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Abstract The freshwater preen alga Chlorococcum sp.
grew on NH,”, NO,, urea, yeast extract, and peptone as the
nitrogen source showing similar patterns of growth and
secondary carotenoid (SC) production. However, the most
suitable nitrogen source for the induction of SC was urea. The
effects of mutdent ievels (urea, phosphate, sulfate, ferrous
iron, and salt) on growth and SC production were studied by
varying the concentration of each nutrient in batch cultures.
High biomass production was achieved in cultures containing
20- 28 mM urea, 4.8- 10 mM phosphate, 1.6 mM sulfate,
70 mM NaCl, and 20- 100 pM iron. The highest SC content
in biomass was obtained when cultured at 5- 10 mM urea, 1-
2 mM phosphate, 1.6 mM sulfate, 170 mM NaCli, and 50 uM
iron. The optimum concentrations of nutrients for biomass
and for the SC accumulation in hiomass were evaluated and
the two media for achieving high biomass production and SC
production were thus developed. The extent to which each
parameler to stimulate the formation of SC in the alga were
varied and the potentially improved SC production by
manipulating the nutrient levels in the modified media were
discussed.
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It i3 well known that a number of microalgae contain the
ability to accumulate extra-plastic secondary carotenoids
(SC) under stressed growth conditions such as nitrogen
starvation, high light iatensity, and increased salinity [14.
30, 36]. The best-known examples are the production of
B-carotene by the halophilic flagellate alga Dunaliella
saling [3] and astaxantbin by the freshwater microalga
Haematococcus pluvialis [10] along with Chlamydomonas
nivalis [8]. The commercial production of [3-carotene from
Dunaliella is well established in many countries today [2].
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The large-scale production of astaxanthin by Haematococcus
sp. 18 hampered by its relatively slow growth rate, low
growth temperature, and susceptibility to contamination
and predation. Therefore. commercial cultivation of
Huaematococcus sp. for the production of astaxanthin is
limited. In addition to the biological functions of
astaxanthin [17, 24, 27, 34]. it has economical value as a
feed supplement for farmed salmon, trout, and chicken to
provide the coloration of meat and eggs since the animals
are not able to perform de novo biosynthesis of the
pigment [33]. The most expensive ingredient in salmon
feed 1s astaxanthin. It has been estimated that the market
for astaxanthin is >US$80 million per year [37]. At this
time, the market is mainly satisfied by synthetic astaxanthin.
However, the chemical synthesis of astaxanthin is complex
and costly due to the presence of chiral centers in its
melecular structure. A considerable interest is being generated
within the aquacultural industry in terms of natural sources
of astaxanthin for cominercial purposes.

The influence of nutrient levels on cell growth and
carotenogenesis in microalgae has been investigated in
recent years [4, 18, 20, 21, 23]. There are. however, still
considerable controversy over their roles in carotenogenesis,
In the early studies of Haematococcus sp., a nitrogen-
deficient condition was claimed to induce carolenogenesis
[11]. In contrast, Boussiba and Vonshak found that nitrogen-
deficiency was ineffective for carotenoid induction when
the alga grew autotrophically on COQ, [3]. Recent studies
have shown that nitrogen or phosphate starvation stimulated
astaxanthin formation, however. the highest accumulation
rate was obtained at high mradiance [23] and under salt
stress [16]. In Chlorella zofingiensis. maximal growth was
achieved at a nitrogen concentration of 15 mM KNO, and
a low light irradiance, while the maximal accumulation of
carotenoids occurred n the cells starved of nitrogen under
a high light irradiance [29]. Nevertheless, in Chlorococcum
wimmei, the concentration of carotenoids was primarily
a function of light intensity and independent of cell
age and of nitrogen content in the cultare medium [7]. It is
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difficult to draw general conclusions on the effects of
nutrients on growth and carotenogenesis in microalgal
cultures.

