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Abstract

It is well documented that culture conditions affect the fatty acid content of microalgae. We report
in this study the fatty acid profiles and n - 3 HUFA productivity ofT-ISO, a popular haptophyte in
the aquaculture industry, cultured under three photoperiods (24:0,16:08 and 12:12h L:D) combined
with three photon flux densities (PFD: 120, 220 and 460 ~mol photon m - 2 S- I), at 25°C.
Sampling took place in both the exponential and post-exponential (light-limited) phase.

In general, fatty acid proportions were effected by a strong interaction ofL:D x PFD resulting in
metabolic changes difficult to be modelled. At the 12:12and 24:0 h L:D the fatty acid pattern can be
summarised as PUFA>SAFA>MUFA,while at 16:08 h L:D as SAFA>PUFA>MUFAreflecting a
differential acclimation of the strain under light-dark cycles. At the 12:12h L:D the PUFA content
of biomass was significantly higher than at the other photocycles. PUFA content differences were
located in the n - 3 fraction with the n - 6 content being rather constant The n - 3/n - 6 and DHN
EPA ratios under 24:0 h or 12:12h L:D were optimal according to the literature for fish and shellfish
nutrition requirements. In contrast, the 16:08 h L:D regimes, especially at low PFD, produced
inadequate ratios.

The production of n - 3 HUFA in T-ISO is essentially influenced by the total photon flux
available per day in a similar manner with growth. The capacity of the strain for storing lipid is
limited under the conditions tested; consequently, the fatty acid content follows the biomass yield
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and productivity pattern. Hence, in the context of aquaculture a light regime of 12:12 h L:D and a
PFD within the photolimitation-photoinhibition range offers advantages for the culture ofT-ISO. If
the high investment could be substantiated, continuous cultures under 24:0 h L:D at the same PFD
range could serve as an optimisation basis using advanced photobioreactors.
~ 2003 Elsevier Science B.Y. All rights reserved.
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1. Introduction

Opting for best product at minimum cost is the principle that drives industrial
applications. In the case of T-ISO (Isochrysis aff. galbana Green, Haptophyceae), a
widely acclaimed strain in aquaculture (De Pauw and Persoone, 1988; Benemann, 1992;
Gladue and Maxey, 1994; Borowitzka, 1997), the best product would be considered a
biomass harvest with a desired lipid profile, either for direct use in aquaculture or for lipid
extraction for the chemical industry. Such a profile should include essential fatty acids
(Brown and Jeffrey, 1992; Sargent et al., 1995) as well as fatty acids that provide energy
and carbon skeletons for biosynthesis to the aquacultured animals (Sargent et al., 1997).

The general fatty acid profile ofT-ISO (e.g. Napolitano et aI., 1990) is suitable because,
besides DHA, 18:2n - 6 and 18:3n - 3, the high content of22:5n - 6 has been suggested
as a potential source of 20:4n - 6 to marine fish larvae (Sargent et aI., 1997), and
18:5n- 3 is a putativesourceof 20:5n- 3 (Napolitano et aI., 1990). The high content of
18:4n- 3 (OTA) of no obvious metabolic significance for bivalve larvae (Napolitano et
aI., 1990)has anti-inflammatory action (Coupland et aI., 1996).Furthermore, Thompson et
ai. (1993, 1996) have concluded that the sum of 14:0 and 16:0 in T-ISO is of major
importance for providing energy to oyster larvae and this sum in T-ISO is quite high and
constant under the examined culture conditions.

Nevertheless, the fatty acid profiles of microalgae are susceptible to major changes
according to the prevailing culture conditions (Harrison et aI., 1990). The light regime
imposed to the culture is a fundamental environmental factor since it determines the yield
and productivity of the biomass (Kirk, 1983; Raven, 1984; Falkowski et aI., 1985;
Dubinsky, 1986; Fogg and Thake, 1987;Falkowski and Raven, 1997) and there is much
evidence that influences the fatty acid composition as well (Nichols, 1965; Constanto-
poulos and Bloch, 1967; Sicko-Goadet aI., 1988; Sukenik et aI., 1989;Picaud et al., 1991;
Sanchez Saavedra and Voltolina, 1994; Harwood, 1996). Studies so far published about
the influence of light on the fatty acids of T-ISO have focused on comparisons between
different PFD under a given photoperiod [12:12 h L:D indoors and outdoors, Renaud et ai.
(1991); 24:0h L:D, Thompson et ai. (1990); 24:0h L:D in a turbidostat, Sukenik and
Wahnon (1991); 12:12h L:D Brown et al. (1993)]. Therefore, a direct comparison of
different photoperiods and PFD seems necessary in order to decide on the most efficient
light regime for industrial purposes (chemicals or aquaculture alike).

