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Abstract: The basic requirements for high-density pho-
toautotrophic microalgal cultures in enclosed photobio-
reactors are a powerful light source and proper distribu-
tion of light, efficient gas exchange, and suitable medium
composition. This article introduces the concept of bal-
ancing the elemental composition of growth medium
with biomass composition to obtain high-density cul-
tures. N-8 medium, commonly used for culturing Chlor-
ella vulgaris was evaluated for its capacity to support
high-density cultures on the basis of elemental stoichio-
metric composition of C. vulgaris. This analysis showed
that the N-8 medium is deficient in iron, magnesium,
sulfur, and nitrogen at high cell densities. N-8 medium
was redesigned to contain stoichiometrically balanced
quantities of the four deficient elements to support a bio-
mass concentration of 2% (v/v). The redesigned medium,
called M-8 medium, resulted in up to three- to fivefold
increase in total chlorophyll content per volume of cul-
ture as compared to N-8 medium. Further experiments
showed that addition of each of the four elements sepa-
rately to N-8 medium did not improve culture perfor-
mance and that balanced supplementation of all four de-
ficient elements was required to yield the improved per-
formance. Long-term (24 d) C. vulgaris culture in M-8
medium showed continuous increase in chlorophyll con-
tent and biomass throughout the period of cultivation. In
contrast, the increase in chlorophyll content and biomass
ceased after 7 and 12 d, respectively in N-8 medium,
demonstrating the higher capacity of M-8 medium to
produce biomass. Thus, the performance of high cell
density photobioreactors can be significantly enhanced
by proper medium design. The elemental composition of
the biomass generated is an appropriate basis for me-
dium design. © 1998 John Wiley & Sons, Inc. Biotechnol Bio-
eng 59: 605-611, 1998.
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INTRODUCTION

pharmaceuticals, industrial wastewater treatment, and life
support in space (Ben-Amotz and Avron, 1989; Benemann
et al., 1980; Borowitzka, 1988; Glombitza and Koch, 1989;
Goldman, 1979). A variety of photobioreactor (PBR) sys-
tems (open and closed) have been used or proposed for
microalgae production (Dodd, 1986; Goldman, 1979; Os-
wald, 1988; Terry and Raymond, 1985). Large open out-
door pond cultivation is one of the oldest industrial systems
for algal cultivation for the production of single-cell protein,
health food, and3-carotene (Borowitzka and Borowitzka,
1989; Soong, 1980). Closed systems have been described
for the production of biomass and some specialty chemicals
under axenic conditions (lonescu et al., 1994; Juttner, 1977,
Kruger and Eloff, 1978; Pirt et al., 1983). Improvements in
performance of PBR systems have been obtained by opti-
mizing illuminating techniques, efficient gas and liquid ex-
change units, and controlled nutrient supply (Javanmardian
and Palsson, 1991b; Lee and Palsson, 1994, Lee and Bazin,
1990; Mignot et al., 1989; Miyamoto et al., 1988; Mori,
1985; Pirt et al., 1983). However, few studies focused on
optimal medium formulation for high-density PBR systems
have appeared.

High-density (3% fresh weight per volume) photoauto-
trophic Chlorella vulgaris cultures have been obtained in
specially designed photobioreactors (Javanmardian and
Palsson, 1991b). Performance of frequent on-line ultrafil-
tration (upon reaching a biomass concentration of 0.3% v/v)
was necessary to obtain high cell densities. Population dis-
tributions of per cell DNA content before and after ultrafil-
tration revealed that the cells were blocked at some stage in
the cell cycle. This blockage of cell-cycle progression led to
cessation of growth and was accompanied by drop in per
cell chlorophyll content (Javanmardian, 1991). Sustained
oscillation in cell concentration and average per cell DNA

Microalgal cultures have found application for production content were observed in continuous culture€o¥ulgaris
of oxygen for production of specialty chemicals, fuels andat low dilution rates (0.1/d) (Javanmardian and Palsson,
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1991a). The two probable reasons for the cell-cycle modu-
lation leading to inhibition of growth could be either the
secretion of auto-inhibitory compounds or the depletion of
specific nutrients in the medium. The subject of autoinhibi-
tory compounds has been thoroughly studied, and it has
been concluded that. vulgarisdoes not secrete any such
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compounds (Mandalam and Palsson, 1995). In this studyfable I. Elemental composition oEhlorella (by weight).*
the elemental composition and capacity of the growth me-

. . . Element % Range
dium were investigated.

