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Abstract This study on dynamic changes of culture color, astaxanthin and chlorophylls, inor- 
ganic N including N-NO3-, N-NOz and N-NH4 + in batch culture of Haematococcus plwcialis exposed to 

different additive nitrate concentration showed (1) ast]chl ratio was over 0.8 for brown and red algae, but 
was usually less than 0.5 for green and yellow algae; (2) N-NO3- , in general, was unstable and de- 

creased, except for a small unexpected increase in nitrate enriched treamaent groups; (3) measurable 
amounts of N-NO2 and N-NH4 + were observed respectively with three change modes although no external 

nitrite and ammonia were added into the culture; (4) a non-linear correlation between ast/chl ratio (or 
color) changes and the levels of N-NO3- , N-NOz-, N-NH4 + in H. p/u,c/al/s culture; (5) up and down 

variation of the ast]chl ratio occurred simultaneously with a perceptible color change frcm yellow to brown 
(or red) when N-NO3 , N-NCh- and N-NI-I4 § fluctuated around 30, 5, 5 tanol/L respectively; (6) exist- 

ence of three dynamic modes of N-IXK)3- , N-NOz- and N-NH4 § changes, obviously associated with initial 

extemal nitrate; (7) the key level of total inorganic N concentration regulating the above physiological 
changes during indoor cultivation was about 50 tanol/L; and (8) 0.5 - 10 rmaol/L of nitrate was theoreti- 
cally conducive to cell ~ in batch culture. 
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INFRODUCTION 

Over the past decade, t-Izematococcus Plucialis has been a subject of numerous investigations be- 

cause its conspicuous red color points to its tx~sibility as a hopeful regenerative bioresource of astaxan- 

thin. Extensive study of culture factors (such as t ~ t u r e ,  illLrnination, nutrient elenaents, and so 

on) detemaining astaxanthin acctmalation, cell grawth, cell forms and other related aspects yielded scrne 

c c ~ l e x  results (Droop, 1954; Pringsheim, 1966; Donkin, 1976; Borowitzka et a l . ,  1991; Bossiba and 

Vonshak, 1991; Bubrick, 1991; Yong et a l . ,  1991; Grung et a l . ,  1992; Kabayashi et a l . ,  1993; Zlot- 

nik et a l . ,  1993; Hagen et a l . ,  19)4; Lee and Ding, 1994; Chaunaont and Thepenier, 1995; Harker et 

a l . ,  1995; Lu et a l . ,  1995; Tan et a l . ,  1995; H u  et a l . ,  2/100a, 2000b) showing inow, anic nitrngen is 

probably crucial for this green alga. Previous studies on the effect of imrganic nittcgen on/twrmtococcus 
sp. rminly focused on the suitable N source, the favorable initial additive concentration and the preferen- 

tial uptake. Results also s~aed a complex relationship between gavach, cell yield, cell types and astax- 
anthin fonmtion (Prc~r,  1957; Stress, 1%3; 13ox~:mitzka et al., 1991; Boesiba and Vonhsak, 1991; 
Jin et al., 1996). As there are few studies on the dynamic influence of the variable inorganic nitrcgen 
during the culture process, our aim in this study is to gain better understanding of the influences of imr- 
ganic uitrcgen on the culture results. 
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MAlE;RIALS AND ME'[tK)DS 

Algae strain 

Haematococcus Pluvialis 712 was obtained from the Algal Collection Lab of the Institute of 

Hydrobiology, Chinese Academy of Sciences. 

Culture conditions 

Pre-N-starved Haematococcus were centrifuged and inoculated into fresh culture medium con- 

tainingthe following elements (nag/L): KH2PO 4, 20; ~ 4 ' 7 H 2 0 ,  100; CaC12' 6H20, 80; 

Na2EDTA, 0.0198; FeC13"6H20, 0.0244; ZnC12, 0.0041; H3Ps 0.061;  COC13"6H20, 0. 

0051; CuSO4"5H20, 0.006; MnC12"4H20, 0.0041; (NI-L)6~:bO24"4H20, 0.038. K ~  rang- 

ing from 0.8 mg/L to 1.6 g/L (10 - 20000 tanol/L) was added to the medium with pH adjusted to 

7 .0 .  Cultures were placed in 1000 ml Erleumeyer flasks with 600 rnl medium at 24 - 30~ The 

flasks were stoppered with cotton plugs and manually agitated 5 - 6 times every 24 hours. 12L/12D 
illumination of approximately 200pJE/(m 2- s) was provided from two sides of the flasks by 4 parallel 

fluorescent lamps mounted at the level of the cultures. 

