fig. 1. Effect of salinity on growth of Chlorella vulgaris

Growth response curves of Chlorella vulgaris treated with different concentrations of NaCl; 0,
50, 150, 250, and 300 mM. The alga was cultured in 250 ml flasks containing 100 ml sterilized
Bold Basal Medium and kept under fluorescent light (50 pmol m?s) with 16 h light period at
25 +2 °C. The cell density was determined by measuring the optical density at 678 nm (Robert,
1979). Vertical bars represent standard error of at least three independent measurements.

Effect of salinity on pigment fractions of C. vulgaris

It was observed that NaCl treatment enhances the biosynthesis of chlorophyll
a; chlorophyll b, and carotenoids to reach its maximum at 200 mM NaCl as
shown in Fig. 2. The percentages of increase were 33 and 78% for Chl. a, and
Chl. b; respectively, when compared to their corresponding control samples. In a
similar study, Shaila and Pratima (2010) found that the relatively low salt
concentration stimulates chlorophyll biosynthesis in Chlorella vulgaris.
However, relatively higher salt concentration reduces chlorophyll contents
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accompanied by a decrease in photosynthetic rate due to osmotic and toxic ionic
stress (Moradi and Ismail, 2007). Moreover, Singh and Kshatriya (2002) and
Srivastava et al. (2008) reported that salinity induces a clear reduction in the
pigmentation and photosynthetic rate in cyanobacteria. However, Musyimi et al.
(2007) proposed that chloride ion may play a role in inhibition of chloroplast
reactions and the biosynthesis of Rubisco enzyme resulting in accelerating levels
of chlorophyll degradation. The reduction of chlorophyll contents may be
attributed to the destruction of chlorophyll pigments and the instability of the
pigment protein complexes. Fig. 2 shows also ~3fold increase in the biosynthesis
of carotene compared to its corresponding values in the control samples at
relatively moderate concentration of NaCl (200 mM). These data are in
accordance with Pelah et al. (2004). The authors reported that, in the green algae
Chlorella zofingiensis, salt stress induced the production of secondary carotenoid
astaxanthin. Ranga-Rao et al. (2007) observed 2fold increase in carotenoid
content in the green alga Botryococcus braunii treated with 85 mM NaCl. Our
observed results showed that the relatively higher concentration of NaCl
supported the biosynthesis of carotenoids rather than chlorophyll a and b. The
observed chl.a/chl.b ratio indicates that relatively low and high salt
concentrations supported the biosynthesis of chl. b rather than chl. a. However,
the ratio of chl.a and chl.b to carotenoids supported the biosynthesis of
carotenoids in Chlorella vulgaris following its exposure to relatively higher salt
concentration.
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Fig. 2. Effect of NaCl treatment on pigment contents in Chlorella vulgaris. Vertical
bars represent standard error; *, P < 0.05; **, P <0.01 according to Student’s t-test.
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Effect of salinity on free amino acids and proline contents in Chlorella vulgaris

It was obvious that NaCl treatments increased the accumulation of free amino
acids (Fig. 3A) and proline (Fig. 3B) in Chlorella vulgaris at almost all NaCl
concentrations. The maximum amount of both metabolite fractions were
observed following the application of 200 and 250 mM; respectively. Whereas,
the relatively low and moderate concentrations of NaCl have little stimulatory
effects on proline and total free amino acid contents compared to control
samples. However, the level of total free amino acids was regularly increased
with increasing salt concentration up to 200 mM then this level decreases by
increasing salt concentrations. The increased levels of proline and the free amino
acids measured in Chlorella under salt stress may be explained on the basis that
their accumulation counteract the injury effects induced by salt stress in the algal
cells. Our results are in agreement with those obtained by Lin and Kao (1996)
who found that the accumulation of free proline and total free amino acids could
be one of the major mechanisms of salinity tolerance in some algae.
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Fig. 3. Effect of NaCl treatment on total free amino acids (A) and proline contents
(B) in Chlorella vulgaris.
Vertical bars represent standard error; *, P <0.05; **, P < 0.01 according to Student’s t-test.

