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Abstract

Salinity imposes significant stresses in various living organisms including microalgae. High extracellular concentration of Na*
directly influences ionic balance inside the cell and subsequently the cellular activities. In the present study, che effect of such stress on
growth and intracellular ions concentration (IIC) of Dunaliella salina and Chlorella Spp. was investigated. IIC was analyzed using lon
chromatography technique. D. salina showed the highest degree of resistance to increase in salinity as little changes occurred both in IIC
and in growth parameters. D. salina could maintain the balance of K* inside the cell and eject the excess Na*even at NaCl concentrations
above 1M. Moreover, D. salina accumulated (-carotene in order to protect its photosynthetic apparatus. Among Chlorella species,
C. vulgaris showed signs of adaptation to high content of salinity, though it is a fresh water species by nature. Moreover, the response
shown by C. vulgaris to rise in salinity was even stronger than that of C. salina, which is presumably a salc-water resistant species. In
fact, C. vulgaris could maintain incracellular K* better than C. salina in response to increasing salinity, and as a result, it could survive
at NaCl concentrations as high as 0.75 M. Marine strains such as D. salina well cope with the fluctuations in salinity through the
existing adaptation mechanisms i.e. maintaining the K*/N*balance inside the cell, K*accumulation and Na* ejection, accumulation of

photosynthetic pigments like -carotene.
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Introduction

Exceptionally salt tolerant (halotolerant) organisms
could enrich our knowledge in knowing basic physiologi-
cal mechanisms that may lead to enhance salinity tolerance
in crops. Algae are inhabitants of biotopes characterized by
varying salinities, and as a result they have attracted con-
siderable attention in salt tolerance studies domain. They
have served as model organisms for better understanding
of salt acclimation in more complex physiological pro-
cesses of higher plants (Alkayal ez 4/., 2011). Among algal
species, the unicellular green algae; Dunaliella salina, due
to its remarkable ability to adapt to highly saline condi-
tions, could act as a valuable model for the identification
of such mechanisms (Chen and Jiang, 2009). This organ-
ism can practically adapt to the entire range of salinities,
well above the maximal salinity range for growth of most
plant species. The adaptation to extreme salinity involves
short-term and long-term responses in Dunaliella sp.; the
former include osmotic adjustment by accumulation of
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large amounts of intracellular glycerol and efficient elimi-
nation of Na* by plasma membrane transporters. Rapid al-
terations in cell volume donated by lacking a rigid cell wall
in this genus makes it possible to respond to changes in salt
concentration by intracellular ions and glycerol concentra-
tion adjustments (Kacka and Donmez, 2008).

On the other hand, Chlorella is a genus of single-cell
green microalgae, belonging to the same phylum as Du-
naliella sp., Chlorophyta, but is of fresh water habitat.
Through photosynthesis, it multiplies rapidly, while re-
quiring only carbon dioxide, water, sunlight, and a small
amount of minerals. Algae species can be quit helpful for
understanding the mechanisms involved in such resistance
since they show adaptation to fluctuations in salinity of
their aquatic biotope.

As a matter of fact, increases in external concentrations
of inorganic ions impairs the osmotic balance between the
cells and their surrounding medium and forces water ef-
flux (exosmosis) from the cells, leading to the loss of turgor
pressure (Fricke and Peters, 2002); in this respect, plants,
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including species of Chlorophyta, response to high con-
centrations of salt by assimilation metabolites like those of
fructose, sucrose and trehalose, which possess an osmolyte
function, or those of charged molecules, such as proline
and glycine betaine in order to readjust osmotic equilib-
rium by preventing water loss (Banu ez 4/, 2009).

Series of studies have been conducted to determine the
osmotic responses of such Dunaliella sp. to the changes of
salinity (Chen and Jiang, 2009). The results suggest that
Dunaliella cells possess efficient mechanisms to elimi-
nate Na*, accumulate K* and to remain intracellular Ca**
non-exchangeably with the extracellular pool (Pick e 4/.,
1986b). Among these ions, K* is the most contributing
to the osmotic balance while Ca*? play an important role
in cell permeability. Ca** contributes to osmotic balance
maintenance in limited range since it is confined to specif-
ic cell compartments like chloroplast matrix (Kirst, 1977).
The most known resistant species of this genus is D. salina
which has developed special adaptation mechanisms to
overcome hyper-saline environment; lack of rigid cell wall,
accumulation of glycerol in varied concentrations (Kacka
and Donmez, 2008), fluctuations in photosynthetic
pigments, and structural modifications in chloroplast
(Stonynova and Toncheva, 2003). Rapid alterations in cell
volume donated by lacking a rigid cell wall makes D. salina
possible to respond to changes in salinity, by intracellular
ions and glycerol concentration adjustments (Kacka and
Donmez, 2008).

