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Abstract Aquaculture is a growing commercial activity
worldwide, which resorts more and more often to micro-
algae as feed; the lipid composition of such microalgae is a
critical factor with regard to the fish growth rate upon
ingestion. The aim of this work was thus to study the
influence of light intensity on the lipid profile of a known
microalga, Paviova lutheri. Several semi-continuous cul-
tures were carried out, and biochemical parameters such as
lipid, protein, carbohydrate, and chlorophyll contents were
quantified. Lipids were specifically fractionated into clas-
ses by TLC, and those in each class were subjected to GC
afterwards in an attempt to ascertain their fatty acid profile.
Evidence was consequently provided which showed that
cultures grown under low light intensity (9 W m™?) pos-
sess a higher fraction of eicosapentaenoic (EPA) and
docosahexaenoic (DHA) acids esterified in polar classes—
which are those with a more favorable role in aquaculture.
It was also demonstrated that intermediate levels of light
intensity (19 W m~?) may be misleading in terms of
favorable effects upon EPA and DHA contents—because
there is an increase in their total yields and productivities,
but they appear mostly esterified into triacylglycerols; this
may be a favorable deed for production and purification,
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but is metabolically not so effective in aquaculture.
The highest EPA and DHA productivities attained were
1.29 and 0.69 mg L™" day ™', respectively, at intermediate
levels of light intensity (19 W m™2).

Keywords EPA - DHA - Chromatographic analysis -
Microalgae - Processing factors

Introduction

Microalgae are widely employed in the aquaculture
industry to directly feed crustacean, fish and bivalves—or
as feed for zooplankton, which are in turn used as part of
the diet of fish and crustaceans [1, 2]. Therefore, studies
pertaining to the biochemical composition of microalgae
which will be eventually employed as feed are desirable, as
their nutritional quality plays a crucial role in the growth
rate of animals reared thereon.

Several studies encompassing polyunsaturated fatty
acids (PUFA)—especially eicosapentaenoic acid [EPA—
20:5(n-3)] and docosahexaenoic acid [DHA—22:6(n-3)],
have established their relevance to human health [3-5];
they have also supported their practical importance for
commercial microalga production, should they be used as
primary source of nutrients in aquaculture [2]. It should be
remembered that fish are still at present the single most
important source of PUFA in the human diet; however, fish
can hardly synthesize EPA and DHA themselves [6, 7],
instead they accumulate those compounds from their diet—
mainly PUFA-rich microalgae. Therefore, it is more logical
to act at the basis of the food chain, in attempts to optimize
performance thereafter, eventually at the human nutrition
level. On the other hand, it is known that PUFA esterified
in polar lipid classes are more effective for nutrition of
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cultured fish than those esterified in neutral lipids [8].
Hence, studies pertaining to microalgal fatty acid compo-
sition—bearing in mind the actual lipid classes where they
appear, will be an important tool for the optimization of
their nutritional value as feed for fish, and directly or
indirectly as vectors of PUFA for the human being.

In fact, most studies pertaining to microalgal lipids have
so far focussed only on total lipids or on total individual
fatty acids. However, a better understanding of their met-
abolic performance demands extra information on the
distribution of such important PUFA as EPA and DHA
within the lipid pool. On the other hand, despite realization
that microalgae can be used as an industrial source of
PUFA, this is not yet economically feasible—owing to
productivity constraints, coupled with downstream con-
centration and purification requirements; the distribution of
EPA and DHA within the various types of microalgal
lipids, and their companion fatty acids in the lipid mole-
cules are thus critical issues for the market applicability of
microalgae [8]. In particular, preferential distribution of
given fatty acid residues among the various existing lipid
classes may contribute to designing more effective sepa-
ration strategies, especially aimed at eventual scale-up.

Pavlova lutheri—a small flagellate; is one good example
of a microalga able to produce PUFA to a considerable
extent; hence, it is often used in aquaculture [9-11]. It can
be cultivated in bioreactors under controlled conditions—
which permit consistent rates of biomass production and
metabolism, irrespective of the outer environmental
parameters and the geographical location. Manipulation of
such processing conditions as light intensity, nutrient status
or temperature then allows modulation of the lipid com-
position of the final microalgae [2, 12—14], and consequent
optimization of their overall yield and productivity. This
optimization can follow the objective function of improv-
ing the nutritional value of microalgal food (for aquacul-
ture) and/or boosting the PUFA overall production (for the
pharmaceutical industry).

