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UNALIELLA bardawil can produce and accumulate large amounts

of glycerol and B-carotene in response to stress conditions. The
effect of pH, salinity, light intensity and algal inocula as stress factors
on growth, B-carotene and glycerol production in D. bardawil was
assessed in the present study. The growth profile showed linear
relationship for chlorophyll a content, optical density measurements
and cell count with time up to the end of the experiment (42 days). The
mean growth rate, relative growth rate and number of recycling
reached their maximum values after 4 days of growth while generation
time recorded the least value at the same time. D. bardawil can grow in
wide pH range (5.5-9.5) with maximum growth (chlorophyll a and cell
count) and glycerol content at pH 7.5 whereas the best pH value for B-
carotene production was 8.5. Increasing algal inoculum caused
significant increase in growth and B-carotene content while non
significant increase in glycerol was observed. Regarding salinity stress,
4 M NaCl was the best concentration for glycerol production and 2.5
M NaCl for growth and B-carotene accumulation. High light stress
(292.5 UE m™ sY) enhanced B-carotene production and the ratio of p-
carotene to chlorophyll a reached 1.59.

Keywords: Dunaliella bardawil, B-carotene, Glycerol, Stress factors,
salinity, light intensity, pH, algal inoculum

The chemical industry is moving towards the adaptation of greener technology
for better sustainability. There are several advantages of using microalgae, unlike
conventional plant biomass, they have high photosynthetic efficiencies and can
grow on non arable land. Dunaliella can produce and accumulate large amounts
of commercially and economically important compounds as glycerol and B-
carotene in response to stress conditions as high light intensity, high salt
concentration, pH extremes and nutrient stress (Hadi et al., 2008; Lin et al.,
2013). Moreover, Ben-Amotz (2007) stated that environmental factors played the
most effective rules on the level of carotenoid production by Dunaliella spp. The
highest production of B-carotene is observed in high salinity, high temperature
and high light intensity. Different Dunaliella sp. were cultivated for the
production of large amounts of B-carotene and glycerol (Phadwal and Singh,
2003).
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The hydrogen ion concentration (pH) of the culture medium is a very
important factor that affects the optimal growth of algal cultures. It appeared that
the optimum pH for growth differs according to different algal species. The
optimum pH for the growth of marine D. tertiolecta is about pH 6 (Craigie and
McLachlan, 1964) whereas the optimum pH for the halophilic D. salina and D.
viridis is about 9 (Loeblich, 1972). Wegmann and Metzner (1971) found that the
optimum pH for photosynthesis is generally lower than that for growth.

The algal culture density and initial cell concentration are important to be
taken into consideration in the design and volume of culture systems. The final
concentration of non axenic outdoor mass cultures of Dunaliella spp. growth for
two or three days in f/2 and 2f media were found to be dependent on initial cell
concentration since the cultures started with 80 x 10° cell/ml gave better yields
than those started with 40 x 10° cell/ml (Becerra Dorame et al., 2010).
Optimization of the algal density in which the maximal biomass and carotenoid
content are performed is an important step both in ponds and photobioreactors
(Hosseini-Tafreshi and Shariatie, 2006).

Salt stress in one of the most significant abiotic stresses and affects many
aspects of plant physiology and metabolism. Among algae, the only eukaryotic
and photosynthetic organism able to grow in media containing a very wide range
of salt concentration from 0.5% to 35% is Dunaliella. It was found by Ben-
Amotz and Avron (1980) that Dunaliella cells grown at high salinity (4 M NacCl)
contain about half of its weight as glycerol whereas under appropriate cultivation
more than 10% of dry weight of D. bardawil is accounted for 3-carotene. Stress
metabolites such as proline, glycine betaine, glycerol and total sugar content
increased concomitantly with the increase in salt concentration. Tammam et al.
(2011) stated that under hyposaline conditions a low content of B-carotene was
noticed, whereas hypersaline conditions induced an increase in this product, about
1.4 and 1.1 fold more than thier value were recorded at optimum salinities for
both D. salina and D. tertiolecta respectively.

High light and many environmental stress conditions affect the content of j3-
carotene in D. bardawil and overproduced B-carotene was recorded. Carotenoids
protect the photosynthetic apparatus against stress conditions (Telfer, 2002). It
was reported by Lamers et al., 2010 that B-carotene accumulation in D. salina
was induced on increasing light intensity from 200 to 1.400 pE m?s™. In the
present study the effects of salinity, light intensity, pH and algal inocula on
growth, B-carotene and glycerol accumulation in Dunaliella bardawil were
investigated.