Several media formulations (or “compositions”) for the Carbon 51.4-72.6
cultivation of microalgae have been proposed. Many of Oxygen 11.6-28.5
these are derived from analysis of the chemical environment Hydrogen 7.0-10.0
. . . Nitrogen 6.2-7.7
in natural habitats where the algae thrive (Vonshak, 1986). Phosphorus 1.0-20
There have been few media formulations based on detailed Potassium 0.85-1.62
study (Provasoli and Printner, 1953) of nutrient require- Magnesium 0.36-0.80
ments. The elements required for the growth of green algae Sulfur 0.28-0.39
are N, P, K, Mg, Ca, S, Fe, Cu, Mn, and Zn (Oh-Hama and fron 0.04-0.55

. . . Calcium 0.005-0.08
Miyachi, 1988). These elements are added in the form of Zinc 0.0006-0.005
salts, a list of which is found in Kaplan and co-workers’ Copper 0.001-0.004
published work (1986). The growth &hlorella at various Manganese 0.002-0.01

concentrations of macro-nutrients and micro-nutrients have
been studied (Eyster et al., 1958). There have been exten-
sive studies on the effect of concentrations and sources of

nitrogen or nitrogen to phosphorus ratio in the medium orof each elementni 1 L of medium (from Tables Il and 1)
the growth and photosynthetic rates@iflorella (Huang et and the fraction of that particular element in the dry weight
al., 1994; Jeanfils, 1993; Tam and Wong, 1996). It is alsaof cell (from Table ). The biomass capacity of each element
recognized that the nutrient uptake is a function of variousn terms of biomass % (v/v) for N-8 and M-8 medium is
factors such as population density, light, temperature, anghbulated in Table IV. The biomass % (v/v) is calculated as
pH (Kaplan et al., 1986; Rai et al., 1996). Further, the el-follows: Biomass % (v/v)}= (Amount of the element in unit
emental composition ofhlorella changes at different yolume of medium/fraction of dry weight of the element) x
stages of growth and under different conditions such ag1/dry weight fraction of cell) x (1/density of fresh cells) x
nitrogen-deficiency (Harrison et al., 1990; Oh-Hama and100. The capacity in terms of cells/mL can be obtained by
Miyachi, 1988). The variation in the elemental compositiondividing biomass by volume of each fresh cell. Dry weight
of C. vulgarishas been reported (Oh-Hama and Miyachi, of the cell was taken to be 25% of fresh weight and density
1988). Many media compositions have been suggested f@jf fresh cells to be 1.01 g/mL (Myers, 1962). The average
culturing Chlorella (Endo et al., 1977; Endo et al., 1974; cell volume was found to be 40 femtoliters (fl).
Myers, 1951; Sorokin and Krauss, 1958; Vonshak, 1986; The analysis in Table IV clearly indicates that the me-
Watanabe, 1960). The medium, N-8 (Vonshak, 1986), hagljum is deficient of iron, magnesium, sulfur, and nitrogen at
been widely used for mass culturihlorella. high cell concentrations. The symptoms of cultures defi-
Medium composition can be formulated based on variougient in the four elements are well documented. In the ab-
parameters such as cellular and metabolic stoichiometrgence of iron, retardation of growth, reduction of photosyn-
(Varma and Palsson, 1994). In this study, we have choseghetic activity, and chlorophyll content is observed (Wiesn-
elemental composition of biomass as the basis for evaluaher, 1962). The cells loose chlorophyll when grown in
ing the biomass capacity of the nutrient in a closed systemmagnesium deficient cultures (Bogorad, 1962) and cell di-
vision is blocked in sulfur-deficient cultures (Hase, 1962).