As mentioned above, several environmental factors (viz.
temperature, salinity, light and nutrients); as well as culture
time affect the growth and biochemical composition of
microalgae [15, 16]. Significant variations in lipid contents
and fatty acid profiles have indeed been observed in
response to distinct growth conditions [17, 18]. However,
most data available in the literature pertain to the influence
of only the temperature on the fatty acid composition of
microalgae [19, 20]. It is generally recognized that an
increase in PUFAs is one of the ways used by marine
microalgae to acclimatize to low-temperature conditions,
and still maintain membrane fluidity [21, 22]. Furthermore,
the fatty acid composition is also known to be affected by
the level of irradiance [23, 24] to extents that are species-
specific [25]. High PUFA levels were observed under low
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light, thus suggesting that the biochemical composition of
chloroplasts adapts to low irradiance intensities via
increasing PUFA synthesis [26]. However, the highest
proportions of EPA were obtained at low levels of irradi-
ance, whereas DHA levels were highest under high light
intensities in most species [25, 27].

The major goal of this research effort was therefore to
assess the influence of incident light intensity on growth
and biochemical composition of P. lutheri, especially in
terms of lipids and fatty acid residues—as well as
in terms of proteins, chlorophylls and carbohydrates, in
controlled, bench-scale photobioreactors operated semi-
continuously. The distribution of fatty acids (with a spe-
cial emphasis on EPA and DHA) was ascertained by thin
layer and gas chromatographies. The production rates of
both EPA and DHA by this microalga were also assayed,
under various levels of light and at several physiological
states, using a light control device described in detail
elsewhere [28].

Materials and Methods
Culture Conditions

Pavlova lutheri SMBA 60 was kindly supplied by IPIMAR
(Instituto Portugués de Investigagdio MARitima, Portugal).
The culture medium was artificial sea water ASW [12]; a
working volume of 1.5 L was utilized in a 2-L Biostat B
fermentor (Braun, Germany), operated semi-continuously.
The temperature was kept at 20 + 0.5 °C via a refrigera-
tion jacket, stirring was at 50 rpm, and pure air enriched
with 0.3% (v/v) CO, was bubbled in at the bottom at a
volumetric flow rate of 0.8 L min~!; as soon as admission
of CO, started, the pH was maintained at 8.00 via auto-
matic addition of 1 M NaOH.

Quasi-steady-state (QSS) cultures were achieved with
batch-fed daily dilutions, and adjusted every day so as to
keep essentially the same initial biomass concentration at
each new stage. For each average light intensity level
tested (viz. 9, 19 and 30 W m_z), several stages were
conducted until three consecutive equal dilutions resulted;
the culture was then considered to have attained QSS. For
each light intensity under a given QSS, three samples were
taken sequentially for biochemical assaying; these samples
were freeze-dried and stored under nitrogen, until analysis
was carried out.

Analytical Assays
The biomass was monitored on-line by a flow injection

analysis (FIA) device containing two sample loops, each
providing its own dilution rate of the culture medium. To
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calculate the biomass concentration, the detector response
was calibrated previously with data pertaining to both
viable cell numbers and ash-free-dry-weight (AFDW). The
type of loop and the tube length used for dilution, as well as
the flow rate of the fluid carrier had been optimized so as to
provide the best combination of two dilutions that would
cover the whole growth range within the linear correlation
zone—as described previously to some length [29]. Off-
line measurements of AFDW were done by filtering 5 mL
of culture through preconditioned GF/C glass fiber filters
(Whatman, UK), drying at 100 °C to constant weight and
finally heating to 550 °C for 1 h.

The total lipid extracts were obtained from duplicate,
spray-dried samples (200 mg), after five to seven sequen-
tial extractions, each with a 2-mL mixture of n-hexane/
2-propanol (3:2, v/v), as described elsewhere [30].

Samples were then dried in a rotavapor, weighed,
resuspended in a mixture of chloroform/methanol (2:1, v/v),
and finally stored at —30 °C under nitrogen (to prevent lipid
oxidation).

The aforementioned lipid extracts were separated into
polar and nonpolar fractions, using solid-phase extraction:
500-mg LC-Diol cartridges (Sigma, USA) were equili-
brated with 2 mL of methanol and 2 mL of chloroform; ca.
50 mg of the oil sample dissolved in chloroform was
placed in the cartridges using a micropipette; and the
nonpolar fraction was then eluted with 2.5 mL of chloro-
form, whereas the polar fraction was eluted with 7 mL of a
100:0.5 (v/v) mixture of methanol/25% (v/v) aqueous
ammonia.