Material and Methods

Algal culture and growth conditions

Dunaliella bardawil was kindly supplied from phycology lab. Faculty of
Science, Alexandria University, Egypt. It was grown in batch cultures in MH
nutrient medium (Loeblich, 1982) with modification of NaCl concentration to 1.5
M; pH 7.5; temperature 25+1°C and light intensity of 39 uE m?s™ (2000 Lux) by
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white fluorescent lamps. The initial algal inoculum was adjusted to be (1.5 x 10°
cell /ml, 2.33 pg/ml chlorophyll a) and three replicates were used for each
treatment. In optimum growth conditions the growth of Dunaliella cells was
followed at two days intervals up to 42 days by measuring growth parameters
(chlorophyll a content, cell count and optical density).

Experimental conditions

Effect of pH values (5.5, 6.5, 7.5, 8.5 and 9.5); algal inocula (1.5, 3, 6 and 12,
Cell x 10° / ml); NaCl concentrations (1.5, 2, 2.5, 3, 3.5 and 4 M) and different
light intensities (39, 78, 117, 195 and 292.5 UE m™s™) on growth, B-carotene
and glycerol production of Dunaliella were studied in four separate experiments.

Growth measurements and glycerol estimation

After 8 days incubation, cells are in their exponential phase of growth, algal
cells were harvested and the chlorophyll a, B-carotene, glycerol and cell count
were measured in each experiment. Cells were counted by sedquick Rafter cell
after the addition of 1-2 drops of Lugol’s solution. Cell density was measured at
678 nm, mean and relative growth rates were calculated according to Robert
1979, while generation time and number of recycling were calculated using the
formula proposed by Fogg (1975). Chlorophyll a was determined by using 80%
acetone and estimated according to Arnon (1949) and APHA (2005). B-carotene
was quantified photometrically using the molar extinction coefficient g 450 nm
134, 500 Lmol * cm™ (Rabbani et al., 1998). Glycerol content was determined by
the method of Chitlaru and Pick (1991).

Statistical analysis

The data of the present study were expressed as means + SD and were
analyzed by one way analysis of variance (ANOVA) using spss statistical
package version 20. Comparison of the main effects was performed using a
significant level of P<(.05 by Duncan’s test of homogeneity (Dytham, 1999).

Results and Discussion

Dunaliella, a marine, unicellular, halotolerant green alga possesses a
remarkable degree of environmental adaptation by producing B-carotene and
glycerol in excess to maintain its osmotic balance (Ghoshal et al., 2002 and
Hend, 2014). Dunaliella can grow in a wide range of salt concentrations ranging
from 0.05 M to 5 M (Chen and Jiang, 2009; Ramos et al., 2011). The ability to
grow at very high salt concentrations and the high cell content of B-carotene,
glycerol or protein have made this microalga an attractive candidate for
commercial production of these compeunds.(Spolaore et al., 2006; Hosseini-
Tafreshi and Shariatie, 2009).

The obtained results concerning growth curve of Dunaliella bardawil; Table 1
showed linear relationship for growth parameters; chlorophyll a, optical density
and cell count during the experimental period (42 days). Because total cell counts
may include non viable cells, growth rate was also used to assess the viability of
algal populations. The mean growth rate (R), relative growth rate (k) and number
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of recycling (Nu)reached their maximum values at day 4 of cultivation after
which gradual decrease was observed which is in harmony with those reported by
Borowitzka et al. (1984). There was a drop into negative growth rate starting after
day 34 which indicated that the alga was in the stationary phase. In contrary, the
generation time (G) reached the least value at the forth day then gradual increase
was observed. The high value of generation time indicated that there was an
Our data are in agreement with El-
Badawy (2014) who reported that the maximum specific and relative growth rates
and number of recycling of Chlorella vulgaris were recorded in the 4™ day of
growth where the generation time was minimum.

obvious delay in growth rate with time.

TABLE 1. Growth profile of Dunaliella bardawil incubated in 1.5 M NaCl.