BIOMASS ELEMENTAL COMPOSITION AND Nitrogen deficiency Iegds toadropin nitroggn content from

STOICHIOMETRIC MEDIUM FORMULATION 8% to 2% of dry weight and a reduction in chlorophyll
content. Also, the products of photosynthesis change from

The elemental composition @fhlorella species as reported protein to carbohydrate and lipid (Syrett, 1962).

by Oh-Hama and Miyachi (1988) is shown in Table I. The

source of carbon for photoautotrophic growth is carbon di-

*Values obtained from Oh-Hama and Miyachi (1988).

oxide. It was found that sparging of 5-10% £®as suf- Table Il.  Composition of macronutrients in N-8 and M-8 media.*
ficient to obtain cell concentration$ 6 x 10° cells/mL. The N-8 M-8
elements N, P, K, Mg, S, Fe, Ca, Zn, Cu, and Mn are Compound (mg/L) (mgl/L)
provided by the medium.

The N-8 medium, used for culturinghlorella consists of EEOSO 1328 3?28
macro- and micro-nutrients (Vonshak, 1986) the composi- Na22HP64'2H20 260 260
tions of which are given in Tables Il and Ill. The elements caCl, - 2H,0 13 13
were evaluated for biomass capacity based on the higher Fe EDTA 10 10
range of the values of elemental composition. The amount ~ FeSQ - 7H,0 — 130

MgSQ, - 7H,0 50 400

(g) of each elementhil L of medium was calculated from
the Tables Il and lll. The maximum biomass capacity of
each element was determined by considering the amount (g)*Composition of N-8 medium was obtained from Vonshak (1986).

Micronutrients 1mL 1mL
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Table Ill.  Composition of micronutrients in N-8 and M-8 media.* minated with two circular cool white 22-W fluorescent
lamps (General Electric, Inc., Cleveland, OH).

N-8 & M-8

Compound (/L) Samples were collected every 24 h. The <_:e|| number, cell
volume, and chlorophyll content were monitored. The cell

Al(SO4), - 18H,0 3.58 number and average cell volume were measured using
MnCl, - 4H,0 12.98 Coulter Counter Model ZM (Coulter Electronics, Inc., Hi-
CuSa - 5O »83 leah, FL). This unit includes a Coulter Channel hich
ZnsQ, - TH,0 32 aleah, FL). This unit includes a Coulter Channelyzer, whic

can measure particle size distributions. The statistical analy-
*Composition of N-8 medium was obtained form Vonshak (1986).  sis of size distribution is done via a Coulter AccuComp
System for the Channelyzer C256 instrument. The volumet-

] ] . o ] ric biomass content at any particular time point was calcu-
N-8 medium was redesigned with the deficient nutrientsiaieq by multiplying cell count of the culture and the aver-

with an objective to support a biomass concentration ofyge cell volume at that time. The pH of the cultures were
(2% viv (5 x 10° cells/mL). The amounts of KNQand  easured using Orion 520A pH meter (Orion Research,
MgSO, were increased three- and eightfold, respectively, innc  Boston, MA).

the medium to support th_e targeted biomag.s concentration. Longterm cultures were performed in a Bioflo 1l (New
The amount of iron was increased by adding Fe®D13  grynswick Scientific, Edison, NJj 3 L-batch/continuous
g/L) to the medium instead of increasing the amount offermentor with a working volume of 2.5 L. The culture was
FEeEDTA 18-fold (0.18 g/L). However, FEEDTA was main- grown at a constant temperature of 25°C and illuminated by
tained at its original concentration (0.01 g/L) in the rede-fo s circular cool white 40-W fluorescent lamps (a light
signed medium. The macro-nutrient composition of the StOi‘lntensity in the order of 10-15 mW/&wat the reactor sur-
chiometrically balanced medium (called M-8 medium ace) The medium temperature was measured by a Resis-
henceforth) is shown in Table Il. The amount of micro- \ance Temperature Detector (RTD) thermometer submerged