Samples collection 

The samples for astaxanthin detemaination, chlorophyll examination, and inorganic N analysis 

were collected at intervals during the experiment, with syringes at about 11 A.M. when the cell divi- 

sion just ceased every day. 

Astaxanthin and chlorophyll determination 

Algae pelleted were frozen at - 20~C overnight and grounded in a tube-type glass rmKar. Pig- 

ments containing astaxanthin and chlorophylls were extracted by acetone until colorless. Then, the 

extraction was centrifuged until it was transparent. Extinction d the supematants was detenv.ined by 

spectrophotometer at 480, 645 and 663 nm. 
"Ihe content of chlorophyll was given by the following fom~ula (Amon, 1949): chlorophyll (rng/L) 

= ( 2 0 . 2 0 .  I~5,m + 8. 020. I~3,m) • the dilution ratio. Contribution of carotenoids (astaxanthin 

mainly) to the extinction at 480 nm was detemfined by the equation: O. D ~ =  ~ = O. D~0~ + 0. 

1140.D663~- 0. 6380. D64sr~. Therefore, astaxanthin content would be approximately estimated by 

the following equation (Davies, 1976; Sommer et al, 1991): astaxanthin (rng/L) = 4 .60 .D .~ ,m 

X the dilution ratio. 

N-NO2-, N-NOa- and N-NH4 + analysis 

The culture samples collected at intervals were first centrifuged at 4000 r/min for 10 minutes. 

The residue was discarded and the supematant was used to determine N-NO2-, N-I'~3- and N- 

NH4 § . Two replicates were set up for each profile analysis in the experiment. 

Distilled de-ionized water (DDW) was used for all the inorganic analyses and standard solut- 

ions. Armenia-free H20 was made by passing H20 through a strong acid column d cation exchange 

resin (Ika~ex 50w X 4H § ).  
N-N~- and N-NO3 concentration in the culture were measured by using Shi' s method (Shi et 

al. ,  1980), while N-NH4 § were measured by the method of Gao et al. (1980). The total inorganic 
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N in H a e m a t o c o c c u s  culture exposed to different nitrate treatment was expressed by the sum of 

IXK)2-, NO; and NH4 + . 

~ T S  AND DISCUSSION 

T h e  co lor  and  a s t a x a n t h i n / c h l o r o p h y l l s  rat io  

The varied colors of the culture were classified as red, brown, yellow and green. " + " and 

" - " s h o w e d  the color level in each grade. " + " stands for more and " - " mean less. The color 

changes (Table 1) in each treatment group showed that low external nitrate reddened the algal cul- 

ture, and high nitrate level led to yellow or green color. During the ongoing culture process, the 

brown low nitrate groups turned reddish, while the green high nitrate groups turned yellowish. 
Ttae colors of the cultures were depended on the content of two main  pi~nents  asmxanthin and 

chlorophylls, as well as their relative proportions. The green culture meant  the reddish astaxantin 

was masked by the color of chlorophylls, and the red culture indicated more astaxanthin and less 

chlorophylls existed in H a e m a t o c o c c u s .  q-he  ast/ehl ratios of the culture under  different treatment are 

listed in Table 2. Results showed that the lower the initial external nitrate the algae were exposed 

to, the more astaxanthin and less chlorophylls accumulated in the cells, so the ast/ehl ratio was 

higher. On the other hand,  high external nitrate led to less astaxanthin and much more chlorophylls, 

therefore to a low ast/chl ratio in the alga. 

Table 1 The color changes of cultures under different nitrate treatment 

Trealment (the additive nitrate concentration, /anol/L) 
Days 

10 50 100 500 1000 5000 100~ 20000 
1 broun broun brown brown - brown - brown - brown - brown 
3 braun broun brou~ yellow green green green yellow 
8 broun broan broun broan yellow yel low-  yellow - yellow 

14 red red red broun yellow + ye l low-  ye l low-  yellow 
20 red red red broun + broan yellow- yellow yellow 

27 red red red red broun yellow yellow + yellow + 
34 red red red red red yellow yellow + yellow + 
47 red red red red red yellow + yellow + yellow + 

Table 2 The changes of astaxanthin/chlorophyll ratio with different nitrate treatment 

Trealment (the additive nitrate concentration, banol/L) 
Days 

10 50 100 500 1000 5000 10000 20000 
5 0 . 9 3  0 . 9 0  0 . 8 0  0.54 0.48 0.48 0.47 0.67 
8 1 . 17 1 . 08 1 . 02 0.67 0.44 0.33 0.39 0.54 
15 1 . 5 3  1 . 5 5  1 . 4 6  0 . 8 6  0.62 0.31 0.42 0.60 
27 1 . 9 0  1 �9 95 1 . 8 8  1. 247 O. 94 O. 36 O. 34 O. 37 
48 4.84 4 .07  4.09 3. O0 2 .06  O. 55 0.55 0.52 

Ccrnparison of Table 1 and 2 indicated that the ast/chl ratio was usually higher than 0 .8  for brown 

and red algae (data marked in italics), but was usually less than 0 .5  for the green and yellow algae. 