ParaLneter Chlorophyl| Optical CeII%ount grl?)s\llfclfgi\r/:te gro'?//lv(:s?ate gengration ’\lur(?fber
= la (ug/ml) | density (x10° cell (K) (count) | (R) (count) time recycling
Time /ml) day™ day (count) day (Nu)
(days) |
0 055002 1 1540 01| 037003 | g9 0.00 0.00 0.00
2 0-85£0.02 1 1940.01| 092003 | 45 0.25 0.67 2.98
4 1622003 1 531000] 1182026 | 66 0.59 0.46 4.36
5 3452040 |0 12262004 | o 052 58
8 380030 |4 5510,01| 200015 | 36 0.10 0.83 2.40
10 493£049 16 7140 ,01| 324022 | 449 0.16 0.76 2.64
12 702027 15 9310 05| 4672041 | 46 0.26 0.65 3.06
14 8742027 16 9940,01| 51010 | 4 0.12 0.81 2.48
16 983£0.23 1) 1510.00| 0420 | gy 0.11 0.82 2.44
18 | 1086064 |1.18£0.03| 7.165009 | 035 0.08 0.86 232
20 | 12.60£0.03 | 1.20£0.03| 8274031 | 036 0.10 083 242
22 | 13.92£045 |1.52£0.04| 9.30:024 | 035 0.08 0.86 2.34
24 | 15.73£0.21 | 1.62£0.00| 10192037 | 034 0.07 0.88 2.26
26 | 18.00t0.32 |1.77£0.02| 11152044 | 034 0.06 0.88 2.26
28 | 19.43£0.33 | 1.99£0.02| 12402028 | 035 0.08 087 231
30 | 20662056 |20820.01] 13412051 | 034 0.06 0.90 2.23
32 | 22752067 |224%001] 14735025 | 034 0.07 0.88 227
34 | 23272054 |228£001| 15442070 032 0.03 0.94 214
36 | 23092082 |227:001] 15324028 | 030 001 101 198
38 | 24.102043 |22820.01] 15.022092 | 029 001 103 194
40 | 25392074 |2.2820.01] 14.994060| 030 0.00 1.00 199
42 | 25.44:1.14 | 2.282001] 14.34x071| 028 0.03 107 187

Data are average of three replicates; each value represents the mean £SD.
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The hydrogen ion concentration (pH) of the growth medium affects many
processes associated with algal growth and metabolism including the availability
of co, for photosynthesis and uptake of ions and hence for the biosynthesis of the
bioactive products as secondary metabolites (Borowitzka and Borowitzka, 1988).
The optimum pH for the growth and glycerol production of D. bardawil was pH
7.5 (control culture). At this pH value chlorophyll a, cell count and glycerol
attained their maximum values as illustrated in Table 2. Shifting pH to either the
acidic or alkaline side significantly decreased the values of these parameters.
However, Dunaliella, as reported in literatures, and proved in this study can grow
in wide range of pH values (5.5-9.5) and so it can withstand a broad range of pH
which may add to the advantages of this promising organism. These results went
parallel with the findings of Essa (1995) who reported that the algal cell count of
the Dunaliella sp. was maximam at pH 7.8, changing the pH value to 6 and/or 9
led to a slight effect on cell count of Dunaliella cells. Moreover, he reported that
pH 7.8 was the optimum for glycerol production in the cells of D. salina and D.
parva. The present data also showed that the optimum value of p-carotene was
recorded at pH 8.5 (a significant decrease at lower and higher pH values). This is
in harmony with the results obtained by Anon (1983) and Khalil et al. (2010) who
recorded that the highest value of B-carotene of D. bardawil was obtained at pH
9.0. On the other hand Muthukannan et al. (2010) revealed that D. salina
required a slightly alkaline pH (7.5) for the maximum production of the valuable
[3-carotene pigment.

TABLE 2. Effect of pH on growth, g-carotene and glycerol production of Dunaliella
bardawil after 8 days incubation in 1.5 M NaCl.

Parameters
N Chlorophylla | Cell count B-carotene Glycerol
(ug/ml) (x108 cell /ml) (ug/ml) (mg/ml)
pH|
55 4.78+0.39? 3.22+0.58 2.64+0.20° 0.11+0.02°
6.5 7.04+0.63" 4.52+0.32° 3.57+0.19° 0.13+0.02°
75 7.07+0.07° 5.19+0.95"| 3.61+0.66" 0.15+0.03°
85 7.05+0.34° 5.11+0.48" 4.04+0.13° 0.09+0.04%
95 4.49+0.01° 2.85+0.98 2.65+0.66° 0.09+0.012
Initials 2.33 15 1.85 0.07

Means marked with the same superscript letters are not-significant (P>0.05),

whereas others with different superscript letters are significant (P<0.05).
Data are average of three replicates; each value represents the mean +SD.