Effect of salinity on the activity of antioxidant enzymes in C. vulgaris

A dramatic variation in the activity of antioxidant enzymes (Catalyse (CAT),
Peroxidase (POD), Polyphenol oxidase (PPO), and Superoxide dismutase (SOD)
were observed for C. vulgaris under salt stress conditions (Fig. 4). The maximum
activities of these antioxidative enzymes were observed at NaCl concentration of
150 mM especially for Polyphenol oxidase, Peroxidase, and Catalase enzymes.
The rate of stimulation was 3, 2, and one-fold increase for PPO, POD, and CAT
enzymes; respectively compared to their corresponding controls. Superoxide
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dismutase activity significantly increased with increasing salt stress up to 200
mM NaCl where SOD activity was doubled compared to their corresponding
values measured from control samples. However, the level of SOD activity is
gradually decreased with the increase in salt concentrations. This effect is the
same for POD and PPO enzymes at 250 and 300 mM NaCl treatment (Fig. 4).
These results reflect the role of antioxidant enzymes minimizing the passive
effects of free radicals accumulation in treated algal cultures. A number of
enzymatic and non-enzymatic antioxidative defense systems such as ascorbate
peroxidase, and glutathione reductase reduce lipids, proteins and nucleic acids
damage caused by oxidative stress (Yoshimura et al., 2000). The activities of
some other antioxidant enzymes such as catalase and superoxide dismutase were
not altered by extreme salinities (Shaish et al., 1993). Catalase is able to
scavenge large quantities of H.O,, but its location outside the chloroplasts limits
its protective action .The activities of peroxidase and superoxide dismutase were
enhanced at both relatively low and high concentrations of NaCl (Fig. 4) These
data indicated that the elevation in the antioxidative enzyme activities can be
considered as a developed biological response for scavenging the free radicals
formed by NaCl treatment. These results were concomitant with the observations
of Abd El-Baky et al. (2004). Algae have developed defense system against
photo-oxidative damage by anti-oxidative mechanisms to detoxify and eliminate
highly reactive oxygen species. These antioxidant defense systems include
antioxidant enzymes like superoxide dismutase (SOD), catalsae (CAT),
glutathione reductase (GR) ascorbic peroxidase (APX) and peroxidase (POD)
(Rijstenbil, 2002). The author reported that algae accumulated large amount of
carotenoids, proline, and a-tocopherol for an efficient removal of reactive
oxygen species that can inhibit photosynthesis by 50%. The main cellular
components susceptible to damage by these ROS are lipids (peroxidation of
poly-unsaturated fatty acids in membranes), proteins (denaturation),
carbohydrates and nucleic acids (Suzuki and Mittler, 2006). Antioxidant defense
system is essential for ROS detoxification during normal metabolism and
particularly during stress (Suzuki and Mittler, 2006). In the present study, NaCl
exposure enhances the activity of SOD, POD and CAT. SOD is the first step in
removal of ROS. Specifically, it converts O, to H»O, and oxygen. Therefore, the
increase in the activity of SOD in response to NaCl application suggests an
increased production of Oy Similarly, the increased activities of POD and CAT
indicate potential protection against oxidation by these antioxidant enzymes.
Taken together, the induction of these antioxidant enzymes in Chlorella vulgaris
at moderate and high salt concentrations reflects the adaptability of this micro-
alga to survive in high salt concentrations by triggering the increased levels of
reactive oxygen species (ROS).
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Fig. 4. Effect of NaCl treatment on the activity of antioxidant enzymes; Catalase
(CAT), Peroxidise (POD), Polyphenol oxidase (PPO), and Superoxide
dismutase (SOD) in Chlorella vulgaris.

Vertical bars represent standard error. (*) and (**) represent statistically significant

differences when compared with control samples at p < 0.05 and at p < 0.01 levels, respectively.