NO3- c o n c e n t r a t i o n  

Ahtxaagh external N33- added was confirmed, the N33 ccncentratioa was unstable in the crgoing cul- 

ture and always decreased (Table 3A) as a result of being absorbed by algae. Measurable decrease of ND3- 
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is slx~vn in Table3A (shaded data). An unexpected increase (data in white, Table 3A) was r r ~ t o r e d  in 

the high nitrate ( >5000 fatal/L) treau-cent groaps. If the initial additive nitrate was less than 10ft) fatal/L, 

N33- would decrease quickly to a limited level (ca .  2 - 3 tanol/L) during the culture period. 

Table 3 The dynamic changes of NO3-, N O 2 ,  NH4 § and total inorganic N (Fmol/L) in 

H. pluvialis culture exposed to different nitrate treatment 

Ttme Treatment (the additive nitrate concentration, pmol/L) 
(d) 10 50 100 500 1000 5000 10000 20000 

A 

N33 
(~ml/L) 

B 1.45 1. 535 
12.20 16.82 

I!IIIIN IIIIIIllllll 29:85 
(/m~ol/L) 

0.5 
1 

5 

8 
15 
27 
48 

0.5 0.664 

1 0 .353  

5 O. 498 

8 0 .664  

15 O . 581 

27 O. 850 

48 O . 208 

1. 348 I .  908 

O. 373 I .  016 

O . 830 O . 705 

1. 141 1. 265 

O . 726 O . 830 

O . 622 O . 830 

O. 145 O. 203 

C 5. 358 1. 651 

8. 841 7. 665 

IIIIINII IHIIIll 24"71 
(urrol/L) 

O. 5 2 .  600 2 .  238 3.  324 

1 I .  153 I .  266 1. 108 

5 2 .  577 1. 560 1. 515 

8 1. 017 1. 108 1. 131 

15 2 .  509 1. 356 1. 108 

27 1. 850 O. 880 1. 467 

48 O . 857 O . 857 O. 880 

1.452 1.286 1.742 

22.61 19.50 18.79 
29.13 23.77 22.57 
32.43 24.95 24.44 
59.40 65.30 53.60 
346.4 309.1 179.0 

404.4 457.2 312.0 
1.809 1.944 2.487 

18.36 13.95 12.41 
22.47 20.73 21.59 
25.77 20.57 21.71 
61.47 61.24 47.61 
273.0 281.8 156.8 
273.0 303.0 170.1 

D 0.5 8 28 60 / 851 4636 9017 19812 
1 4 3 5 289 739 4498 9031 19407 

Total 5 4 5 4 31 202 2789 7889 16522 
inorganic 8 3 4 5 24 107 3086 6740 16142 

N 15 6 4 3 10 66 3228 8368 18903 
(hanoi/L) 27 5 3 4 4 17 2932 7795 18100 

48 4 3 3 3 3 1606 7841 19638 

~maparison of Tables 1, 2 and 3A showed that the astaxanthin accumulation was more depen- 

dent on the actual NO3 level in the culture than the initial additive nitrate. The up and down varia- 

tions of ast/chl ratio was accompanied by NO3 fluctuation around 30 tmaol/L, and a perceptible col- 

or change from yellow to brown or red (see data in italics in Tables 1, 2 and 3 A ) .  

NO~- and  N H 4  c o n c e n t r a t i o n  

Although no extemal nitrite and arrrnonia were added into the culture in this experiment, cer- 

tain anaount of 5IO2- and NI-h + was also measured with three change modes, respectively (Table 3 B 

and C) .  Firstly, both ) ~ -  and NI-h + content were limited to min imum level ( ca. 0 - 2 tanol/L) 

but  still decreased in nitrate deficient treatment groups (10 - 100 tmaol/L).  Secondly, both i x~ -  

and NIq4 + content increased linearly from nearly 0 to ca 460 and 300 tanol/L, respectively, in ni-  
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trate enriched treatment groups (5000 - 20000 /a'nol/L). In the third rmde,  both NO2- and NI-~ + 

first increased, then decreased to minimum content (shaded data in Table 3B and C) in medium 

level nitrate (500 - 1000 pznol/L) treatment groups. 
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Fig. 4 The relationship between total inorganic N and 
the ast/chl ratio 

Comparison of Tables 1, 2, 313 and C, showed that a non-linear correlation between the ast] 

chl ratio (or  color) changes and the I'~2- (o r  NH4 § ) level existed in the Haematococcus culture. 

