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Abstract

The microalga Pavlova lutheri is a potential source
of economically valuable docosahexaenoic and ei-
cosapentaenoic acids. Specific chemical and physical
culture conditions may enhance their biochemical
synthesis. There are studies relating the effect of
CO2 on growth; however, this parameter should not
be assessed independently, as its effect strongly
depends on the light intensity available. In this re-
search, the combined effects of light intensity and
CO2 content on growth and fatty acid profile in
P. lutheri were ascertained, in order to optimize
polyunsaturated fatty acid production. The influence
of the operation mode was also tested via growing
the cultures by batch and by continuous cultivation.
Higher light intensities associated with lower dilu-
tion rates promoted increases in both cell population
and weight per cell. Increased levels of CO2 favored
the total lipid content, but decreased the amounts of
polyunsaturated fatty acids. Mass productivities of
eicosapentaenoic acid (3.61 ± 0.04 mg Æ L)1 Æ d)1) and
docosahexaenoic acid (1.29 ± 0.01 mg Æ L)1 Æ d)1) were
obtained in cultures supplied with 0.5% (v/v) CO2, at
a dilution rate of 0.297 d)1 and a light intensity of
120 lE Æ m)2 Æ s)1.

Key words: photobioreactor — docosahexaenoic
acid — eicosapentaenoic acid — polyunsaturated
fatty acids

Introduction

The economic feasibility of fish hatchery systems
strongly depends on improved knowledge of larval
dietary requirements, such as those for x-3 polyun-

saturated fatty acids (PUFAs) (Sorgeloos et al., 1995).
The importance of such PUFAs in feeding marine fish
larvae has been rationalized (Sargent et al., 1994; Ro-
bin, 1995) on the basis of their incapacity to convert
18:3(n-3) into 20:5(n-3) at sufficiently high rates. As
20:5(n-3) promotes regular growth and high larval
survival rates (Volkman et al., 1989), its inclusion in
the daily diet as a standard nutritional requirement is
urged. Microscopic algae that naturally contain large
amounts of the aforementioned x-3 PUFAs, such as
eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA), have thus attracted interest as primary
sources of such nutrients for animals higher in the
food chain. Although larvae and juveniles of most fish
and crustaceans do not eat microalgae directly, they
can be fed with zooplankton, that was previously en-
riched in PUFAs by ingestion of said microalgae. Be-
cause of the relatively high processing costs and time
requirements associated with production of microal-
gal biomass in aquaculture facilities (Dunstan et al.,
1993), it is convenient to maximize its PUFA content,
which can be accomplished by engineering the cul-
ture conditions (Volkman et al., 1992). Carbon ac-
counts for almost 50% of the overall dry weight of
microalgal biomass (Becker, 1994). Microalgae that
grow photolithotrophically use inorganic carbon
sources to synthesize de novo their own organic car-
bon compounds (Kaplan et al., 1986). The most com-
mon inorganic sources used by those microorganisms
include soluble CO2 and HCO3

) derived therefrom,
although such other forms as H2CO3 and CO3

2) may,
via spontaneous chemical interconvertibility, pro-
duce the former (and metabolically more appropriate)
carbon forms. Temperature, pH, and concentrations
of several compounds (some of which may also be
used as nutrients) control the rate of the reversible
reactions that balance the elements of this family of
inorganic compounds. Relationships between in-
crease in concentration of available inorganic carbon
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and consequent change in biomass productivity differ
between species (Tsuzuki et al., 1990; Negoro et al.,
1991), and strongly depend on the overall amount of
carbon added to the medium. Furthermore, such
relationships also depend on the irradiance at the
culture surface, the density of pigmentation, and the
culture thickness; however, for cultures starting with
identical viable numbers and assayed at identical
physiologic states, only the light intensity at the
surface will play a relevant role (Yongmanitchai and
Ward, 1992). Because the microalga selected for this
study operates photosynthetically, it converts inor-
ganic CO2 to organic carbon in the presence of light.
Limitation in the supply of radiant energy constrains
the rate of transport of inorganic carbon, so cells
grown under light-limited conditions exhibit reduced
capacity to accumulate CO2 (Beardall et al., 1998). In
fact, if light is scarce, microalgae will not exhibit a net
intake of CO2 from the surroundings, but will likely
exhibit net excretion of CO2 owing to respiration
processes. Therefore, when attempting to determine
the effects of carbon added to the culture medium, the
light intensity prevailing should also be carefully
considered.