Effect of salinity on photosynthetic gene expression

The relative transcript abundances of three photosynthesis related gene
transcripts, psaB, psbC and rbcL genes, was measured in C. vulgaris after two
days of exposure to different NaCl concentrations (Fig. 5) Abundance of rbcL
transcripts was significantly affected by NaCl treatments at concentrations of
200, 250, and 300 mM (Fig. 5). After two days of exposure, the abundance of
rbcL transcripts was reduced by ~42% compared to the corresponding values
measured from the control samples at 250 and 300 mM NaCl. The abundance of
psaB transcript was also decreased upon NaCl exposure. For example, the
minimum transcript abundance after 48 hr of exposure was reached at 250 mM
NaCl concentration with a reduction of 45% compared to the corresponding
control samples. psbC exhibited different responses to NaCl treatment (Fig. 5).
At moderate and high NaCl concentrations, abundance of the psbC transcript
was significantly decreased compared to control samples. In fact, NaCl
concentrations of 150, 200, 250, and 300 mM resulted in a 35--55% decrease in
psbC transcript abundance as compared to the control sample. The maximum
decrease in psbC transcript abundance was observed after 48hr exposure to 300
mM of NaCl. These results clearly show the strong influence of salt stress on the
transcription of photosynthetic genes. These results are in accordance with that
observed by Qian et al. (2009) and Qian et al. (2008a). The authors observed
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a decrease in rbcL, psaB, and psbC gene transcripts upon exposure to different
concentrations of copper and cadmium, separately and in combinations.
Moreover, exposure of Chlorella vulgaris to variable concentrations of
glufosinate induces a great reduction in these photosynthetic related gene
transcripts. The decrease in transcript abundance resulted in a decrease in the
amount of corresponding enzyme and its activity. Rubisco has both carboxylase
and oxygenase activities that control the rate-limiting step of carbon assimilation
and photorespiration, respectively. By decreasing the abundance of rbcL and
blocking carbon assimilation and photorespiration, NaCl causes the
accumulation of a mass of reducing equivalents. Excess electrons can lead to
decreased transcription of PSI and PSII genes. This, in turn, reduces electron
flow through PSI and PSII (Qian et al., 2008a). In this study we observed a
decrease in the photosynthesis-related genes, psbC and psaB. Electron transport
occurs at PSII first, and then is relayed to PSI. Thus, the inhibition of electron
transport first occurred in PSII, because the transcript abundance of psbC and
psaB decreased after 2 days of NaCl exposure. When electron transport is
blocked at PSII, algal cells tend to increase related protein at PSI to enhance
electron receptivity from PSII. This strategy may enable photosynthesis to
proceed as normally as possible, especially under adverse conditions
(Pfannschmidt, 2003). When the salt stress pressures exceed the organism’s
ability to tolerate the stress, normal metabolism is inevitably disrupted, resulting
in subsequent decrease in the transcript abundance of both psaB and psbC. It was
also shown that these photosynthesis genes were regulated at transcript level
upon atrazine exposure (Qian et al., 2008b). Taken together, salinity stress
conditions and its impediment to energy conversion decreases the photosynthetic
related gene transcripts and also increases the accumulation of O, and
peroxidation of membrane lipids which probably results in the destruction of
chloroplast.

Conclusion

The results from this study suggest that NaCl treatment alters photosynthetic
gene transcription, and physiological state of C. vulgaris. It is clearly shown that
NaCl not only changes antioxidant enzyme activities and pigment fractions but
also has negative effects on the transcriptional abundance of photosynthesis
related genes thereby reducing the PSII efficiency and the overall CO;
assimilation rates.
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Fig. 5. Real time RT-PCR anaylsis of mMRNA transcripts of rbcL, psaB, and psbC in

Chlorella vulgaris upon exposure to different NaCl concentrations.
Transcripts of large subunit of Rubisco (rbcL), photosystem | reaction center protein subunits
B (psaB), and an integral membrane protein component of photosystem 11 (psbC) in Chlorella
vulgaris exposed to varying concentrations of NaCl; 0, 50, 150, 250, and 300 mM. Algae were
cultured at 25 + 2 °C, 50 pmol m?s? and 16:8 h L/D cycle. Salt treatment was performed at the
logarithmic growth phase of Chlorella (10 d of growth) and the measurements were performed
2 days after salt application. Values were normalized against 18S rRNA for each treatment.
Each data point is based on at least three independent RNA preparations. Error bars indicate
s.e.am.; *, P <0.05; **, P <0.01 according to Student’s t-test.
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