Both polar and nonpolar fractions were fractionated
afterwards, for lipid class separation and identification, by
one-dimensional thin-layer chromatography using TLC
plates (20 x 20 cm) coated with silica gel 60 (Merck). Polar
lipids were eluted with a 5-component mixture of chloro-
form/acetone/methanol/acetic acid/water (50:20:10:10:5,
v/v), and nonpolar lipids with a complex mixture of petro-
leum ether (boiling point range 60-80 °C)/diethyl ether/
acetic acid (80:20:1, v/v). Each individual class was then
subjected to gas chromatography for quantification of its
fatty acid profile, after direct transmethylation. The resulting
esters were analyzed in a gas chromatograph (Perkin-
Elmer), using detection by flame ionization. Pure standards
of fatty acids (Sigma) were injected for tentative identifi-
cation based on retention time—following the protocol
reported in full by Meireles et al. [31].

Proteins were determined by the Lowry method [32], after
hydrolysis with 2 M NaOH for 15 min in an ultrasonicator,
followed by heating to 100 °C for 5 min. Carbohydrates
were determined using the phenol/sulfuric acid method [33],
after calibration with glucose. Chlorophyll a was extracted
with 90% (v/v) acetone, and quantified by spectrophotome-
try at 664 and 630 nm [34].

Statistical Analyses

Analysis of variance (ANOVA) and Tukey’s tests (when
ANOVA indicated at least one significantly different
result) were applied to the experimental data set of total
lipids, proteins and carbohydrates. Each datum point was
replicated three times—so as to obtain a representative
measure of variability, thus allowing ANOVA to pinpoint
differences between the various parameters that charac-
terize the biochemical profile. These true replicates used in
turn two analytical replicates, for each chemical assay.

Results and Discussion
Biomass Growth

The typical biomass figures generated in the various semi-
continuous stages are depicted in Fig. 1. After a starting
batch period, the culture was maintained in semi continu-
ous mode for several days, and the dilution rate was
adjusted daily so as to periodically recover the initial
biomass concentration. The biomass interval was kept
within the range 1.3-2.0 x 107 cell mL ™", for all condi-
tions tested, so that it would be possible to assess quanti-
tative differences in the biochemical profiles that were
directly influenced by the prevailing light intensity.

Biochemical Profile

The biochemical profile—in terms of total lipids, proteins
and carbohydrates, is depicted in Fig. 2. No significant
(P < 0.05) differences could be found in the total amount
of proteins and carbohydrates versus light intensities—
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Fig. 1 Variation of overall biomass, as ash-free-dry-weight (AFDW),
of P. lutheri with the processing time in cultures grown under
sequential QSS semi-continuous stages at 20 °C, pH 8, 50 rpm and
bubbling of air enriched with 0.3 % (v/v) CO,
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Fig. 2 Variation of biochemical composition of P. lutheri with
different light intensities: black-shaded bar protein content, light
gray-shaded bar carbohydrate content and gray-shaded bar total lipid
content (means + standard deviation of 3 replicates)

except for carbohydrates at 30 W m ™2, for which there was
a slight increase (P < 0.05). This overall trend is probably
due to the similarity in the amounts of nutrients provided to
all cultures; it is known that such parameters as nitrogen
and phosphorus levels can influence protein and carbohy-
drate syntheses [35], and there was no carbon- or nitrogen-
limitation in our experiments. In terms of lipids, there was
a significant decrease (P < 0.05) in their total amount as
light intensity increased. This type of observation—which
is usually species-specific, has been recorded previously
for other microalgal species [36]; its rationale lies on the
fact that lipids are major constituents of chloroplasts, so an
increase in light intensity overcomes the need for a high
chloroplastidial activity—as further confirmed by the cel-
lular chlorophyll a content (see Fig. 3).
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Fig. 3 Variation of chlorophyll a content of P. lutheri with light

intensity at 20 °C, pH 8, 50 rpm and bubbling of air enriched with
0.3% (v/v) CO, (means + standard deviation of 3 replicates)
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Lipid Class Composition

The lipid class composition, under various light intensities,
is presented in Table 1—whereas the fatty acid profile of
each class is presented in Tables 2, 3 and 4, for light
intensities of 9, 19 and 30 W m ™, respectively. The major
constituents of P. lutheri were nonpolar lipids—composed
of mono-, di- and triacylglycerols (MAG, DAG and TAG,
respectively), and glycolipids (GL)—composed of mono-
and digalactosylacylglycerols, and acylated steryl glyco-
sides (MGDG, DGDG and SG, respectively). Phospholipids
(PL)—composed of phosphatidylglycerol (PG) and di-
phosphatidylglycerol (DPG), as well as sulfolipids (mainly
sulfoquinovosylacylglycerol, SQDG) were also present but
at smaller levels, as described by other authors [21, 37, 38].
Surprisingly, only trace amounts of betaine lipids (BL) were
found, and only in cultures subjected to the lowest light
level. However, owing to its lipid profile, the unknown class
(UN) may eventually encompass BL [31]; note that UN was
present at all light intensities.