Saturation of fatty acid residues can be induced
by increases in CO2 concentration during growth of
some (but not all) species of microalgae; for
example, Tsuzuki et al. (1990) reported decreases in
the degree of unsaturation of fatty acid residues in
Chlorella vulgaris when CO2 supply was increased,
although no differences could be found in Por-
phyridium cruentum. Consequently, increased
amounts of inorganic carbon made available in the
culture medium may, in a sense, improve biomass
productivity; however, they may also decrease the
amount of PUFA per cell; hence, an optimal com-
promise of these two parameters should be
achieved in attempts to maximize PUFA produc-
tivity.

In the current research effort, the marine Pry-
mnesiophyte Pavlova lutheri, commonly used in
aquaculture, was selected and grown in both batch
and continuous cultures. The influence of CO2

concentration in the culture, coupled with the
influence of light intensity at the culture surface
(and dilution rate, where appropriate), were as-
sessed in terms of biomass yield and fatty acid
profile.

Materials and methods

Organism and Growth Conditions. Pavlova lutheri
(Droop) Green (SMBA 60) was obtained from Insti-
tuto Português de Investigação Marı́tima (IPIMAR),
Portugal.

Cells were grown in artificial seawater (ASW)
culture medium, buffered with Tris-HCl, with
modifications as described elsewhere (Carvalho and
Malcata, 2000). The pH of the culture was adjusted
to approximately 8.0 before autoclave sterilization.

Cultivation Systems. In batch experiments, 2-L
glass flasks were maintained at 20 ± 0.5�C by a water
bath, and subjected to a sustained continuous light
cycle provided by a bank of cold fluorescent lamps
(Philips TLD 30W/84), located on top and laterally;
light intensity was measured as photosynthetic ac-
tive radiation (PAR) with a LI-190SA Quantum
Sensor (LI-COR). Aeration was provided via bubbling
the inoculated media with filtered plain air, or fil-
tered air enriched with CO2 at appropriate levels, at a
constant flow rate of 22.5 L Æ h)1, duly monitored by
flow-meters (Aalborg). The pH was adjusted
daily. Cells were submitted to a light intensity of 75
lE Æ m)2 Æ s)1, and supplied with air containing 0%,
1%, or 2% (v/v) CO2. All experiments started with
equivalent inoculum sizes, and were run in dupli-
cate.

In continuous mode experiments, a 2-L fermenter
(Braun) was employed; temperature was computer-
controlled, whereas light intensity was provided by
the lamp system described for the batch mode. The pH
was constantly monitored and adjusted to approxi-
mately 8.0 by injection of either acid or alkali into the
culture medium. Experiments were performed at 2
light intensities (75 and 120 lE Æ m)2 Æ s)1) and 3 dilu-
tion rates (0.297, 0.426, and 0.523 d)1); furthermore,
the effect of CO2 was also studied at 2 levels (0.5% and
1% [v/v]), for one dilution rate. Figure 1 depicts all
aforementioned experimental conditions.

Fig. 1. Experimental values of CO2, light intensity, and
dilution rate tested during experiments performed under
both batch and continuous modes. Experimental values of
CO2 range between 0% and 2% (v/v); experimental values
of light intensity range between 75 and 120 lE Æ m)2 Æ s)1;
and dilution rates range between 0 (i.e., batch mode) and
0.523 d)1.



Analytic Methods. Ash-free dry weight (AFDW)
biomass was determined by filtering 10 ml of the
culture through preconditioned Whatman GF/C glass
fiber filter, drying at 100�C to constant weight, and
heating at 550�C to volatilize organic compounds.
Cells were counted with a Neubauer Improved bright-
line hemocytometer (Superior), using appropriate
dilutions, under an Olympus CH-2 microscope.