Growth results under a range of photocycles combined with a range of PFD showed
that specific growth rate of T-ISO maximised with the increase of the total photon flux
supplied per day (Tzovenis et aI., 2003), while growth was saturated at 170 J.1IIlolphoton
m - 2S- 1for all photocycles under the cultureset-up used. The objective of this study was
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Table I

Fatty acid profile ofT-ISO (% of total) cultured under different light regimes. All fatty acids can be expressed as
mg g - 1or fg cell- 1by multiplying the corresponding TFA value given at the bottom of the table

Regime Al al A2 a2 A3 a3

L:D 24:0 h

PFD 120 J111lol photon 1'02 s - 1 220 J111lolphoton 1'02s - 1 460 J111lolphoton 1'02s - 1

GP exp p-exp exp p-exp exp p-exp

!PFD 10.368 mol photon 1'02day - 1 18.998 mol photon 1'02day-I 39.744 mol photon 1'02day-I

% Mean STD Mean STD Mean STD Mean STD Mean STD Mean STD

14:0 18.78 1.18 15.63 0.79 19.19 1.45 17.81 0.32 19.78 0.91 14.68 0.84
16:0 10.19 0.99 9.65 0.16 10.85 0.67 12.38 0.14 12.16 0.91 12.72 0.53
16:1n-7 2.47 0.18 4.36 0.18 2.75 0.55 3.95 0.02 2.67 0.29 3.56 0.14
18:0 1.53 1.07 2.15 0.60 1.18 0.77 0.27 0.00 2.21 1.00 0.38 0.12
18:1n- 9 9.17 0.67 10.29 0.50 11.21 0.65 15.92 0.06 11.89 0.67 15.51 0.38
18:1n- 7 1.37 0.21 1.22 0.18 1.85 0.30 1.64 0.09 2.05 0.58 1.81 0.20
18:2n- 6 3.41 0.50 4.74 0.37 3.05 0.27 3.35 0.04 3.31 0.25 2.62 0.11
18:3n- 6 0.54 0.12 0.52 0.04 0.44 0.18 0.30 0.01 0.46 0.23 0.13 0.06
18:3n - 3 6.26 0.49 6.77 0.40 5.22 0.67 6.13 0.10 4.71 0.52 5.82 0.23
18:4n- 3 19.47 0.79 15.46 1.14 16.33 1.37 17.05 0.10 14.21 1.31 17.22 0.43
18:5n- 3 3.28 0.72 1.70 0.37 3.39 1.77 1.35 0.03 4.18 0.51 1.83 0.07
20:5n - 3 0.75 0.05 0.63 0.02 0.75 0.08 0.91 0.03 0.78 0.23 0.68 0.39
22:5n - 6 1.48 0.43 1.08 0.10 1.52 0.11 1.40 0.02 1.48 0.14 1.22 0.30
22:6n - 3 12.96 0.91 7.87 0.70 13.78 1.00 10.98 0.11 13.52 1.01 13.49 0.43

SAFA 32.46 2.02 34.35 1.51 33.10 1.46 33.09 0.43 35.61 1.18 31.10 1.41
MUFA 15.13 0.51 19.41 0.48 18.55 0.91 23.11 0.17 18.33 1.40 22.09 0.49
PUFA 52.41 2.08 46.24 1.65 48.35 1.27 43.80 0.42 46.06 2.03 46.81 1.51
n -3 HUFA 13.99 0.83 10.14 0.85 14.93 1.18 12.08 0.13 14.72 1.07 15.25 1.19
n-3 43.18 1.65 34.29 1.78 39.88 1.64 36.65 0.33 37.85 2.01 40.16 1.00
n-6 7.09 0.64 7.31 0.49 6.60 0.50 6.06 0.10 7.14 0.65 5.13 0.40