In an interesting investigation, aerobic decomposition
of the unicellular green alga Chlorella salina CU-1 was
studied in freshwater and saline cultures. From the physio-
logical point of view, Ca*? in certain ratios to Na* reversed
most of NaCl stress symptoms in C. salina (Chan, 1985).
Ca*?, as second messenger play a significant role in induc-
tion of phosphorylation cascades leading to activation of
genes responsible for adaptation to high salt resistance and
reactive oxygen species (ROS). Application of gypsum in-
creased the chlorophyll and protein contents of C. vulgaris
in all the concentrations of NaCl studied. This treatment
could alleviate the adverse effects of saline stress (Mathad
and Hiremath, 2009).

Having considered the salient role of Dunaliella sp. in
studying the physiology of halophilous plants, this study
was set to better understand salt responsiveness of the in-
tracellular ion accumulation (IIC) by measuring common
cations such as sodium, potassium and calcium using con-
ductivity detectors in an ion chromatography (IC). More-
over, the present study was designed to look for putative
evolutionary adaptive changes (high salt stress) by looking
into the populations of originally fresh water green algae;
Chlorella genus (i.e. C. emersonii, and C. vulgaris) and to
determine their IIC while comparing with those of their
saline-water relative, D. salina.

Materials and methods

Strain collection and cultivation media

Four algae species were purchased from the Culture
Collection of Algac and Protozoa (CCAP) (Sams Re-
search, Scotland). Those species included three fresh water
species of Trebouxiophyceae: C. vulgaris 211/11B, C. em-
ersonii 211/11A, C. salina 211/25, as well as one member
of the Chlorophyceae class, D. salina 19/18 which is a salt
water inhabitant. All the Chlorella species were cultivated
in Moh202, a medium developed in our previous stud-
ies (Talebi ef 4/, 2013) and was used for all fresh water
strains. Moh202 consisted of MgSO, 0.1 g/L, CaCl, 0.03
¢/L, KNO, 0.8 g/L, K HPO, 0.15 g/L, KH,PO, 02 g/L,
Fe-citrate 0.02 g/L. NaCl concentration for control cul-
ture was set up at 0.5 mM in addition to the trace elements
(standard Hunter’s trace-elements = 1ml/L). The culture
medium for D. salina also included the same nutrient ele-
ments but NaCl concentration was set at 1, 1.5 and 2 M.
In this study, sodium bicarbonate was used instead of CO,
injection due to its ease of use.

Growth condition and growth survey

All strains were cultured under continuous illumina-
tion (80 umol photon m™?s7!) at 22°C in a shaking growth
chamber. During the cultivation period, growth kinetic
parameters were measured in triplicates for all the strains.
Data comparison was then carried out using the ANOVA
test. The parameters analyzed included:

1) The cell density determined by measuring the absor-
bent of 1 ml of cell suspension by a spectrophotometer at
600 nm wavelength.

2) A step by step course of increasing salinity of cul-
ture medium from 0.5mM (associated with fresh water
cultivation) to 0.25, 0.5, and 0.75 M NaCl, was conducted
and the adaptive changes of the populations of the above-
mentioned microalgae strains were measured phenotypi-
cally i.e. the changes in chlorophyll content and growth
rate and intracellular ion accumulation.

3) Moreover, only for D. salina, total chlorophyll and
B-carotene content were measured by spectrophotometery
at 412,431, 460 and 480 nm wavelengths (Eijckelhoff and
Dekker, 1997).

Cultures were allowed to grow for 30 d in order to
reach the stationary phase when cells were harvested for
further analysis.

Ion chromatography sample preparation

To determine the intracellular cation content of the
cells, 800 ml of algal suspension was centrifuged 30 d after
the cultivation. The pellet was then washed with deionized
water and the procedure was repeated. Finally the pellet
was lyophilized at -40°C for 48 h and 0.1 gr dried biomass
was combusted in a muffle oven at 520°C for 12 h. The
colorless ash was dissolved in 10 ml of 0.1 M Hydrochlo-
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ric acid (HCI). Aqueous solutions were then incubated at
80°C for 2 h. One mL of filtered solutions (Wattman filter,
No. 3),was diluted in the ratio of 1:10 by deionized water
and was implemented for analysis of common intracellular
cations.