Total lipids were determined gravimetrically
according to Bligh and Dyer (1959). Fatty acid methyl
esters (FAMEs) were obtained by direct transesterifi-
cation of previously freeze-dried samples, according to
the method described by Lepage and Roy (1984), after
the modifications introduced by Cohen et al. (1988),
using acetyl chloride as derivatization agent and
heptadecanoic acid as internal standard. FAMEs were
analyzed with a gas chromatograph (Hewlett Packard
5890), equipped with a flame ionization detector and a
polar, 60-m fused silica capillary column Supelcowax-
10 (Supelco). The oven temperature was programmed
to increase from 170� to 220�C at a rate of 1�C Æ min)1;
the injector and detector temperatures were 250� and
270�C, respectively; helium was used as carrier gas.
Pure standards of free fatty acids (Sigma) were used for
fatty acid identification, which was based on com-
parison of peak retention times of samples and stan-
dards under similar elution conditions. Peak areas
were quantified by automatic integration (Hewlett
Packard 3395), and calculations were performed
according to the AOCS Official Method Ce lb-89
(Firestone, 1994). Fatty acids were named using the
code i:j(n–k), where i indicates the total number of
carbon atoms, j the number of double bonds, and k the
position of the last double bond counted from the
terminal methyl group.

Statistical Analyses. Analyses of variance
(ANOVA) for the overall data set, and Fisher’s pro-
tected least significant difference (PLSD) tests for
pairwise comparison, were performed with the soft-
ware StatView (Abacus Concepts).

Results and Discussion

Biomass Yield. The evolution of AFDW throughout
incubation time for the batch cultures of P. lutheri,
under the various concentrations of CO2, is plotted
in Figure 2. The average values of AFDW (and cor-
responding standard deviations) by 18 days were
0.365 ± 0.028, 0.540 ± 0.035, and 0.385 ± 0.035 g Æ
L)1, for cultures supplied with 0% (control), 1%, and
2% (v/v) CO2, respectively. (It should be noted that
the cultures which were not supplied with extra CO2

had access to some inorganic carbon, as air contains
approximately 0.04% [v/v] CO2.)

Early during incubation there were no significant
differences in terms of biomass between the cultures
supplied with the different amounts of CO2; how-
ever, an inflexion in this trend was noticed by 9 days.
The highest results were obtained in the cultures
grown with 1% (v/v) CO2. In order to determine
whether these results are statistically different from
those obtained at the other 2 levels of CO2

throughout the whole incubation period, the data
were submitted to ANOVA and Fisher�s PLSD tests
with respect to CO2 effect. It was thus concluded
that the data pertaining to the AFDW obtained at 1%
(v/v) CO2 were statistically different (at the 5% sig-
nificance level) from those obtained at 0% and 2% (v/
v) CO2, by 18 days of incubation.

When supplementing cultures of Phaeodactylum
tricornutum with gaseous CO2, Yongmanitchai and
Ward (1991) also described increases in biomass up to
a concentration of 1% (v/v) of that gas, and a decrease
afterward. In a well-mixed batch dense culture, cells
may have access to reasonably constant amounts of
CO2, but the availability of energy (i.e., light) will
decrease with culture age, owing to its increasing
density; consequently, microalgae will be more fre-
quently subjected to darkness, and there will be less
CO2 uptake from the surroundings, so that it may
eventually become net excreted because of the res-
piration process. A likely explanation for the lack of
growth enhancement of photosynthetic microalgal
cells in the presence of an enhanced CO2 supply de-
rives from the fact that, after a certain threshold of
biomass, the amounts of CO2 and light available in
the bulk of the culture are no longer linearly corre-
lated. The fact that 2% (v/v) CO2 did not lead to

Fig. 2. Evolution of ash-free dry weight (AFDW) (average
and 95% error bars) throughout incubation time, at various
concentrations of CO2, in the experiments run under batch
mode.



higher biomass productivity than 1% (v/v) lies prob-
ably on the affinity of microalgae for inorganic carbon
during photosynthesis, which is reduced when the
concentration of CO2 is increased (Tsuzuki et al.,
1990), a phenomenon probably related to decreases in
the activity of carbonic anhydrase, and concomitant
easier saturation of its active site with inorganic
carbon. In fact, numerous experiments have demon-
strated that high CO2 concentrations (i.e., 1% [v/v] or
above) can repress the synthesis of carbonic anhydr-
ase, and hence constrain the CO2-concentrating
mechanisms in microalgae (namely, the pathway
underlying active transport of inorganic carbon,
which concentrates CO2 at the active site of the
carbon-fixing enzyme ribulose biphosphate carbox-
ylase-oxygenase) (Beardall et al., 1998). As CO2 levels
exceeding 1% (v/v) did not promote further increases
in biomass yields, the levels of CO2 tested in the
continuous experiments were deliberately not above
that threshold.