Regarding the effect of initial cell counts (algal inocula) on growth and
glycerol production of D. bardawil, it was found (Table 3) that chlorophyll a, cell
count, f-carotene and glycerol production are directly proportional to algal
inocula (as increasing inoculum caused significant increase in the above
mentioned parameters). While, the increase in glycerol content was not
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significantly altered in most algal inocula. At the largest inoculum used (12 x 10°
cell / ml), glycerol content reached maximum value but still less than the
corresponding initial. This agrees with the findings of Kacka and Donmez, 2008
who mentioned that at high initial inoculum concentration (10 x 10° cell / ml) of
Dunaliella strain T;, maximum glycerol production and shortest lag period were
observed. They also reported that initial cell densities affected cell productivity.
In contrary, Martinez and Espinosa (1991) reported that the amount of inoculum
of D. tertiolecta had no significant effect neither on the population growth rate
nor on the maximum cell density achieved, but it does affect the length of time
needed to reach the maximum biomass. It is worthy to mention that the highest
percentage increase in the values of chlorophyll a (225%), B-carotene (279%) and
cell count (266%) was recorded at the least algal inoculum used whereas it was
50%, 33% and 21.2% respectively in the highest algal inoculum. In contrast, there
was 38% decrease in glycerol production at the largest algal inoculum used. On
the other hand, Vonshak and Richmond, 1985 mentioned that in outdoor raceway
ponds self shading by the cells was the most probable cause of growth rate
decline during the growth phase. With increasing cell concentration, self shading
increased leading to an increase in dark fraction devoid of light supply, this
resulted in decreasing specific growth rate.

TABLE 3. Effect of different algal inocula on growth, p-carotene and glycerol
production of Dunaliella bardawil after 8 days incubation in 1.5 M NaCl.

parameter—>
Cell count Chlorophyll a B-carotene Glycerol
~ Algal | (108 cell /mi) (ug/ml) (ug/ml) (mg/ml)
inoculum
(cell x 10%ml)|
. A 2524130 | A: 1.35+0.29 A:0.07+0.01
1.50.77 5.50+1.18 B: 8.19+0.03% | B: 5.12+0.27° B: 0.18+0.05°%
b A 439186 | A: 2.88+0.45 A: 0.19+0.02
3.0+0.18 7.05£2.43 B:11.27+0.22° | B: 6.29+0.57® | B:0.21+0.04
. A: 9324052 | A: 5.14+0.87 A:0.31+0.01
6.0¢1.11 9.41£2.70 B: 14.57+0.26° | B: 8.09+1.07° B: 0.17+0.02°
d A:14.87+098 | A: 9.41+1.41 A: 0.48+0.04
12.0£2.05 14.54£158° | 599 a4x088% | B:125+1.77° B: 0.30+0.03"
A: initial, B: final

Means marked with the same superscript letters are not-significant (P>0.05), whereas
others with different superscript letters are significant (P<0.05). Data are average of three
replicates; each value represents the mean +SD.

Furthermore, Richmond (1992) mentioned that since biomass productivity of
an algal culture is dependent on the culture density and the algal growth rate, the
culture cell density has to be maintained at an optimum level to support the
fastest growth rate at any given irradiance. In this connection, there are wide
differences in the design and volume of culture systems as well as in the
production routines, which could explain the wide range and the highly variable
final cell density and biomass yields (L6pez — Elias et al., 2003).
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Regarding the effect of salt stress on D. bardawil, it is obvious from the data of
the present study (Fig. 1) that chlorophyll a, cell count and B-carotene contents
increased gradually and significantly with the increase in sodium chloride
concentration to reach their maximum values at 2.5 M after which they gradually
decreased to their minimum values at 4 M NaCl. Moreover, the present data also
cleared that the highest intracellular glycerol content of Dunaliella cells was
recorded at 4 M NaCl which is supported by the results reported by Tammam et al.
(2011). Furthermore, Frank and Wegmann (1974) mentioned that, with increasing
salt concentrations in the medium, enzymes of D. cells become more and more
inhibited, and the only process that remained active is glycerol production. Also,
Chitlaru and Pick (1991) reported that with changing external salinity the internal
glycerol level changes in direct proportional to the salinity concentrations.