TFA 131.16 8.54 189.01 9.85 129.57 9.69 128.48 1.08 144.78 23.43 91.42 2.79

(mg g-I)
TFA 1853.8 138.6 2563.0 133.6 1987.7 117.4 2342.3 19.7 2759.5 464.5 1980.0 60.4

(fg cell- I)

Regime BI bl B2 b2 B3 b3

L:D 16:08

PFD 120 J111lol photon 1'02 s - 1 220 J111lol photon 1'02 s - 1 460 J111lolphoton 1'02s - 1

Phase exp p-exp exp p-exp exp p-exp

!PFD 6.912 mol photon 1'02day-I 12.672 mol photon 1'02day - 1 26.496 mol photon 1'02day - 1

% Mean STD Mean SID Mean STD Mean STD Mean STD Mean STD

14:0 18.69 0.70 19.44 0.56 23.06 0.82 25.10 1.76 20.26 0.27 22.86 1.31
16:0 16.30 0.46 11.98 0.16 15.70 0.54 16.67 0.79 15.38 1.05 18.63 0.94
16:ln-7 7.46 1.50 1.61 0.09 1.71 0.09 1.95 0.15 2.31 0.05 2.51 0.14
18:0 1.59 0.31 1.70 0.51 1.24 0.35 1.00 0.24 1.40 0.16 0.86 0.19

(continued on next page)



- -----

226 L Tzovenisetal. I Aquaculture 216 (2003) 223-242

Table I (continued)

Regime BI bl B2 b2 B3 b3

L:D 16:08

PFD 120 1111101photon m2 s - I 220 1111101photon m2 s - I 460 1111101photon m2 s - I

Phase exp p-exp exp p-exp exp p-exp

IPFD 6.912 mol photon m2 day-I 12.672 mol photon m2 day - I 26.496 mol photon m2 day - I

% Mean SID Mean SID Mean SID Mean SID Mean SID Mean SID

18:ln-9 11.74 1.03 10.92 0.84 20.76 2.04 20.19 4.44 20.88 1.79 25.48 1.61
18:ln -7 2.11 0.25 1.73 0.09 1.55 1.31 0.61 1.43 2.00 0.07 0.00 0.00
18:2n - 6 5.66 0.43 6.42 0.16 7.64 0.46 6.11 0.41 7.67 0.04 3.90 0.37
18:3n - 6 0.38 0.01 0.38 0.03 0.11 0.06 0.16 0.03 0.17 0.01 0.09 0.02
18:3n- 3 6.80 0.11 8.44 0.46 5.02 0.51 5.93 0.99 4.36 0.46 3.85 0.18
18:4n-3 5.62 0.29 8.05 0.34 4.98 0.42 5.83 0.52 4.80 0.37 5.52 0.25
18:5n-3 3.22 0.28 5.64 0.30 3.01 0.31 2.73 0.31 3.04 0.38 2.35 0.20
20:5n - 3 1.72 0.58 0.69 0.06 0.47 0.36 0.38 0.24 0.67 0.07 0.19 0.11
22:5n - 6 2.27 0.22 3.19 0.10 2.26 0.18 2.43 0.31 2.57 0.23 2.41 0.39
22:6n- 3 6.93 0.69 9.43 0.44 8.15 0.44 7.03 0.66 9.10 0.97 6.77 0.44

SAFA 40.05 0.72 37.38 0.38 41.60 0.99 44.98 2.12 38.88 0.84 44.78 1.32
MUFA 22.90 0.84 16.33 0.91 25.43 1.85 23.37 4.43 26.25 1.85 28.90 1.37
PUFA 37.04 0.72 46.29 1.05 32.97 1.\8 31.64 2.57 34.87 2.61 26.32 0.47
n-3 HUFA 8.66 0.47 10.42 0.46 8.64 0.50 7.44 0.71 9.82 0.91 7.01 0.46
n-3 25.31 0.87 32.61 1.01 21.65 1.20 21.93 2.47 22.03 2.11 18.74 0.50
n-6 8.98 0.40 11.23 031 10.37 0.47 8.92 0.43 11.83 0.51 6.75 0.38