From 9 to 19 W mz, there was a dramatic change in the
lipid composition of P. lutheri: the amount of TAG
increased from 23.3 to 78.3% of the total fatty acids (TFA).
Despite the decrease in MAG and DAG contents, the
amount of nonpolar lipids increased from 62.5 to 90.0%,
owing to the aforementioned increase in TAG. Similar
amounts of TAG had already been described in cultures of
Phaedactylum tricornutum grown under nitrogen depriva-
tion [39]. The amount of DAG found in cultures exposed to
9 and 19 W m? was unusually high, yet the amount of
TAG at 9 W m 2 was rather low; keeping the culture at a
very low light intensity may have interfered with conver-
sion of DAG to TAG in the lipid biosynthesis pathway. Our
experimental data provide evidence for the actual presence
of DAG in microalgal lipids—a matter that has often been
controversial, because the small amounts (when found)
have classically been attributed to analytical artifacts [8,
31]. A further increase in light intensity to 30 W m™>
produced a decrease in the total amount of TAG, which is
probably explained by the lower amounts of total lipids; it
is important to note that the fraction of TAG in the total
lipids increased always with increasing light intensities.

Concerning GL, it is interesting to observe that MGDG
was a major constituent of the microalgae subject to
9 W m~2, second only to TAG—but it decreased to a very
low level when light intensity was increased to 19 W m™2;
a further increase in light had no effect. On the other hand,
the amounts of DGDG remained essentially unchanged
under all light intensities. It was suggested [40, 41] that
MGDG (which encompasses a considerable amount of
EPA) is one of the major components of chloroplast
membranes; as discussed previously, an increase in light
intensity precludes the need for highly efficient
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225313 chloroplasts, so a reduction in PUFA content is expected
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< = g mostly accounted for by the decrease of EPA. Unlike
= s<s < |3 MGDG, generation of SG increased consistently with
o < o 5 increasing light intensity; this increase was, however,
I = . . . . .
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with the decrease in total PUFA under high irradiance
levels [43]. With regard to cellular Chl a, the data reported
in Fig. 3 show a higher content at a lower irradiance. This
phenomenon has also been observed in other microalgae
[42]; under low light intensity, the cells do increase their
photosynthetic pigments (as is the case of Chl a), in order
to maximize their ability to harvest light [14]. An associ-
ation between fatty acids and pigments has been also
suggested an underlying positive correlation between cel-
lular Chl a content and PUFA levels [14, 25].

The fatty acid composition of nonpolar lipids, as
obtained in our research, was in agreement with various
other authors [8, 21, 31]; it was explained by large amounts
of saturated residues, mainly C14:0 and C16:0, as well as
of monounsaturated ones, viz. C16:1(n-7). The fatty acid
composition of GL at 9 W m~2 was also as expected [21,
40]—with MGDG and DGDG encompassing large
amounts of unsaturated fatty acid residues (and particularly
rich in EPA and DHA). However, when the light intensity
was increased from 9 to 19 W m72, there was a dramatic
shift in the degree of EPA and DHA esterification—which
was more notable in TAG. At the highest light intensity,
the relative distribution of unsaturated residues was main-
tained relative to that prevailing at lower light intensities—
but there was a substantial decrease in the total amount
(note that the highest fractions of EPA and DHA were
recorded in TAG).

At higher light intensities (i.e., 19 and 30 W m™?), the
lipid profiles of MGDG and DGDG exhibited high frac-
tions of saturated fatty acids—which is not at all uncom-
mon in those classes. It should be remembered that PUFA
esterified in non-polar lipid classes (viz. TAG) are not
particularly suitable for aquaculture; the quality of the
microalgae as feed would be consequently poorer, even
though the total EPA yield at 19 W m™2 was slightly
higher than that at 9 W m ™2,

Concerning the other GL, the lipid profile of SG was
similar to that previously described [31]—with large
amounts of medium-chain saturated fatty acids; it is
interesting to point out the huge increase in C16:1(n-7),
from ca. 8 to 55%, which was obviously associated with
the increase in light intensity.