Results of biomass yield (in terms of cell number
and AFDW) and biochemical composition (in terms
of lipid content), both pertaining to the continuous
experiments, are depicted in Table 1. The highest
values for both cell number and organic cell weight
(i.e., AFDW) were obtained at the highest light
intensity and lowest dilution rate tested. Statistical
analysis of the results confirms that both values are
statistically different from the remaining ones.
Hence, one can state that higher light intensities
promote increases in population and biomass (in
terms of individual cell weight). The experimental
results obtained at higher levels of CO2 clearly
demonstrate that this processing parameter was not
limiting, as there was no improvement in biomass
when the carbon level was raised.

The biomass was higher in batch cultures
(0.540 ± 0.035 g Æ L)1) than in the equivalent con-
tinuous cultures (0.385 + 0.007 g Æ L)1); however, if
one considers the experimental results in terms of
productivity, the yield obtained in batch cultures by
18 days (0.030 g Æ L Æ d)1) is considerably lower than
the equivalent yield obtained when operating con-
tinuously (0.114 g Æ L)1 Æ d)1). If one considers batch
cultures as pseudocontinuous cultures with dilution
rates asymptotically tending to zero, the aforemen-
tioned results agree with previous reports of pro-
portional relationships between dilution rate and net
biomass productivity (Molina-Grima et al., 1994b).

The effect of light intensity on the biosynthesis
of lipids is positive, a result in agreement with
reports from Sukenik et al. (1993a) regarding
Nannochloropsis sp. However, the internal amounts
of lipids (in picogram per cell) were higher under
higher rates of dilution, whereas better results were T
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obtained under lower dilution rates in terms of
weight per culture; note that Reis et al. (1996) had
already reported higher lipid levels (on AFDW basis)
when lower rates of dilution were employed. In-
crease of total lipid contribution in slowly growing
cultures appears to be a normal feature of eukaryotic
cells (Reis et al., 1996).

The internal amounts of lipids were favored by
increases in CO2 availability, although such an ef-
fect was overridden in terms of culture biomass be-
cause of the lower levels of cells attained under
higher contents of CO2. Chrismadha and Borowitzka
(1994) also reported increases in the cellular lipid
content of P. tricornutum, as a result of adding 5%
(v/v) (CO2) to the culture.

Fatty Acid Profile. The average fractional
amounts of the major fatty acids in P. lutheri cells
grown under 0%, 1% and 2% (v/v) CO2 (in batch
mode) are presented in Table 2. The dominant fatty
acid residues found were palmitic (16:0), palmitoleic
(16:1(n-7)), octadecatetraenoic (18:4(n-3)), eicosapen-
taenoic (20:5(n-3)), and docosahexaenoic (22:6(n-3))
acids, in agreement with reported results (Volkman
et al., 1991; Yongmanitchai and Ward, 1991; Dun-
stan et al., 1993).

Significant positive correlations between CO2

concentration and fatty acid percentage concentra-
tions were found for palmitoleic and oleic (18:1(n-9))
acids, as well as for linoleic (18:2(n-6)) acid; significant
negative correlations were observed for the longer
chain PUFA DHA. In general, positive correlations
were observed between the concentration of CO2 and
the percentage concentrations of less unsaturated
fatty acids, whereas negative correlations were found
for longer chain PUFAs. These findings are consistent
with reports by Tsuzuki et al. (1990), who tested batch
cultures of microalgae under CO2 supplies ranging
from 0.04% (approximate concentration in the

atmosphere) up to 2% (v/v). As CO2 is used by cells
during photosynthesis, which takes place in the
photosynthetic apparatus (namely, chlorophyll, car-
otenoids, and membrane-associated lipids), there is no
need for cells to pass energy to the photosynthetic
apparatus as long as the surrounding environment is
saturated with CO2 and other parameters such as light
intensity are limiting. Hence, a relatively higher
amount of the carbon fixed by cells will be allocated to
synthesis of triacylglycerols, with concomitant in-
crease in the total amount of saturated fatty acids.
Sato et al. (2003) also reported that saturation levels of
fatty acids in Chlorella kessleri are determined by the
balance between de novo synthesis of fatty acids and
desaturation of preexisting ones, depending on CO2

concentration. Furthermore, correlations between
the induction of the CO2)concentrating mechanism
and the acceleration of fatty acid desaturation have
also been proposed (Pronina et al., 1998).