nutrients were maintained the same as N-8 medium. in a thermowell. A flow rate of 100 mL/min of 5% CO
supplemented with air was supplied to the Bioflo through a
MATERIALS & METHODS ring sparger, and the flowrate was controlled by the needle

valve of the flowmeter. The culture was agitated at a speed
of 200 rpm. The system was able to provide 1.5 times of
Cell Line and Culture Conditions volume of sterile air per volume of growth chamber through
) 0.2m replaceable cartridge filter. The culture was sampled
The N-8 and M-8 media were prepared based on the COMsyery 24 h through a hooded sampler.
position described in Tables Il and I, and sterilized using Chlorophyll was extracted from samples using 100%
a 0.22pm (Millipore Corp., Bedford, MA) filter. The ex- ahanol (Hitkins and Baker, 1986). The samples were di-
periments were conducted in 100 mL spinner flasks (Bellcoy taq 10-20 times by methanol depending on the cell con-

Vineland, NJ) with 60 mL working volume. Agitation Was ¢eniration. The vials containing the samples were wrapped

provided by a suspended magnetic stlrbar.AMuItlstlrsurrerwith aluminum foil and stored at 4°C for 30 min. The

(Bellco, Vineland, NJ) was used to agitate the spinners alympjes were then centrifuged at 16,§@r 10 min. The

150 rpm. Exponentially growing. vulgaris (UTEX 398,  apsorhance of the green supernatant was measured at two

UTEX Culture Collection of Algae, Texas), was cultivated wavelengths, 650 and 665 nm. The chlorophyll a (mg/L)

at 5% CQ balanced with air at 25°C. Each flask was illu- chlorophyll b (mg/L), and total chlorophyll content (mg/L)
were then calculated using the equations described by Hit-

Table IV. Calculated biomass capacity of N-8 and M-8 medium to gen- kins and Baker (1986).

erateC. vulgarishiomass based on its elemental composition.

Biomass % (V/v) RESULTS

Element N-8 medium M-8 medium

, Effect of Medium Composition in Spinner
Nitrogen 0.69* 2.08 Flask Cultures
Phosphorus 4.24 4.24
;‘:garf:g?m 151‘;52* 313;;9 Cells were cultivated at low initial densities in each of the
Sulfur 0.70* 6.63 foIIow_ing four nu.trient compositions: (1) N-8, (g) M-8 _(t.he
Iron 0.11* 2.02 redesigned medium), (3) N-8 supplemented with additional
Calcium 1.78 1.78 KNO,, and (4) N-8 supplemented with additional
Zinc 5.78 5.78 MgSOQ, - 7H,0. In a second experiment, N-8, M-8, and N-8
ﬁ‘;ﬂg‘;ese &5256 ffzss supplemented with FeSQ 7H,O were used to culture the

' ' cells. The cells used in all the flasks were obtained from
*Limiting element. stock cultures in exponential growth phase.
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Cell Growth and Cell Volume three complete rounds of replications compared to two in

The initial cellular growth rates (until 96 h) of the four N-8 medium (Fig. 1). The cultures became light limited at
cultures were similar as shown in Figure Chlorellarep- concentrations fol x 10’ cells/mL, beyond which a linear
licates its DNA to produce 2daughter cells per division increase in cell number is observed. The cell number and
burst. The mature cells divide to produce 2, 4, or 8 daughteiomass [(cell number) x (average cell volume)] profile
cells depending on the culture conditions (Donnan et al.pver the period of cultivation shows lack of growth in N-8
1985; Morimura, 1959; Tamiya et al., 1961; Tamiya, 1964).medium after 168 h (Figs. 1 and 2) indicating deficiency of
The increase in the average cell volume at 24, 72, and 168utrients. Increase in magnesium alone in the medium re-
h indicate the synchronous cell division in cultures. It ap-sulted in higher cell number, although increase in nitrogen
pears that a percentage of cells in M-8 medium go througlalone did not make much difference.
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3 10° 1.2 | Wi
2.5 10° _ 1
2
—_ 2
E 210 . 08
= @ ‘
Ic! s o i
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Figure 1. Growth (a) and average cell volume (b) ©f vulgarisin N-8 Figure 2. Biomass (a) and total chlorophyll content (b)®f vulgarisin