Results and discussion

Analysis of algal species using growth parameters

Growth characteristics of D. salina, as a resistant
microalgae strain was tested against 3 different spe-
cies belonging to the Chlorella genius as originally fresh
water habitants. As expected, D. salina could reach the
highest optical density in the cultivation period (Fig.
1). After three weeks of inoculation of D. salina, all cul-
tures with different salinity concentrations reached the
stationary growth phase. The lowest cell density was
observed at 2 M salinity by OD<1 in day 30 in com-
parison with OD 2.2 recorded for the medium supple-
mented withl M salt (Fig. 1). The dynamics of cell den-
sity in Chlorella genus was more various, for example
C. emersoni was found so sensitive to different levels of
NaCl in media (Fig. 2 a) and salinities more than 0.1 M
completely inhibited the growth and thus harvesting
proper biomass for this species was just applicable from the
control media. This species could not resist to such salinity
in a prolonged period (>17 d) and the produced biomass
completely vanished. On the other hand, C. vulgaris mod-
erately resisted to 0.25 and 0.5 M NaCl in medium and
produced biomass as much as half of that produced in the
control medium. At 0.75 M NaCl, the growth of C. vul-
garis was slightly hindered (Fig. 2b). As for C. salina, there
was a lag phase during the first week after inoculation.
However, during the second week of cultivation, a rapid
exponential growth started reaching the OD of around 1
by the end of third week. There was no significant differ-
ence in terms of growth rate between the control and salt
treatments in case of C. salina culture, except for 0.75 M
treatment, under which C. salina growth was totally in-
hibited. It seemed that C. sa/ina failed to adapt to changes
in salinity concentrations of above 0.5M (Fig. 2 ¢).
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What is clearly observable from the cell density mea-
surements as seen in Fig. 1 and 2 is the decrease in growth
rate with increasing salinity concentrations. D. salina
showed growth inhibition on day 12 of cultivation at 2M
NaCl cultures (Fig. 1). Similarly, in another study, D. sa/i-
na cells were found to show the highest growth rate on day
17 in 1 M NaCl, and on day 13 at 0.5 M NaCl (Mishra ez
al., 2008). Chlorella spp. showed approximately a similar
trend but at lower salinity levels (Fig. 2a, b and ¢).

C. salina showed a high degree of resistance to salin-
ity among Chlorella species as revealed a good exponential
growth rate at moderate salinity concentrations i.e. 0.5 M
NaCl (Fig. 2¢). This could be predicted since C. salina is
by nature a saline resistant strain. Nevertheless, this species
could not survive at elevated salt concentration of 0.75 M
and the growth was inhibited. In contrast, C. vulgaris; a
sweet water strain, produced promising results in adap-
tation to salinity. What is clearly seen from the growth
pattern of C. vulgaris (Fig. 2b) is that although its expo-
nential growth at 0.75 M NaCl concentrations was dete-
riorated but high salinity did not stop its growth. There-
fore, it could be concluded that a kind of adaptation had
occurred. This kind of data is interesting since C. vulgaris
is an important industrial candidate for applications such
as biofuel production and bioremediation, and therefore,
such capability of adaptation to hyper-saline conditions
would be very promising.

C. emersonii showed the least tolerance to salinity (Fig.
2a); this shows physiological incapability of C. emersonii to
adapt to hyper saline culture conditions. Setter and Green-
way (1983) observed that the growth of C. emersonii was
inhibited when 0.2 M NaCl was present. In the present
experiment, C. emersonii showed growth for 17 days at 0.5
M NaCl concentration but the growth suddenly dropped
afterwards. This was the same case for the other freshwa-
ter species in previous studies where a moderate decrease
in the rate of cell divisions was reported for Scenedesmus
opoliensis at high salinity concentrations (Demetriou ez al.,
2007). In another salt tolerance analysis in C. sorokiniana,
decreased growth rate but at the same time increased pro-
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duction of dry weigh was declared (Chimiklis and Kar-
lander, 1973).

In the present study, as shown in Fig. 2 a, b, and ¢, all
fresh-water species were negatively affected by increasing
the salt accumulation in media and loss of biomass pro-
duction were recorded. This trend was in agreement with
findings of the previous studies on the impact of increasing
salt concentration on biomass production in fresh-water
species of S. opoliensis and S. platensis (Demetriou et al.,
2007; Shalaby ez al.,2010). When cells are exposed to high
salinity, special processes are activated such as, a) restora-
tion of turgor pressure, b) regulation of the uptake and ex-
port of ions through the cell membrane, and c) induction
of the accumulation of osmo-protecting solutes and stress
proteins. These mechanisms in turn lead to new steady
state growth. Beside these mechanisms, there are several
other mechanisms needed to ensure successful adaptation
to salt tolerance like increasing energy supply through the
synthesis of photosynthetic pigments i.e. f-carotene. This
has been well documented in D. salina (Allakhverdiev et
al., 2000).