The relative fatty acid contents recorded in
continuous cultures are given in Table 3. Increases
in the rate of dilution produced statistically signifi-
cant increases in the percentage concentration of
oleic acid in the experiments run at lower levels of
light, and increases in the percentage concentrations
of c-linolenic (18:3(n-6)) and a-linolenic (18:3(n-3))
acids, in the experiments run at higher levels; for the
latter levels of light, octadecatetraenoic acid and
EPA decreased in percentage content with dilution
rate. With regard to the effect of CO2 on the fatty
acid profile, only oleic acid showed statistically sig-
nificant enhancement with increased amounts of
carbon (at constant light intensities and dilution
rates); percentages of EPA and DHA decreased, al-
though not significantly. Although high levels of
CO2 have been shown to affect the fatty acid residue
profile of microalgae, reports on the effects observed
are not consistent: whereas Chrismadha and Boro-
witzka (1994) observed decreases in EPA with CO2

Table 2. Average Values (and Corresponding Standard Deviations) of Percentage Fatty Acid Residues by 18 days, in
Experiments Run under Batch Mode

Concentration of CO2 (%[v/v])

Fatty acid 0 1 2

16:0 16.76 ± 2.23 25.91 ± 1.15 21.24 ± 1.32
16:1(n-7) 18.93 ± 2.87 26.38 ± 1.12 28.33 ± 1.42
18:0 1.60 ± 0.53 0.78 ± 0.18 1.52 ± 0.11
18:1(n-9) 1.67 ± 0.31 2.55 ± 0.08 2.95 ± 0.25
18:1(n-7) 2.64 ± 0.03 3.11 ± 0.07 2.86 ± 0.20
18:2(n-6) 0.93 ± 0.08 1.82 ± 0.33 2.05 ± 0.37
18:3(n-6) 0.00 ± 0.00 0.58 ± 0.03 0.49 ± 0.03
18:3(n-3) 0.93 ± 0.18 0.97 ± 0.04 1.18 ± 0.08
18:4(n-3) 5.17 ± 0.23 4.35 ± 0.08 5.05 ± 0.27
20:5(n-3) 16.97 ± 1.13 15.55 ± 0.07 14.68 ± 1.14
22:6(n-3) 10.79 ± 0.08 7.44 ± 0.70 7.18 ± 0.27



addition in cultures of P. tricornutum, Yongmani-
tchai and Ward (1991) found that CO2 addition in-
creased the content of EPA in the same species.
Distinct environmental parameters are known to
exert interdependent effects on a culture, leading to
different results in apparently equivalent situations
(Carvalho and Malcata, 2003); consequently, those
(putatively) inconsistent results were probably due
to differences in the remaining experimental condi-
tions.

The effect of light intensity often depended on
the dilution rate: the contents of octadecatetraenoic
acid and EPA decreased significantly with light
intensity at intermediate dilution rates, whereas
those results were not statistically affected at ex-
treme dilution rates; palmitoleic, oleic, and a-lino-
lenic acids increased significantly in content with
light only at the highest dilution rate, whereas oc-
tadecenoic (18:1(n-7)), linoleic, and c-linolenic acids
increased consistently with light at all dilution rates
considered. Molina-Grima et al. (1994a) also de-
scribed decreases in the content of EPA with
increasing light, in batch cultures of Isochrysis gal-
bana. It is widely accepted that low levels of light
intensity bring about increases in the amount of
thylakoid membranes, thus promoting synthesis of
its lipid constituents—galactolipids (which contain a
high percentage of EPA). Therefore, maximum pro-
ductivity of EPA is expected when cells are grown in
a nutrient-replete medium and under light-limiting
conditions (Sukenik and Carmelli, 1989; Sukenik
et al., 1993b). In our experiments, EPA reached its
highest percentage level at high light intensity (120
lE Æ m)2 Æ s)1) and at the lowest dilution rate (0.297
d)1); nevertheless, this value is not statistically dif-
ferent from that obtained under the lowest light
intensity, with other experimental conditions being
equivalent; therefore, under these conditions of

dilution rate and CO2 added, light intensity is not a
critical parameter in cellular composition of EPA.
The highest percentage content of DHA was ob-
tained at high light intensity (120 lE Æ m)2 Æ s)1) and
high dilution rate (0.523 d)1); this value is statisti-
cally different only from that obtained in the exper-
iment run at 1% (v/v) CO2.