The variation of the fatty acid profile of PL was similar
to that of GL, in that unsaturated fatty acids were reduced
when light intensity was increased. In this case, there was a
major reduction in the total amount of DHA present in
DPG—which accounted for 41% of the total PL class at
9 W m72, but feel down to a mere 13 or 4%, at 19 and
30 W m™2, respectively.

At lower light intensities, the SQDG class behaved
untypically; this class does in fact usually exhibit a negli-
gible amount of unsaturated fatty acids. In our case, EPA
accounted for 13% of SQDG at 9 W m™2, and 42% at

19 W m_z; when light was increased to 30 W m_z, there
was a substantial shift in the opposite direction, so SQDG
showed a typical profile characterized by very small
amounts of unsaturated fatty acid residues. The presence of
high levels of EPA in SQDG had already been reported
[8, 21], but not at such high levels as found in the present
work.

EPA and DHA Productivity

The total EPA and DHA productivities in cultures at
QSS—grown under 9, 19 and 30 W mfz, are tabulated in
Table 5. It is apparent that the maximum productivities
were attained at 19 W m_z, with a significant increase
(P < 0.01) from 9 to 19 W m~2%; there was also a signifi-
cant difference (P < 0.05) between cultures grown at 9 and
30 W m_z, but only in what concerns EPA. Furthermore,
under both conditions, the major fraction of either EPA or
DHA was esterified in TAG—which may be a favorable
process, should one seek production (and purification) of
PUFA from microalgae. If, on the other hand, P. lutheri is
seen primarily as a feed source, the increase in production
may not be desirable at all, because (as stated before) the
fatty acids esterified in non-polar classes are poorly
effective in aquaculture—owing to metabolic constraints in
fish. This realization backs up the importance of detailed
studies on lipid composition, because a simplistic deter-
mination of the overall fatty acid profile of the biomass
may lead to erroneous decisions in terms of processing
afterwards.

PUFAs may also help to protect microalgae against
photooxidation reactions associated with photosynthetic
activity. According to previous studies [25], the highest
proportions of DHA are indeed obtained under saturating
irradiance in most species. This could be explained by the
fraction of DHA found in each lipid class (ca. 12% in non-
polar lipids, ca. 4% in GL and ca. 20% in PL—Table 3),
which was at a maximum under 19 W m™? light intensity.
Therefore, high DHA levels in PL, and reduction thereof
during light limitation, could play a central role in the
physiology of the plasma membrane and in the mechanism
of energy storage.

Table 5 Variation of productivity of EPA and DHA in P. lutheri
with different light intensities (means + standard deviation of 3
replicates)

Light intensity (W m™2) Productivity (mg L' day™")

EPA DHA
9 0.687 4 0.032 0.197 £ 0.039
19 1.289 £ 0.041 0.693 £ 0.006
30 0.377 £ 0.071 0.275 £ 0.057
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In our study, when the cells were cultured under a low
light intensity, the highest levels of such PUFA as EPA
were predominantly found in GL—which constitutes a
major component of the lipid membranes of chloroplasts
[14, 25, 43]. The results reported here indicate that the
galactolipids in P. lutheri have been enriched with EPA to
adapt the cells to light intensities as low as 9 W m~2. An
accumulation of n-3 fatty acids has accordingly been
observed in thylakoid membranes, which is a clue to thy-
lakoid expansion as an adaptation of the cells to specific
environmental conditions of light intensity [10, 14]. Hence,
EPA may preserve the fluidity of the aforementioned thy-
lakoid membranes, and thus the rate of the electron flow
involved in photosynthesis [10].

Note that our experimental results are based on average
light intensity rather than total incident light—because the
light actually available to microalgae depends on the
biomass concentration in the reactor: Thomson et al. [10]
tested the influence of light intensity on P. [utheri
used to feed Pacific oysters (Crassostrea gigas), in an
8-L turbidostat operated at high cell densities (1.2—
2.6 x 10° cell mL™")—and found that the best perfor-
mance, in terms of PUFA, was at 30 W m_z; however, at
the biomass levels thus attained, the incident light of
30 W m~? yields much lower values in terms of average
intensity of light received—in fact, much closer to the
9 W m™? intensity experimented with in our study, and
leading to a similar fatty acid distribution.
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