TFA 130.88 6.64 154.70 4.84 150.26 8.61 140.19 9.15 162.47 22.31 160.32 7.49

(mgg-1)
TFA 3153.2 230.9 3102.0 65.1 3193.7 262.0 2192.7 157.4 3441.2 523.8 3011.8 128.5

(fg cell- J)

Regime Cl cl C2 c2 C3 c3

L:D 12:12

PFD 120 1111101photon m2 s - I 220 1111101photon m2 s - I 460 1111101 photon m2 s - J

Phase exp p-exp exp p-exp exp p-exp

IPFD 5.184 mol photon m2 day-I 9.504 mol photon m2 day - I 19.872 mol photon m2 day-I

% Mean SID Mean SID Mean SID Mean SID Mean SID Mean SID

14:0 17.92 1.43 16.21 0.98 18.68 1.33 18.00 0.74 19.01 1.66 15.04 0.55
16:0 9.71 0.63 8.21 0.\3 9.49 1.04 10.49 0.35 9.68 0.88 10.\5 0.53
16:ln -7 3.09 0.43 4.98 0.\0 2.78 0.\7 3.42 0.03 2.73 0.\4 3.61 0.10
18:0 1.68 0.44 1.70 0.57 1.04 0.81 0.27 0.10 0.94 0.49 1.55 1.03
18:1n- 9 7.00 0.55 7.50 0.20 10.53 0.44 15.73 0.15 10.84 0.65 10.99 0.59
18:ln -7 1.62 0.72 1.\5 0.13 1.02 0.20 1.41 0.04 1.07 0.37 1.09 0.59
18:2n - 6 2.96 0.10 6.16 0.43 3.56 0.29 3.53 0.04 3.03 0.25 3.33 0.09
18:3n - 6 0.20 0.05 0.56 0.03 0.42 0.27 0.34 0.01 0.37 0.18 0.18 0.04
18:3n- 3 6.67 0.84 9.78 0.53 6.46 0.24 7.00 0.07 5.63 0.28 9.50 0.14
18:4n - 3 17.54 1.95 15.65 0.96 15.32 4.26 18.22 0.18 16.01 1.60 18.71 0.38
18:5n - 3 7.29 1.\0 3.63 0.27 8.07 0.22 3.91 0.25 8.27 0.76 6.25 0.08



TFA 151.56 32.40 175.68 20.41 148.34 15.18 150.79 8.23 155.25 11.55 147.40 3.42

(mg g-I)
TFA 3437.1 806.1 2698.5 313.6 3056.8 215.4 2331.3 127.3 3136.0 64.9 2837.5 65.9

(fg cell - I)

L:D, light:dark cycle; PFD: photon flux density; GP: growth phase; IPFD: total photon flux density available per
day.

to establish light regimes that favour the production of essential fatty acids and in
particular the n - 3 highly unsaturated fatty acids (HUFA) in T-ISO.

2. Materials and methods

The Haptophyte Isochrysis aff. galbana Green, "ahitian strain" (T-ISO), was obtained
ftom the Tinamenor hatchery in Spain,and stocked as a monospecific culture in the Artemia
Reference Center (ARC) in Belgium. The experimentaldesign was a 32factorial of photon
flux density (PFD), photoperiod (L:D)plus growth phase (GP) at two levels (exponential
and post-exponential ). As L:D, 24:0, 12:12and 16:08h L:D were used at three PFD levels,
namely, 120, 220, and 460 /lmol photon m - 2 S - 1.Triplicate monospecific batch cultures
were set-up in round flasks with Walne medium (Walne, 1966). Detailed description of
culture set-up and conditions can befound in Tzovenis et al. (2003). Sampling took place at
the end of the exponential phase of well-acclimated cultures, representing the nonlimited
growth, and at the end of the post-exponentialphase ( - 50- 70% drop of the exponential
specific growth rate jl, due to light limitation caused by increased cell density). The latter
was used to simulate the harvestingpoint, typically employed in hatcheries and still avoid
severe nutrient limitation. Adding nutrients at this point tested the nutrient limitation and if
an increase of jl was found, the particular experiment was aborted. The following codes
were used for the light regimes (see Table 1): 'A'=24:0 h L:D; 'B'= 16:08 h L:D;
'C'= 12:12 h L:D; '1'= 120 /lmol photon m -2 s -1; '2'=220 J..I.IDolphoton m -2 s - 1;