In the recent studies conducted by our research group, it
was found that the microalga Chlorecoccum sp. could
accumulate a significant quantity of secondary carotenoids,
including astaxanthin and its esters [25, 38, 39]. Due to its
tolerance to temperatures of up to 40°C and easy cultivation
in outdoor photobioreactors using sunlight, Chlorococcum
sp. is a promising source for industdal production of
astaxanthin [38, 39]. A clear uvnderstanding of influences
of growth conditions may provide crucial information for
optimization of astaxanthin production. In the present
study, the effects of nutrient levels including nitrogen,
phosphorous, ferrous iren, sulfate, salt. and nitrogen sources
on cell growth and formation of secondary carotenoids in
Chlorococcum sp. were investigated, with each parameter
tested independently of each other, enabling the contribution
of each ta cell growth and secondary carotenoid accumulation
to be determined.

MATERIALS AND METHODS

Organism and Growth Medium

The microalga Chiorococcum sp. was isolated in Malaysia,
obtained from S. M. Phang (University of Malaya, Kuala
Lumpur) and maintained in our laboratory. The alga was
cultivated in A9 medium [22]. Six nitrogen sources,
namely, urea, peptone, yeast extract, NaNQ,, NH,C], and
NH,NO, at a concentration of 28 mM were examined, The
urea concentrations investigated were 0, 5, 10, 20, and
28 mM. The phosphate concentrations investigated were
g, 1, 2, 4.8, 10, and 20 mM of KHPO, Tested iron
concentrations were 0, 20, 50, 100, and 200 pM, added as
EDTA-chelated FeSQ, - 7H,0O. Sulfur concentrations were
varied by adjusting the level of MgS0O, . 7H,O to 0, 0.5,
16, 5, and 10 mM. Various salt concentrations were
achieved by altering the level of NaCl and KCl in the
culture medium. Sets of three 250-ml flasks containing
50 ml of various media were prepared and inoculated with
2ml of algal suspension in the logarithmic stage. The
flasks were incubated on an orbital shaker rotating at
200 rpm and the cultures were maintained at 28°C, CO,
was provided to the cultures by purging the flasks with air
containing 5% (v/v) COQ, once every day and capped.
Continuous light was supplied by cool white fluorescent
tubes at an irradiance of 250 pmol photons m s

Analytical Methods

Biomass was determined by filtering 5 ml of samples
through preweighed filter paper (Whatman Na. 1) and
washed three times with distilled water. The filtered papers
were then weighed after drying at 80°C for 24 h. Total

secondary carctenoids were determined by the method
described by Boussiba and Vonshak er al. [6].

RESULTS AND DISCUSSION

Effects of Nitrogen Sources

Figure 1 shows the effects of different mitrogen sources on
cell growth and SC synthesis. Chlorococcum sp. was able
to grow on all nitrogen sources tested with almost the same
growth pattern. Cultures reached to a stationary stage at
about day 8- 10 (Fig. la). Peptone was the best nitrogen
source for cell growth with a final biomass concentration
of 4.5 gfl, followed by yeast extract and urea. NaNOQ,,
NH.(1, and NH,NQ, were relatively poor nitrogen sources
for biomass production in this microalga. As for the
cellular production of SC, it seems to be very ditferent.
Figare 1b shows that urea and NH,Cl were preferred
compared to other nitrogen sources including peptone,
yeast extract, NaNQ,, and NH,NO, for SC production. SC
concentrations in urea and NH,CI cultures were the highest
(about 3.8 mgfg dry weight), followed by peptone and
yeast extract {about 2.6 mg/g dry weight). On the other

Biomass (g/1)

Time (day)

8C (mg/g dry weight)
]

Time {day)

Fig. L. Effects of nitrogen sources on biomass growth (a) and
SC accumulation m biomass (b} in Chlorecoccum sp.

Symbals. - @ - NHNO,; ~ £ - NH,Cl; --{-- NaNQ,; — 4 — urea; - Il -
yeast extracl; - 4 - peptone. Each data point represents the average of
three cultures.
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hand, NaNOQO, and NHNO, were the poorest nitrogen
sources for SC accumulation. Contrary to this result,
Borowitzka et al. [4] reported that KNO, was the best
nitrogen source for SC formation in Haematococcus
pluviatis, while NH,Cl and urea inhibited carotenogenesis.
Similarly, it was found that carotenoid formation in
Dunaliella salina was inhibited in a medium containing
ammonium [3]. In Phaffia rhodozyma. urea and NH,Cl had
similar effects on astaxanthin formation and some of the
amino acids, such as valine and leucine, could stimulate
astaxanthin synthesis [26]. In the case of Chlorococcum
sp. growing in high nitrogen concentration (28 mM}).
carotenogenesis was induced after the growth ceased on
the 10th day, and the presence of amino acids as the carbon
and nitrogen substrates in the complex media (peptone and
yeast extract) suppressed the rate of carotenogenesis. These
may imply that the synthesis of SC in Chlorococcum sp.
acquired carbon from photosynthetic reaction. These results
demonstrate that the form of nitrogen source influences the
accumulation of SC and the effect was probably a result of
different physiological responses and metabolic pathways
in the different organisms [35]. Since urea was suitable for
both growth and carotenogenesis in Chlorococcum sp.,
it was chosen as the nitrogen source in subsequent
experiments.