medium (circle); M-8 medium (square); N-8 medium supplemented withN-8 medium (circle); M-8 medium (square); N-8 medium supplemented
3.0 g/L KNG, (diamond); and N-8 medium supplemented with 0.4 g/L with 3.0 g/L KNO; (diamond); and N-8 medium supplemented with 0.4
MgSO, - 7H,0 (triangle). g/L MgSQ, - 7H,0 (triangle).
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Total Chlorophyll

A significant difference was observed in the total chloro-
phyll content in M-8 medium cultures compared to other
cultures (Fig. 2b). The chlorophyll content of M-8 medium
culture increased continuously up to 192 h and was 3 times
higher than the other cultures. The chlorophyll content of
other cultures did not increase after 96 h although the bio-
mass increased in all cultures at least up to 168 h. Addition
of nitrogen alone did not result in increase in total biomass
and total chlorophyll content. Addition of magnesium re-
sulted in increase in biomass but not in chlorophyll content.
The increase in chlorophyll and biomass was observed for
the same period of time in M-8 cultures.

Biomass % (v/v)

Effect of M-8 Medium in Long Term Cultures 0 96 192 288 384 480 576

Chlorella vulgariswas cultivatedn 3 L fermentors (with Time (hours)
2.5 L working volume) to study the growth capacity of the

medium for long-term, large-scale cultures. Two fermentors

(Bioflo) were maintained under identical conditions with

cells growing in N-8 medium in one fermentor and M-8 350
(redesigned medium) in the other. The culture was main-

tained for 24 d. 300

2501
Biomass and Chlorophyll Content

The cell growth and average cell volume were measured 200
over the period of cultivation and the biomass concentra-
tions were calculated. The growth rate in the fermentor was
slower than the flasks due to the lower light availability in

the fermentors (a consequence of lower light intensity on 100 [
the surface and larger diameter of the fermentor). The bio-

mass profile showed a cessation of growth at 0.9% v/v in 50 eﬁ?p

150

Tot. Chlphl. (mg/])

N-8 medium culture, but a continuous increase in biomass at

an uniform rate was observed in M-8 medium (Fig. 3). The 0 . .
constant rate of biomass production indicated that the nu- 0 96 192 288 384 480 576
trient capacity of M-8 medium was higher than N-8 me- Time (hours)

dium.

The total chlorophyll content of M-8 culture was 2-3
times higher than the N-8 culture (Fig. 3b). The total chlo-rigyre 3. Biomass (a) and total chlorophyll content (b) increase in long-
rophyll content of cells in M-8 medium continuously in- termC. vulgariscultures in N-8 (circle) and M-8 (square) media.
creased reflecting on the enhanced capacity of the medium
to maintain photoautotrophic cultures. The increase in chlo-
rophyll content in N-8 medium ceased at 168 h in N-8tions (such as nutrient limitation and build-up of harmful
medium even though the biomass increase continued fafecondary metabolites) are overcome. An earlier detailed