- --
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Table 1 (continued)

Regime CI cl C2 c2 C3 c3

L:D 12:12

PFD 120 J.lInol photon m2 s - 1 220 J.lInol photon m2 s - 1 460 J.lInol photon m2 s - I

Phase exp p-exp exp p-exp exp p-exp

IPFD 5.184 mol photon m2 day-I 9.504 mol photon m2 day - I 19.872 mol photon m2 day-I

% Mean STD Mean STD Mean STD Mean STD Mean STD Mean STD

20:5n - 3 1.04 0.33 0.56 0.02 0.85 0.30 0.74 0.02 0.87 0.24 0.41 0.04
22:5n - 6 1.17 0.29 0.89 0.06 1.28 0.28 1.27 0.04 1.42 0.08 1.04 0.15
22:6n - 3 11.74 1.67 7.80 0.63 12.67 0.48 9.95 0.13 14.14 1.20 12.02 0.24

SAFA 32.42 1.72 32.97 0.85 31.14 1.60 31.25 0.28 30.68 1.88 29.92 0.80
MUFA 14.76 2.99 16.52 0.45 16.54 1.04 22.01 0.21 16.77 1.07 16.77 1.46
PUFA 52.82 4.65 50.51 1.23 52.32 2.13 46.74 0.20 52.55 2.69 53.32 0.84
n-3 HUFA 13.59 1.16 9.95 0.29 13.79 0.61 10.77 0.12 15.39 0.94 12.46 0.27
n-3 45.16 4.80 39.20 1.82 43.67 4.14 39.93 0.16 45.35 3.18 46.92 0.80
n-6 5.59 0.22 8.32 0.46 6.58 0.69 6.02 0.07 6.40 0.45 5.46 0.12
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'3' = 460 Jll1101photon m- 2 S- 1.Caps denote exponential,and lowercase letters the
corresponding post-exponential phase (e.g. 'AI', 'al ').

Samples for lipid analysis were collected on pre-combusted GF/C filters (450°C) and
stored at - 40°C, under N2 until processing. A modified method of Lepage and Roy
(1986) was used for the analysis of the fatty acids. Details for analysis can be found in
Tzovenis et ai. (1997). Fatty acids normalised per total offer a fingerprint of taxonomic
importance (Mourente et aI., 1990), therefore fatty acids were expressed as percentage of
the total identified ones (TFA).The nonidentified did not exceed 5% of the total. Biomass
and cellular content can be calculated from TFA in mg g - 1and fg cell- 1, respectively.
The n - 3 J.1UFAyields and productivities were obtained via the corresponding culture
kinetic data (Tzovenis et al., 2003).

Statistical analysis was carried out using multivariate analysis of variance (MANOVA)
for all responses of fatty acids, in order to provide a means of discrimination among the 18

Table2
Statistic analysis of the fatty acid responses of T-ISO grown under different light regimes

ANOVAfor TFA
DESIGN: three-way ANOVA, fixed and random effects
DEPENDENT: one variable: TFA mg g - I

BETWEEN: l-L:D (3): 12:12, 16:08, 24:0 h; 2-PFD (3): 120,220,460 pmol photon m - 2 S - 1; ~P (3):

exponential, post-exponential phase
WI1HIN: none
RANDOM: GP

MANOVAfor exponential fatty acid profiles
DESIGN: two-way MANOVA, fixed effects (exponential phase)
DEPENDENT: 11 variables: % 14:0, % 16:0,% 16:1n-7, % 18:0, % 18:1n- 9, % 18:2n- 6, % 18:3n- 3, %

18:4n - 3, % 18:5n- 3, % 22:5n - 6, % 22:6n - 3
BETWEEN: l-L:D (3): 12:12, 16:08,24:0 h; 2-PFD (3): 120,220,460 pmol photon m - 2 S-I

WI1HIN: none

Summary of all effects (type III SS)

Effect Wilks'Lambda Rao's R dfl
22.
22.
44.

df2

242.
242-
464-

P-level

0.00.
0.00.
0.00.