Effects of Urea Concentration

It was previously reported that nitrogen limitation was an
important factor triggering SC synthesis in Haematococcus
sp. [11, 12, 13, 23, 32]. Figure 2 shows the effects of urea
concentration on growth and SC accumulation in
Chlorococcum sp. Urea-limited growth was abserved at
urea concentrations of 0- 20 mM, whereas urea was saturated
at the concentration of 28 mM, for biomass did not further
increase correspondingly with increased urea concentrations
from 20 mM to 28 mM (Fig. 2a). It should be mentioned
here that the alga is not a nitrogen-fixer and could not grow
without any nitrogen source. Urea concentration significantly
affected the rate of SC accumulation. As shown in
Fig. 2b. the optimum nitrogen concentration for SC
accumulation was 5 mM, at which 4.5 mg/g dry weight
SC was synthesized in |4 days. Both higher and lower
nitrogen concentrations resulied in lower value of SC
accumulation. In agreement with Boussiba and Vonshak
[6], cultures in nitrogen starvation (0 mM urea) did not
accumulate significant quantity of SC, which may be
explained by the fact that de novo synthesis of some enzymes
was necessary during the induction of carotenogenesis, On
the contrary. Goodwin and Jamikorn [11], Harker et al.
[16], and Droop [12] reported that astaxanthin accumnlation
in Haematococcus sp. could be completely independent of
nitrogen supply. In the later studies, it was not clear
whether the Haematococcus cells conserved nitrogen
substrate, which would be the case if the nitrogen substrate

Biomass {g/[)

16

S5C (mg/g dry weight)

O 4 3 12 16
Time {day)

Fig. 2. Effects of urea concentration on biomass growth (a) and

SC accumulation in biomass (b) 1 Chlorococcum sp.

Symhols: - - OmM. -l - SmM' - & — [0 M, --2-- 20 mM: --[J--

28 mM, Each data point represents the average of three cultures.

was not growth-limiting in the inoculum culture. The
conserved nitrogen substrate could be used for the
synthesis of enzymes involved in carotenogenesis. It is
clear that carotenogenesis could be induced by nitrogen-
limitation and was independent of growth stage (Fig. 2).
The accumulation of SC in the nitrogen-limited culture
(5-20 mM urea) was observed in the growth phase and the
rate of accumulation was inversely proportion to the
growth rate of the culture. In the nitrogen saturated culture
(28 mM urea). carotenogenesis occurred only after growth
stopped on the 10th day. The same result was observed as
shown in Fig. 1. As for the volumetric production of 8C, it
increased as the nitrogen concentration increased and
reached the similar level in 14 days of cultivation by the
three concentrations (5, 10, 20 mM) {data not shown). The
result may imply that nitrogen content determines the
induction and rate of carotenogenesis, while the volumetric
content of SC in Chlorococcum sp. culture is determined
by other growth parameters, possibly light intensity.

Effects of Phosphate Concentration

Phosphate starvation has been reported previously to act
as a trigger for the accumulation of astaxanthin [5].
The effects of phosphate concentration on cell growth and
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Fig. 3. Effects of phosphate concentration on biomass growth
(a) and SC accumulation in biomass (b} in Chiorococcum sp.
Symbols: ~ - Omb; - - 1 mM: -2 2mM; — &- 4.8 mM; -2
10 mM; - @- 20 mM. Each data point represents the average of three
culfures.