D. salina pigment production in response to salinity

The results obtained for pigments production by D.
salina in response to three different levels of salinity are
tabulated in Tab. 2. Chlorophyll a (Chl a) accumulation
showed a slight but significant increase from 3.896 to
6.349 uM by increasing NaCl concentration from 1.5 to 2
M, respectively, indicating cells® strategy for compensating
this stress by increasing their photosynthesis activity. Mea-
suring the variations observed in Chl b concentrations in
D. salina caused by the salinity treatments revealed no log-
ical trend and Chl b concentration only fluctuated around
1 uM. Same results were previously reported where 3 M
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NaCl concentration led to a slight increase in the ratio of
Chl a/b (Mishra ez al., 2008). One possible reason to this
matter would be the optimum salinity for the growth of
this strain which falls within the range of 1 to 2 M. More-
over, these results could also be explained by the fact that
small amount of NaCl creates a slight stress condition
compensated by the development of a more extended light
harvesting complex (Liu and Shen, 2005); but the salinity
stress in higher ranges significantly induced photo-inhibi-
tion through stopping the reparation of photo-damaged
photosystem II (Allakhverdiev and Murata, 2008). It has
been observed that a higher tolerance is achieved by a rela-
tively increased photon flux density. It suggests the role of
light in supporting the energy demands of an efficient pro-
tective mechanism against physiological changes caused
by the hypertonic environment and the toxicity induced
by excessive amounts of the sodium ion (Mendoza e 4l.,
1999). In fact, there is a direct relationship between light
intensity and intracellular CI and Na* concentration (Chi-
miklis and Karlander, 1973), where higher light intensities
and consequently higher photosynthetic pigments such as
Chla uphold the light-dependent active transport for Na*
exclusion and K* and Cl accumulation. Ion accumulation
and sodium and chloride exclusion from inside the cell
is so energy consuming. In a recent study on C. vulgaris,
NaCl concentrations of 0.1 to 0.4 M were tested, and was
observed that at 0.1 to 0.2 M NaCl concentration, the
chl content was increased but was reduced at higher con-
centrations of NaCl; obviously leading to a lower growth
rate (Hiremath and Mathad, 2010). The same results were
published on C. autotrophica where the higher the salinity
in the culture medium, the lower the rate of photo-assim-

ilation (Ahmad and Hellebust, 1984).
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Opverall, the presence of excess NaCl in the environ-
ment leads to oxidative stress build-up in all kinds of pho-
tosynthetic plants, including the salt tolerant ones. Ion
uptake in response to salinity disturbs biopolymers; as a
result, some osmo-protective solutes and compounds are
induced to accumulate in order to protect bio-compounds
from damage (Mc Neil ez 4., 1999). High ions accumula-
tion as a source of stress has found to stimulate -carotene
synthesis in D. salina. It has been previously suggested
that (-carotene accumulation through ROS protects cells
against the deleterious effects of high salinity (Ye ez 4/,
2008). In the present study, B-carotene production by D.
salina increased continuously as salinity was increased;
this trend is clearly shown in Tab. 2. Once salinity was
increased from 1 to 1.5 M, (-carotene accumulation was
significantly boosted by 0.54 uM, and upon increasing in
salinity from 1.5 to 2 M, even a sharper rise in B-carotene
accumulation was observed by about 0.8 uM (Tab. 2).
Similar behavior was recorded in cultivation of S. platen-
sis in salty media by Shalaby ez /. (2010). They reported
that cultivation of S. platensis under salt stress conditions
caused a decrease in dry weight, Chl a content and a slight
increase in (-carotene production and lipid content (Sha-
laby ez al., 2010). In another study, highest cartenoid pro-
duction in D. salina cultures achieved at 3 M NaCl con-
centration (Piskal Dipak and Lele, 2005). Furthermore, in
a comparative study, D. salina was found to produce more
cartenoid at 2 M NaCl than lower concentrations. The in-
crease of f-carotene production in response to increasing
NaCl concentrations in these organisms supports the idea
about the role played by this metabolite in salinity toler-
ance.