L:D 0.000923 - 351.0940.
PFD 0.042382. 42.4322.
L:D x PFD 0.027666 - 16.4205.

L:D, photoperiod; PFD, photon flux density; GP, growth phase.·Significant value.

--

Summary of all effects

Effect dfEffect MS Effect dfError MS Error F P-Ievel

L:D 2. 4850.\5· 2- 78.82· 61.53769- 0.015990.
PFD 2 3282.21- 2 11579.94 0.28344 0.779156
GP I 570.55 191 243.97 2.33862 0.127856
L:D x PFD 4 4861.83- 4 2907.46 1.67219 0.315317
L:D x GP 2 78.82 191 243.97 0.32306 0.724326
PFD x GP 2- 11579.94- 191· 243.97· 47.46512- 0.00000o·
L:Dx PFDx GP 4. 2907.46- 191. 243.97· 11.91742- 0.000000 ·
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different light regimes (9 exponential and 9 post-exponential). To isolate the effects for
each response (univariate analysis), the model was reduced to three-way analysis of
variance (ANOVA). For the homogeneity of variance assumption, when necessary,
variances were transformed to their logarithms (square root for percentages), and tested
for heteroscedasticity with Cochran's C-test Tuckey's honest significance distance (HSD,
modified for unequal number of replicates as the Spjotwol and Stoline test) was used to
compare and rank the means offatty acids resulting under each regime. For comparison of
the fatty acid profiles resulting from each light regime discriminant analysis and
subsequently cluster analysis were curried out. The latter based on the similarities (single
linkage method on Euclidean distances) was used to plot tree diagrams. Fatty acids
expressed as % to TFA were used for clustering. All statistics were performed with
STATISTICA@ software (StatSoft, 1994 and references therein).

3. Results

3.1. Acclimated response (exponential phase)

During exponential phase TFA averaged 144.3:t 20.5 mg g - 1 (Table 1) and were
influenced strongly by L:D with lesser influence of PFD and their interaction L:D x PFD
(Table 2). MANOVA for the fatty acid profile ofT-ISO [% TFA (w/w); Table 1] showed
the same pattern (Table 2). Discriminant analysis revealed that all exponential culture

Al
A2
A3
CI
C2
C3
c3
a2
c2
a3
al
cl
81
bl
b2
82
B3
b3

2 3 4 5 6 7 8 9 10

Lin1cage Distance

Fig. 1. Tree diagram for 18 light regimes, based on relative content of the following fatty acids: 14:0, 16:0,
16:ln-7,18:0,18:ln - 9,18:ln -7,18:2n -6,18:3n - 6,18:3n- 3,18:4n- 3,18:Sn- 3,20:Sn-3,22:Sn - 6,
22:6n - 3 (data from Table I). Method: single lin1cage upon squared Euclidean distances. Codes as in Table I.
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regimes were different and demonstrated the strong contribution to this variability of all
major fatty acids. In Fig. 1, a tree diagram from cluster analysis illustrates the differences
and groups the culture regimes according to their similarities. Groups were discriminated
according to L:D, and within each L:D by PFD. Apparently the 16:08 h L:D regimes were
the most different ones.

To find a trend for the different fatty acid profiles the unsaturation degree [(PUFA+
MUFA)/SAFA] was plotted for each regime (Fig. 2a). Although no common trend was
found, it seems that the 'B' regimes were not optimal for high desaturation, while 'A' and
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Fig, 2. Degree ofunsaturation [(PUFA + MUFA)/SAFA] (a), and the index [pUFA/(SAFA + MUFA)] (b) ofT-ISO
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'c' regimes' difference was, in this sense, smaller, rendering both optimal for PUFA
accumulation. This was confirmed by plotting the [pUFA/(SAFA+ MUFA)] ratio, grossly
representing in T-ISO the ratio of fatty acid elongationldesaturation to the de novo
pathway. Detailed comparison of the two optimal regimes revealed some different trends
imposed by L:D x PFD interactions. Increasing PFD resulted in a proportional increase of
16:0 with a concomitant decrease of 18:4n - 3 and 18:3n - 3 in 'A', whereas SAFA and
18:4n - 3 were constant in 'C'. In 'A' DHA was PFD-independent whereas in 'C' DHA
increased with increasing PFD reaching at 'C3' equivalent levels with the average in 'A'.
In contrast, 18:3n- 3 was decreasingwith increasing PFD in 'C'. That trend for DHA and
18:3n - 3 was inherent to the discontinuous light since it was evident in both 'B' and 'c'

a 1000.
D 18:Sn-3

=H
i

1m! 22;Sn-6' ;
800H_ n-3 HUFA [.......-._ 14:0+16:0 !