SC synthesis in Chlorococcum sp. were studied over
the concentration range of 0 to 20mM, as shown in
Fig. 3. Cell growth was dependent on phosphate below
the concentration of 4.8 mM, and at or above this
concentration, the culture was phosphate saturated, and
thus it did not further increase biomass growth. Biomass

concentration was at the highest at the concentration of

10 mM phosphate and further increase of phosphate
concentration inhibited cell growth (Fig. 3a). The overall
effect of phosphate-limiting condition in Chlorococcum
sp. was similar to the effect observed in nitrogen-limited
cultures, i.e, phosphate hmitation induced SC synthesis in
this alga. This is in agreement with previous results
obtained in Haematococcus sp. [3,6]. These results
generally supported that low phosphate levels induced SC
formation in microalgal cells. However, it is important to
note that in those phosphate-limited (0- 2 mM) cultures of
Chlorococcum sp., the cellular SC content increased with
increasing concentration of phosphate in the medium (Fig,
3b). The volumetric production of SC achieved the highest
level in the cultures containing 4.8 mM phosphate (data
not shown). Cultures with high phosphate concentration
{c.g. 10 mM) could be suitable for extended cultivation as
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Fig. 4. Effects of FeSO, concentration on biomass growth (a)
and SC accumulation in biomass (b) in Chlorococcim sp.
Symbols, - #- 0 mM: - @- 20 mM, -- 2 - 50 mM; —s— 100 mM: - & -
200 mM. Each data pawt represents Lhe average of three cultures

the SC production continued to increase at the end of the
cultivation process.

Effects of Iron Concentration

Five concentrations of iron {0 to 200 uM}, added as EDTA
chelated FeSO, - 7H,O, were tested. There were no
significant differences between the five treatments on cell
growth. except that growth inhibition was observed with
200 UM, as indicated in Fig. 4a, Iron is a trace element
for microbial cells. Therefore. the trace amount of
contaminant in the other substrates may be enough to
support cell growth. At high concentration levels (50 to
200 UM}, ferrous won exerted stimulating effects on SC
accumulfation, as indicated in Fig. 4b. In terms of
volumetric SC production, the best iron concentration was
50 uM since the highest SC concentration (20 mg/l) was
obtained on the 14th day (data not shown). It is known that
ferrous iron gives rise to free radical formation via the
Fenton reaction [15]. It has been suggested that free
radicals may play a role in the accumulation of B-carotene
in Dunaliella [1]. It was reported that enhancement of
astaxanthin formation in Haemaiococcus plinialis caused
by ferrous iron could be inhibited by the inclusion of
potassium iodide that scavenges HO, thus suggesting that
HO. formed in an iron-catalyzed Fenton reaction, is
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required for the enhancement of astaxanthin biosynthesis in
Haematococcus pluvialis [19]. The same authors also
reported that four active oxygen species (namely 'Q,, H,Q,,
peroxyl radical, and the superoxide anion radical) also
stimulated the formation of astaxanthin in this alga. It was
also reported that in the astaxanthin-accumulating yeast
Phaffia rhodezvma. exposure to reactive oxygen species,
especially 'O,, stimulated carotenoid synthesis [37]. These
findings support the hypothesis that oxidative stress may be
one of the mechanisms leading (o astaxanthin formation.
Further studies are needed to clarify the mechanism of the
effects of the Fenton reaction and oxygen radicals on
carotenoid synthesis.

Effects of Sulfur Concentration

The effects of sulfur concentration were studied over the
concentration range of 0 to 10 mM. Maximum biomass
production was obtained at about 1.6 mM (Fig. 5a), thus,
culture was sulfur-limited at concentrations below 1.6 mM.
High concentration of sulfur (>1.6 mM) inhibited cell
growth and preduced a relatively low yield of biomass. SC
formation was less sensitive to sulfur concentrations
ranging between 0.5 and 5 mM (Fig. 5b). Under sulfur
starvation, cell growth and SC formation were not obvious,
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Fig. 5. Effects of MgSO, concentration on biomass growth (a)
and SC accurnulation in biomass (b) in Chloroeoccum sp.
Symbols: - - OmM; - l- 0.5 mM; - a--1 6 mM, --@-- 5 mM; -5
10 mM Each data point represents the average of three cultares,