The productivities of EPA and DHA under the
various experimental conditions tested are grouped
according to the amount of CO2 added (Figure 3) and

Fig. 3. Rates of production of EPA (a) and DHA (b), in the
experiments run under continuous mode, at a constant
concentration of CO2 (0.5%, v/v), and variable dilution
rates and light intensities.

Table 3. Average Values (and Corresponding Standard Deviations) of Percentage Fatty Acid Residues, in Experiments Run
under Continuous Mode

CO2 (%, v/v) 0.5 0.5 0.5 0.5 0.5 0.5 1
Light intensity

(lE Æ m)2 Æ s)1)
75 75 75 120 120 120 75

Dilution rate (d)1) 0.297 0.426 0.523 0.297 0.426 0.523 0.297

Fatty acid
16:0 12.18 ± 0.90 12.81 ± 0.44 10.36 ± 1.13 16.28 ± 3.04 18.02 ± 5.51 14.14 ± 1.36 15.00 ± 0.11
16:1(n-7) 17.75 ± 1.21 19.76 ± 0.74 14.96 ± 1.65 18.04 ± 2.29 20.20 ± 6.32 23.88 ± 2.26 16.96 ± 0.14
18:0 2.30 ± 0.01 2.00 ± 0.26 3.45 ± 0.16 4.31 ± 6.20 6.51 ± 10.25 1.03 ± 0.31 4.47 ± 0.12
18:1(n-9) 2.25 ± 0.08 1.67 ± 0.51 3.00 ± 0.17 2.28 ± 0.25 2.29 ± 1.04 1.71 ± 0.15 3.88 ± 0.05
18:1(n-7) 1.48 ± 0.09 1.40 ± 0.04 1.79 ± 0.30 2.49 ± 0.16 2.88 ± 0.65 3.08 ± 0.10 0.70 ± 0.99
18:2(n-6) 0.65 ± 0.02 0.46 ± 0.04 0.80 ± 0.05 1.83 ± 0.11 2.33 ± 0.64 2.30 ± 0.29 0.47 ± 0.01
18:3(n-6) Trace Trace Trace 0.49 ± 0.03 0.43 ± 0.13 1.13 ± 0.21 Trace
18:3(n-3) 0.99 ± 0.09 0.56 ± 0.01 0.58 ± 0.01 1.18 ± 0.22 0.60 ± 0.15 2.76 ± 2.36 0.96 ± 0.01
18:4(n-3 5.90 ± 0.27 6.25 ± 0.18 4.75 ± 0.13 7.02 ± 1.11 4.17 ± 1.29 4.00 ± 0.30 4.87 ± 0.04
20:5(n-3) 13.99 ± 0.64 14.39 ± 0.37 10.51 ± 0.15 17.06 ± 2.45 10.48 ± 3.31 11.07 ± 1.12 11.70 ± 0.16
22:6(n-3) 5.78 ± 0.28 5.62 ± 0.21 5.38 ± 0.20 6.09 ± 0.81 5.84 ± 1.83 6.64 ± 0.23 4.54 ± 0.06



the light intensity supplied (Figure 4). Continuous
cultures accounted for higher productivities of both
fatty acids than batch cultures did. Although the
highest cellular content of PUFAs was found in
experiments run at high dilution rates, the highest
productivities were again attained at the lowest
dilution rates, similar to the trends prevailing for the
total lipid content. In fact, increases in the cellular
concentrations of unsaturated fatty acids when the
dilution rate is increased do not necessarily lead to
increases in the productivity of those unsaturated
fatty acids, because, as dilution rate increases, the
biomass yield decreases concomitantly, thus leading
to lower numbers of viable cells (although each cell
possesses a higher amount of unsaturated fatty
acids). Light intensity promoted increases in both
EPA and DHA productivities at lower dilution rates,
but the effect was reversed at the highest dilution
rate. Although the total lipid content was markedly
higher when CO2 was added, the PUFA productivity
was not enhanced; hence, considering the high cost
of CO2 for commercial algal culturing devices, there
is no apparent benefit in adding extra CO2 when
attempting to maximize the yield of PUFAs. Mass
productivities of both EPA (3.61 ± 0.04 mg Æ L)1.d)1)
and DHA (1.29 ± 0.01 mg Æ L)1 Æ d)1) were higher in
cultures subjected to 0.5% (v/v) CO2, a dilution rate
of 0.297 d)1

, and a light intensity of 120 lE Æ m)2 Æ s)1;

these values were statistically different from the
remaining ones, at the 5% significance level.
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