400

o

200

At A2 A3 81 B2 B3 CI C2 C3

D 18:5n-3

... Iii! 22:50-6
_ n-3HUFA.__
_ 14:0+16:0

; !
i i

-'-"l---'r--'"

~ l I ~ ,_.._......

.._~ +

1

+ +_....-
,: i

"!"..n !"" . '--r I-"--'
. -t.- "--'-1"--"4--

i T_! T:

r-
L_.
~

400........

al a2 a3 b2 b3 cl c2 c3

200--

o

Fig. 3. Selective fatty acid profiles ofT-ISO plotted vs.light regimes (mean i: standard deviation). (a): n - 3 HUFA,

22:5n - 6, 18:5n - 3, and the sum 14:0+ 16:0 per cell (fg cell-I) exponential phase; (b): post-exponential phase;
(c): n - 3/n - 6 ratio; (d): DHAIEPA ratio. Codes as in Table 1.
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Fig. 3 (continued).

(DHA levels lower in 'B'). The levels of 18:5n - 3 in 'C' (high and PFD independent)
contrasted also with 'A'. On the other hand, the proportions of 18:2n- 6, 18:1n- 9, and
22:5n- 6 wereveryhigh in 'B' with 18:4n- 3 very low.

3.2. Transient response (light-limited post-exponential phase)

In the post-exponential phase under continuous light TFA exhibited a high negative
correlation to PFD (Table 1).This outcome influenced the proportions, so that unsaturation
(Fig. 2a) tended to increase with PFD although the PUFAlde novo index did not (Fig. 2b).
Few trends were apparent with an overall pattern PUFA>SAFA>MUFAfor most 'A', 'a',

---
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'C', and 'c' regimes contrasting most 'B' and 'b' regimes' SAFA>PUFA>MUFA. Post-
exponential proportions of MUFA in 'a' regimes increased at the slight expense of both
SAFA and PUFA. In 'c' regimes only a MUFA increase at 'c2' at the expense of PUFA
was noted. Under 16:08 h L:D the trends were far more complicated. During exponential
phase there was no strong effect of PFD (MUFA increased slightly, though statistically
significant, at the expense of PUFA in B2 and remain as such in B3), while during post-
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Fig. 4. n - 3 HUFA volumetric yield and productivity ofT-ISO cells cultured under different light regimes plotted
vs. total photon flux density available per day (IPFD, mol photon m - 2 day - I). (a) n - 3 HUFA exponential

productivity(mg1- I day-I); (b)post-exponentialyieldn- 3 HUFApercu1turetime(mgI-I day-I); (c)n - 3
HUFA post-exponential yield (mg I-I). Data fitted according to Y=Ymax {I - exp( - aI.PFDlymax>} for each
photoperiod. Points are mean :I: standard deviation. Codes as in Table 1.
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Fig. 4 (continued).

exponential phase the proportions ofSAFA and MUFA increased with PFD at the expense
of PUFA. However, comparing the fatty acid groups within each PFD, at 'bl' PUFA
increased at the expense of both MUFAand SAFA,at 'b2' SAFA increased at the expense
of MUFA and only at 'b3' PUFA dropped in favour of both SAFA and MUFA. Only
18:3n - 3 (%) showed a common trend during the post-exponential phase increasing the
exponential values. 14:0 and 18:5n- 3 decreased in 'a' and 'c', while 16:1n-7 increased.
The proportions of these fatty acids in 'b' were apparently unchanged. DHA compared to
the exponential levels dropped in 'a' and 'c' with the remarkable exception of the 'a3'
levels that remained unchanged, while in 'b' regimes DHA dictated their PUFA pattern
described before. As a conclusion proportions were effected by a strong interaction of
L:D x PFD resulting in metabolic changes difficult to be modelled.