The brown and red culture (or ast/chl ratio > 0 . 8 )  had small content ( < 2 - 3 / a n d / L )  of NO2- 

(or  NI~ § ) (data in italics in Tables 1, 2, 3 B and C) ,  while the yellow and green culture (or cul- 
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ture with ast/chl ratio < 0 .5 )  had high content ( > 5  pa-nol/L) of NO2- (or NI-h + ). 

Three dynamic modes of inorganic nitrogen changes 

qtxree modes of N-NO3-, N-NO2 and N-NI-h + changes obviously associated with initial extemal 

nitrate, were observed. When the additive extemal nitrate was low ( < 100 pmol/L), NO3 would 

be effectively consumed to its minimum level within one day due to the algal' s strong absorptive 

ability, and not much N-NO2- and N-NH4 + were produced (Fig. 1).  N-NO3 was partly consumed 

by the algae in nitrate enriched culture ( > 5000 fatal/L),  at the same time that certain amount of 

N-I',~12 and N-NI-h + was produced (Fig. 3) .  If the additive extemal nitrate ranged from 500 to 1000 

tanol/L, N - N O  3 w a s  preferentially consumed, and the N- NO2- and N-NI--I4 + produced at the initial 

stages were then consumed in the ongoing culture (Fig. 2) .  
Algae, such as ChloreUa, absorb anm~onium in the presence of nitrate and exhaust the supply 

of arrcnonium before using nitrate (Cramer and Myers, 1948; Pratt and Fong, 1940). Our results 

showed that H. phtcialis, like certain related genera in high plants, can absorb nitrate preferential- 
ly when presented ammonium and nitrite, which support some fomaer results of study on this alga 

(Proctor, 1957; Stross, 1963). 

The relationship between total inorganic N in the culture and the ast/chi ratio 

"l-he total inorganic N ( I ~  - plus NO2- and NI--h + ) in the H. Pluvialis cultures exposed to dif- 

ferent nitrate treatment groups are shown in Table 3D. The large net and relative consumption of to- 

tal inorganic N by the algae were monitored in medium nitrate treatment groups (500 - 1000 tmaol/ 
L), which theoretically showed that certain inorganic N concentration (within 0 .5  - 10 rrcml/L) 

were conducive to cell growth in batch culture. 

Although more net nitrate was consumed when the alga was cultured at 5000 - 10000/anol/L, 
which is similar to the obtained favorable nitrate concentration for cell growth (Borowitzka et a l . ,  

1991), the relative consumption is still low in high nitrate treatment. Therefore, low N concentra- 

tion of 500 - 1000 tm~ol/L is suggested for ccxrrnercial culture. The reasons are high efficiency of ni- 

trate uptake, less resulting nitrate enriched sewage water, fast cell growth, rapid use up of nitrate, 
easy transformation from motile cells to non-motile cells, enhancement of astaxanthin accumulation, 

facilitation of algal harvesting, more econcxnic culture, and reduced formation of armaonia nitrogen. 

Arrnaonia is regarded as the least suitable N source for Haematococcus growth as its use results in re- 

duced maximum cell number (Borowitzka et al . ,  1991). 
Based on the above results of our study on ast/chl ratio, the culture color, the measured total 

inorganic N in the culture and the external N added, we can sunxnarize that the ast/chl ratio (or 

culture color) was largely dependent on the total inorganic N (1"~3- plus NO2- plus NI-h + ) concen- 

tration in the culture, but not on the initial N added. This relationship can be further shown in Fig. 
4 where the inflection of the ast/chl ratio vs total inorganic N curve is at ast/chl ratio of 0.5 and total 

inorganic N of 50 pxnol/L. 
In brief, 50 prml/L of total inorganic N, ccrcmaonly considered as N deficient condition, is 

suggested as a key N concentration in theoretical study and corrrnercial culture for astaxanthin, be- 

cause it regulated the cell growth, cell transformation and astaxanthin accumulation in H. plwdalis. 
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