The results reported by Mishra et al. (2008) are in conformity with ours as
they noticed that no significant differences in chlorophyll a & b contents up to 2
M NaCl and there is decline in their values at 5.5 M NaCl. The present results are
in agreement with those obtained by Rad et al., 2011, who mentioned that total
carotenoid production as well as cell productivity were affected by salinity stress
and the highest carotenoid contents per cell were obtained at 2 M NaCl treated
Dunaliella sp. In contrary to the present data Loeblich (1982) found an increase
in B-carotene concentration per cell of D. salina with increase in salinity.

The effect of different light intensities on growth and p-carotene production
were followed (Table 4). The maximum growth (chlorophyll a & cell count) of D.
bardawil was observed at 6000 lux (117 pE m™? s™) after which there was a
significant decrease with further increase in light intensity upto 15000 lux (292.5
ME m? s™1). There was a linear and significant increase in B-carotene content to
reach its maximum at 292.5 uE m™ s™ after 8 days incubation (6.52 pg / ml).

Celekli and Donmez (2006) found that -carotene increased when light intensity
increased while the cell number decreased which is in harmony with the present
results. Our results also agreed with those obtained by Abu Sara et al. (2011) who
mentioned that in response to different light intensities, the maximum growth was
obtained at 61 uM m s and the maximum p-carotene production was at 200 M m’
2 s while the maximum B-carotene to chlorophyll a ratio was recorded in cells grown
at 1000 p M m?s™. In contrary, Abu Rezq, et al., 2010 reported that D. salina grows
at a significantly faster rate with best growth performance at high light intensity than
in low one. In the present study, there was an increase in B-carotene to chlorophyll a
ratio from 0.68 to 1.59 with gradual increase in light intensity up to 292.5 pE m™s™.
The results of Ben Amotz and Avron (1983) concerning the higher B-carotene to
chlorophyll a ratio at high irradiance are interpreted as indicating a protecting effect of
B-carotene against injury by high irradiance. Under conditions of impairment in
chlorophyll content per cell, they also reported that B-carotene accumulation was
coupled with chlorophyll depletion under high light intensities which supports the
obtained results of the present study. Furthermore, Telfer (2002) suggested that -
carotene protect the algae from damage occurred during excessive irradiances by
preventing the formation of reactive oxygen species, quenching the triplet state
chlorophyll, reacting with singlet oxygen and functioning as a light filter.
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Fig. 1. Effect of different NaCl concentrations on growth, (Chlorophyll a “a”, Cell
count “b”, B-carotene “c” and Glycerol “d”) production of Dunaliella
bardawil, after 8 days incubation.
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TABLE 4. Effect of different light intensities on growth, and p-carotene production
of Dunaliella bardawil after 8 days incubation in 1.5 M NaCl.

Growth
parameter— Chlorophyll a cell count B-carotene B-carotene/
(ng/ml) (x 10%ell/ml) (mg/ml) chloro_phyll
light intensity ratio
(UE m?s™) |
Initials 233 15 158 0.68
39 5.34+0.03° 2.49+0.35% 3.62+0.33% 0.68
78 6.87+0.07¢ 3.56+0.39° 4.82+0.07° 0.70
117 7.50+0.20° 5.89:+0.14¢ 5.27+0.11° 0.70
195 5.93+0.03° 4.14+0.20°¢ 5.730.23¢ 0.97
2925 4.1040.10° |  3.22+0.02° 6.52+0.19° 1.59

Means marked with the same superscript letters are not-significant (P>0.05),
whereas others with different superscript letters are significant (P<0.05). Data
are average of three replicates; each value represents the mean + SD.

Conclusions

The present study, provide a base-line information on the optimum growth
conditions of the green micro-alga Dunaliella bardawil as a model organism for
production and accumulations of B-carotene and glycerol. This organism can
grow in wide pH range (5.5 — 9.5) with maximum growth and glycerol content at
pH 7.5 while the best pH value for B-carotene production was 8.5. Glycerol
content was maximum at 4 M NaCl whereas growth and B-carotene production
were highest at 2.5 M NaCl. High light stress (292.5 HE m? s™) enhanced the
production and accumulation of B-carotene in Dunaliella cells.
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