Intracelluar ion concentration

Ion chromatography is a form of liquid chromatogra-
phy that uses ion-exchange resins to separate atomic or
molecular ions based on their interaction with the resin.
In the present study, ion chromatography technique was

Tab. 1. Comparison between IIC in different algae strains
grown under salt stress

313
employed to measure intracellular concentrations of cat-
ions in algae cells grown under various salt concentrations,
the result of which is summarized in Tab. 1. Cells were first
rinsed with distilled water so that only the concentrations
of cations accumulated inside the cells were measured.
Then they were treated with HCI, and the concentration
of cations released from dried biomass was measured. This
method has been previously used successfully for measure-
ment of intracellular cations i.e. Na*, K*, Ca*?, Mg*?, and
Cl in micro-algae (Chimiklis and Karlander, 1973; Pick
etal., 1986 a).

Series of studies have been done to determine the
osmotic responses of Dunaliella to the changes of salin-
ity (Chen and Jiang, 2009), however, IIC measurements
in unicellular microalgae due to its non-rigid cell have
always been controversial . In fact, using a wide range of
techniques to determine the Dunaliella cells' volume has
caused such variation in measuring intracellular solute
concentration (Katz and Avron, 1985). To avoid facing
such problem in the present study, instead of measuring
cations in the cytoplasm, total cation saluted in HCI was
measured and reported as mg/g DW. Based on the data
presented in Tab. 1, significant fluctuations were observed
in IIC of the algal strains in response to different salinity
concentrations.

In case of D. salina, increasing the extracellular NaCl
concentration did not lead to a decrease in IIC (Na*, Ca*?
and specially K*). More specifically, intracellular Na* ion
increased significantly (p<0.05), by 73% when NaCl con-
centration climbed up from 1 to 2M (Tab. 1). This shows
that D. salina cells in comparison with the other strains in-
vestigated herein, managed to effectively keep some of the
Na*ions out in order to maintain the intracellular balance
via utilizing a kind of plasma-membrane Na*/H* anti-por-
ter system. Moreover, D. salina cells keep intracellular Na*
ion concentrations in a tolerable range even in presence of
4 M NaCl in culture medium (Katz and Avron, 1985). In
an experiment on Dunaliella conducted by Pick and co-
workers, it was shown that increasing NaCl concentration
from 1 to 4 M, also caused the intracellular concentration
of Na* to rise significantly (Pick ez a/., 1986 b).

On the contrary, intracellular Na* ion in C. vulgaris

Strains Salinity le and C. salina Na* increased very sharply by 185 and 360%,
(ivé) c Il\EA' N 2§9A . S;; - respectively, when extracellular Na* concentration rose
Dun71i511ﬂ s P 0302 08500 from 0.0005 to 0.5 M. This reveals the incapability of
salina
20 e 0.326% 09024 Tab. 2.Pigment accumulation in Dunaliella salina cells in
CE 2.592° L (2 response to different salinity levels
Chlorella 0.25 3.845° 0.761° 0.481%
vulgaris 0.50 7.403¢ 0.343" 0.156" Salinity Pigments
0.75 10.956° 0.139* 0.140° (M) Chlorophylla. Chlorophyllb.  Carotenoid
0.0005 1.5044 15164 1.2344 1.0 4599% 1.103* 1.438%
Cf:;:f" 025 4460°  1085% 0394 15 3.896* 0,594 1974
0.50 6.935¢ 1.3984 0.287" 20 6.349* 1.209* 2.764¢

“The means with the same letter are not significantly different at p<0.05, as
determined by Tukey’s multiple range test for unequal sample size

“The means with the same letter are not significantly differenc at p<0.05, as
determined by Tukey’s multiple range test for unequal sample size
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Chlorella species in sufficiently keeping the Na* out of the
cells in comparison with D. salina. Nevertheless, the Chlo-
rella species tested in this study still managed to survive at
the NaCl concentration of as high as 0.5 M. This finding
was in agreement with those of a previous study on C. soro-
kiniana, where acquired resistance to salt concentration of
0.3 M was observed (Chimiklis and Karlander, 1973).