I
T T T T T T T T T

lbl

another 100 h. study has shown that the organism under investigation,
vulgaris, does not secrete any autoinhibitory or harmful
DISCUSSION factors at high-cell concentrations which would inhibit or

retard growth (Mandalam and Palsson, 1995). The present
With the wide range of potential industrial uses of micro- study has demonstrated the ability of well-balanced medium
algae, the need for high-density viable cultures is increasto achieve high cell densities.
ing. Significant increases in biomass productivities have The analysis of N-8 medium based on the elemental com-
been achieved in enclosed photobioreactors with the use @osition revealed the deficiency of iron, magnesium, sulfur,
a powerful light source and efficient light distribution (Lee and nitrogen at high cell concentrations. It appears that the
and Palsson, 1994). The benefits of a well-engineered déN-8 medium can support an increase in both biomass and
sign of a PBR can only be realized if the biological limita- chlorophyll content up to a cell density of 1 x®ells/mL
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[0_4% (V/V) biomass]. The blockage of cell cycle and tem-Benemann, J. R., Koopman, B. L., Weissman, J. C., Esienberg, D. E., Goe-
porary loss of chlorophyll observed at high cell densities in bel, R. P 1980. Deve_lopr_nent qf mi(_:roalgae waste water treatment and
an earlier study (Javanmardian and Palsson 1991) can be harvesting technologies |r.1 California, pp. 45.7—496'. In: G. Shelef and
. L ! . C. Soeder (eds.), Algal biomass. Elsevier Biomedical Press, Amster-
attributed to the deprivation of the elements mentioned 5
above. Bogorad, L. 1962. Chlorophylls, pp. 385-408. In: R. A. Lewin (ed.), Physi-
This study has used the simple cellular elemental com- ology and biochemistry of algae. Academic Press, New York.
position as the basis for redesigning algal growth media. I?OVOWEZ"""’ L.J., BorOWitZZgj' g"l-GA-Ilggg-C'”‘é“St”a' plrl"dT“iio\r/“ ";"eth"dsd
. P . . ana economics, pp. —. . Int R, C. Cresswell, . A. V. Rees, an
is often assumed that the |Im|’[|ng n,umer,]ts are nitrogen a”“,' H. Shah (eds.), Algal and cyanobacterial biotechnology. Longman
phosphorus (elements that comprise higher percentages in ggientific & Technical, New York.
the cellular composition), and the other elements are alwaysorowitzka, M. A. 1988. Vitamins and fine chemicals from micro-algae,
in excess in the medium. Therefore, it has been recom- pp. 153-196. In: M. A. Borowitzka and L. J. Borowitzka (eds.), Micro-
mended that addition of the major elements can increase the @lga! biotechnology. Cambridge University Press, Cambridge.
overall capacity of the medium. It was observed in thiSDOdd’ J.C. _1986. Elements of pond design ._amd construction, pp. 265—-283.
7. i i i . In: A. Richmond (ed.), Handbook of microalgal mass culture. CRC
study that addition of nitrogen to N-8 medium did not sig-  press, Boca Raton, FL.
nificantly result in an increase in biomass or chlorophyll. Donnan, L., Carvill, E. P., John, P. C. L. 1985. The cell cycle€bfam-
However, addition of magnesium to N-8 medium resulted in ~ ydomonasand Chlorella. New Phytology99: 1-40.
an increase in biomass content and not chlorophyll contenfndo. H.. Hosaya, H., Koibuchi, T. 1977. Growth yields @hlorella

This result was interesting in the light that cells need mag- ,r:ee%lr":geirt'sg th"j:'gish; tggggg'c continuous culture using acetate.

nesium to synthesize chlorophyll. It has been reported that,qo, H., Nakajima, K., Chino, R., Shirota, M. 1974. Growth character-
in C. vulgariscultures, as nitrogen deficiency develops, the istics and cellular components @fhlorella regularis, heterotrophic
amount of chlorophyll in the cells decreases faster than the fast growing strain. Agricul. Biol. Chen88: 9-18.
nitrogen content, and the accumulation of carbohydratéy 2t T L e o o ererouophi conditions,
starts much ea_r“er_ than fat (Syrett_’ 1962). Although the pp. 157-191. In: C. A. Lamb, O. J. Bentley, and J. M. Beattie (eds.),
exact changes in biomass composition are not known, it is  Trace elements. Academic Press, New York.
likely that the increase in biomass and decrease in chlorosiombitza, K.-W., Koch, M. 1989. Secondary metabolites of pharmaceu-
phyII content (in N-8 medium cultures supplemented with tical potential, pp. 161-219. In: R. C. Cresswell, T. A. V. Rees, and H.
Mg) is an outcome of this process. Thus, the results from S_hah (eds.),AIgaI and cyanobacterial biotechnology. Longman Scien-
this study clearly indicated that the addition of one of the . i & Technical, New York. » o