whereas, at the growth inhibitory sulfur level. SC formation
was also suppressed. The result shows that sulfur is an
important element for biomass production but less crucial
for SC formation, which was only observed after growth
ceased on the 8-10th day in this microalga. Contrary to our
results, Shaish et af. [31] and Ben-Amotz and Avron [1]
reported that sulfor starvation caused massive accumulation
of both B-carotene and chlorophyll in Dunaliella bardawil.
In Haematococcus pluvialis. sulfur starvation induced an
accumulation of astaxanthin under high light illumination,
but the accumulation rate was much lower than that in
nitrogen and phosphate starvation in addition to salt stress
[6]. Our data shows that sulfur limitation induced the SC
accumulation at a slightly lower level than those obtained
by mantpulating nitrogen and phosphate levels in the
growth medium. With respect to the volumetric SC
production, it reached the highest level with 1.6 mM of
sulfur in the cultures.

Effects of Salt Concentration

Figure 6a illustrates the growth of Chlorococcum sp. at
several NaCl concentrations. The optimal growth occurred
at 70 mM NaCl and cell growth was severely inhibited at
the 170 mM level. The low salt tolerance of this microalga
was similar to that of Haemarococcus pluvialis, in which

Biomass (g/1)

16
Time (day)

SC (mg/g dry weight)
[ ]

Time {day)

Fig. 6. Effects of NaCl concentration on hiomass growth (a)
and SC accumulation in biomass (b} in Chiorococcum sp.
Symbols - #- 0mM; - M- 35mM - &- 70mM: - A- 170mM; -
350 mM Each data point represents the average of three cultures.
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140- 170 mM NaCl was known to be lethal to cell growth
[5, 6]. However, salt stress did not significantly enhance
the cellular accumulation of SC in the Chlorococun: sp. as
reported in Haematococcus pluvialis, in which more than
3% of astaxanthin in biomass was abtained by adding
35mM of NaCl [9], while 550 pg of carotenoid per
cell was obtained by adding 100 mM of NaCl [16]. The
SC content was relatively higher at 170 mM than at other
salt concentrations (Fig. 6b). Cells cultured in media
containing 0-70mM of NaCl accumulated a similar
amount of SC (2.5-3.1 mg/g dry weight). However, the
volumetric SC production was higher in the cultores
containing 70 mM of NaCl (data not shown). The effect of
adding KCl to the algal cultures was also investigated.
Even at low concentration levels (i.e. 40 mM), cell growth
was severely inhibited {data not shown). The 1esults show
that the addition of K'to the cultures even at low
concentrations produced a phytotoxic effect and this is in
agreement with other observations made by Harker et al.
[16] on Haematococcus phivialis. These results support
the hypothesis that algal cells do not possess an efficient
extrusion mechanism for K, as they do for Na' and
CI'[28].

CONCLUSION

The nutrient parameters investigated in the present study
affected cell growth and carotenogenesis, with each parameter
exerting a different effect on biomass and/or SC production
in Chlorococcum cultures. Under the growth conditions
used, higher nutrient concentration in the medium supported
higher biomass growth and volumetric SC production,
while the SC production was simultaneously a growth- and
nongrowth-associated process depending on the growth-
limiting nutrient in this microalga. The SC content in
biomass was minimal in the exponential growth period and
reached the highest after the cell growth ceased. As the
levels of nutrient resulted in differential biomass and/or SC
production, it is important to identify the conditions for
obtaining high biomass and/or SC production. As shown in
Table 1, two types of media (A and B} were designed in
the present study. Medium A could be used for the

Table 1. Optimum concentration of tested nutrients for biomass
production {medium A) and SC accumulation in biomass
(medium B) in Chlorococcum sp. under autotrophic condition.

Components Medium A Medium B
Urea 20-28 mM 5-10 mM
KH,PO, 4.8-10 mM 1-2 mM
Na(Cl 70 mM 170 mM
MgS0, 1.6 mM 1.6 mM
FeSO, 20- 100 uM 30 uM

production of biomass to produce a dense algal culture,
while medium B could be used for the induction of SC
accumulation in biomass in the second step. Present study
further indicated that nutrimental factors could inveke
differential responses within the cells with respect to the
carotenogenesis. Among the parameters tested, all the
nutrients play important factors in atfecting carotenogenesis.
Therefore, by manipulating mainly for nutrient levels in
the medium, high SC productivity could be achieved by a
two-step process.
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