K* intracellular concentration did not change consid-
erably by increasing the salinity in the D. salina culture.
Similar trend was observed for the other marine strain, C.
salina, and no relation was found between K* intracellular
concentration and extracellular salinity level in these two
stains. In contrast, this trend was totally different for C.
vulgaris. Compared with the control (0.0005 M NaCl),
the concentration of intracellular K* dropped significant-
ly by 54% in C. vulgaris when the culture was exposed to
0.25 M NaCl (Tab. 1). Such trends were quite expected as
Dunliella has become adapted to high salinity levels dur-
ing the course of its evolution. It has been observed that,
an increase in NaCl concentration led to lowered K* up-
take rate in D. salina cells but did not affect the final con-
centration of K*in the cell significantly. This is ascribed
to the fact that D. salina cells exchange Na* with K* from
the intracellular; thus, keep K*/Na* ratio higher than
extracellular environment up to 10 to 1000 folds (Pick
et al., 1986a). Also, it has been previously reported that
the amount of K* ion in Dunaliella cells is kept constant
in order to continue its metabolic activities even by vary-
ing salinity levels in the culture medium (Ehrenfeld and
Cousin, 1984). Such reports validated the results obtained
in this study.

It is worth quoting that K* as an essential ion for most
of living organisms contributes to keeping the intracel-
lular K*/Na* ratio in balance. Such mechanism has been
developed during the course of evolution as a defense
mechanism against hazardous effects of excess Na*. More
specifically, Na* could be exchanged with K* so that excess
Na* could be ejected from the cells (Pick ez 4., 1986 a).
This ability to keep intracellular concentration of K* out
of fluctuations while exposed to different salinity level is
donated to the natural habitants of saline conditions by
the mother of nature. Such behavior was clearly observed
in D. salian and C. salina strains in the present study.

A trend identical to that recorded for K*, was also ob-
served for Ca*? D. salina cells revealed to have efficient
mechanisms to keep intracellular Ca*> unchanged; increas-
ing salinity resulted in some statistically non-meaningful
fluctuations in the concentration of this ion (Tab. 1). In a
study conducted by Issa (1996) it was observed that Du-
naliella cells accumulated Ca*? during the normal growth
period, and when salinity was increased from 1.5 to 4 M,
Ca*? concentration remained constant despite a sharp in-
crease in intracellular Na* content. Similar results were
observed in our experiment as D. salina cells accumulated
Ca*? during normal growth at 1 M NaCl concentration.

Intracellular Ca** concentration fluctuations were
slightly different in Chlorella species. C. vulgaris and C.
salina showed significant decrease in intracellular Ca*? by
49% and 68% in response to increases in extracellular Na*
concentration from 0.5 mM to 0.25 M, respectively (Tab.
1). Since calcium is an important element for algae, due to
its contribution to photosynthesis, thylakoid membrane
integrity and glycerol metabolism, therefore, it is vital
for algal cell to keep intracellular pool of Ca** in balance.
In algae, Ca**absorption takes place through membrane
potential where the driving force is obtained by a proton
pump (Pick ez al., 1986 a). It was observed that addition of
Ca*to culture media increased tolerance of algae to salin-
ity and that cells became more resistant to higher salinity
levels. This could be explained by of the impact of Ca*?on
lowering intracellular Na* by deteriorating the passive Na*
uptake (Chimiklis and Karlander, 1973). Ca** in certain
ratios to Na* reverses most of NaCl stress symptoms in the
cell; partly it might be because of the inherent mechanism
employed by plants during salt stress, generating second
messengers including Ca* and reactive oxygen species
(ROS) (Ye et al., 2008).

Obviously increase in IIC in response to a rise in extra-
cellular ion concentration indicates permeability of mem-
brane of algal cell. The results obtained in this study show
that in comparison with D. salina, Chlorella species pos-
sess more permeable membranes that respond to change
in salinity via accumulation of ions. Such capability en-
ables the cell to prevent plasmolysis. The same capability
also exists in marine algac Dunaliella as well (Chimiklis
and Karlander, 1973) but the main reason that Dunaliella
could cope with highly saline conditions way better than
its Chlorella counterparts is that the latter could not resist
to the both, toxicity caused by high Na* accumulation as
well as the loss of essential cations such as K* and Ca?*.

Conclusions

Opverall, a clear correlation could be found between
the potential tolerance of species to salinity fluctuations
and IIC changes. The most tolerant algal species; D. salina
showed the lowest level of response (IIC fluctuations), to
increase in extracellular Na*. More specifically, D. salina
could resist extra cellular Na* concentration of as high as
2 M by maintaining the balance of K* inside the cell and
protecting photosynthetic apparatus. Interestingly, among
the Chlorella species studied, only C. vulgaris showed
successful adaptation and increased fitness to high salin-
ity levels and the other two species (C. emersonii and C.
salina, respectively) deceased.
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