. . . . .. Goldman, J. C. 1979. Outdoor algal mass cultures: (ii) Photosynthetic yield
major deficient elements to N-8 medium is not sufficient to i itations. Wat. Res13 119-136.
support balanced photoautotrophic growth. The synergistigiarrison, P. J., Thompson, P. A., Calderwood, G. S. 1990. Effect of nutri-
effect of the elements in addition to the components of N-8  entand light limitation on the biochemical composition of phytoplank-
medium showed the enhanced performance (increase in ton. J. Appl. Phycol2: 45-56.

both biomass and chlorophyll content), thus emphasizing@se: E- 1962. Cell division, pp. 617-624. In: R. A. Lewin (ed.), Physi-
the importance of a balanced medium ology and biochemistry of algae. Academic Press, New York.

P . . o ; Hitkins, M. F., Baker, N. R. 1986. Photosynthesis: Energy transduction.
The continuous increase in biomass and chlorophyll con- |rL press, UK.

tentin large-scale, long-term M-8 medium photoautotrophicHuang, B., Hong, H., Chen, L. 1994. The physiological effects of different

cultures has demonstrated the enhanced capacity of the me- N-P ratios on algae in semicontinuous culture. Asian Mar. Bidl.

dium to support high-density cultures. High-density cultures  137-142. .

can be achieved in photobioreactors with minimal. or eVer{onescu, A., Stanca, D., Vladimirescu, A. 1994. The growth of some green
. P . . ’ algae Bcenedesmus, Chlorella, Botryococcus, JNrhysiology and

Wlth(_)ut_ any, change _of medlum or perfus_lon. The growth  pigchemistry. Biologiatg: 605-610.

rate is influenced by light intensity and delivery as the pen-javanmardian, M., Palsson, B. O. 1991a. Continuous photoautotrophic cul-

etration depth of light decreases with increase in cell con- tures of the eukaryotic alg&hlorella vugariscan exhibit stable os-

centration. M-8 medium has the capacity of increasing theJ C'”atordY dy”;m'f-lB'Otecgng- Figgeff'g{fffwft S

growth rate, biomass and chlorophyll productivity signifi- ~2/a"mar¢ian, V., Faisson, . 1. 19920 Figh-density pnotoautorophic

. . . algal cultures: Design, construction, and operation of a novel photo-

cantly_ in the_presence of a powerful light source and uni-  pioreactor system. Biotechnol. Bioer@g: 1182—1189.

form light delivery. The enhanced chlorophyll content could javanmardian, M. 1991. High density algal cultures: Photobioreactor de-

potentially result in increased oxygen production as each signand cell cycle kinetics. Ph.D. thesis, University of Michigan, Ann

mole of chlorophyll produces 50-400 mol of oxygen per  Arbor, MI. _ o

hour (Myers and Graham 1971) This study has under"nedeanflls, J., Canisius, M. F., Burlion, N. 1993. Effect of high nitrate con-

R . . . . centrations on growth and nitrate uptake by free-living and immobi-
the S|gn|f|cance of medium development In ach|evmg h|gh' lized Chlorella vulgariscells.J. Appl. Phycol5: 369-374.

density cultures. Juttner, F. 1977. Thirty liter tower-type pilot plant for the mass cultivation
of light and motion sensitive planktonic algae. Biotechnol. Biodi8y.
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