3.3. Cell and biomass profiles

For cell rations in aquaculture it is important to know the specific profile per cell.
Therefore, fatty acids important for industry were plotted for exponentially (Fig. 3a) and
post-exponentially (Fig. 3b) harvested cells: 14:0+ 16:0 for high energy content, n - 3
HUFA for DHA and EPA content, 18:5n- 3 for EPA, and DPA for ARA. Evidently, 'c'
cells had the most interesting profile since they contained the highest amounts of the
different PUFA as well as a high content of high energy fatty acids. The n - 3 content was
significantly high in 'A' and 'C' (Fig. 3c), while DHAIEPA (Fig. 3d) did not differ
significantly in any regime.

3.4. Productivity and yield of n-3 HUFA

The ultimate goal of this study was to define suitable regimes for production of T-ISO
biomass rich n - 3 HUFA. Evidently n - 3 HUFAyield and productivity were a function

--
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of IPFD per day (Fig. 4). Surprisingly,exponential volumetric productivities under 12:12
h L:D deviate to higher values with 'C3' almost double than the other regimes.

4. Discussion

4.1. Effect of light regimes on totalfatty acids (TFA)

At conditions close to the ones adopted in this study there have been reported various
values for TFA in T-ISO ranging trom 31.5 to 148.2 mg g - I (Brown et al., 1993; Burgess
et al., 1993; Mourente, 1993; Albentosa et al., 1994; Reitan et al., 1993; Renaud et aI.,
1994a,b). Values reported on TFA per cell seem to be in better accord (Volkman et aI.,
1989; Brown et aI., 1993; Renaud and Parry, 1994; Saoudi-Helis, 1994). In general, TFA
in T-ISO seem to be about half of the lipid content (e.g. Brown et aI., 1993;Dunstan et a!.,
1993; Albentosa et a!., 1994) with the traction of lipids per ash tree CDW ranging trom
20% to 30%. Consequently, the lipid variation in T-ISO is not high and the variation of
TFA in mg g - I can be explained by the variability of CDW, particularly of its nonorganic
part (e.g. Brown et aI., 1993).

During the exponential phase T-ISO showed a trend for more fatty acids at discontin-
uous light. Probably there is less demand for photosynthetic membranes under continuous
light than under discontinuous light. The effect of PFD during the exponential phase was
not significant. Fernandez-Sevilla et al. (1998), working with 1.galbana under a range of
high irradiance, concluded that the fatty acid content was not significantly affected by PFD
but by the state of growth of the alga, depending on whether the light regime was
photoinhibiting or photolimiting. Brown et a!. (1993) demonstrated that in exponentially
growing T-ISO there was a high level of polar lipids (ca. 75%), practically not changing
with PFD in contrast to alkenones and an unidentified part. Hence, it seems that T-ISO at
the exponential phase synthesise more or less a basal level of fatty acids needed for the
membranes of the fast growing cell.

During the light-limited post-exponential phase under subsaturating PFD (120 J.l111ol
photon m - 2 S- I) fatty acids accumulated in biomass, whereas over this PFD evidently
there were no significant changes (except for the TFA drop at 'a3'). Hence, deviations
should be attributed to short-term changes within the fatty acid profile. At photolimiting
conditions there might have also been fundamental metabolic changes towards esters and
alkenones that accumulate at high PFD (Brown et aI., 1993), thus decreasing TFA under
'a3'. These unsaturated compounds are nondegradable end products of fatty acid
regulation under slow growth or stress conditions (Ben-Amotz et aI., 1985; Suen et aI.,
1987) and have been detected in T-ISO as C37-C39unsaturated methyl and ethyl ketones
(Volkman et a!., 1989).

4.2. Fatty acid profiles

The PUFA>SAFA>MUFApattern observed under 24:0 h or 12:12h L:D seems typical
for T-ISO growing under such regimes (Ben-Amotz et a!., 1985; Volkman et aI., 1989;
Mourente et aI., 1990;Napolitano et a!., 1990;Thompson et aI., 1990, 1993;Renaud et aI.,

---
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1991, 1994a,b, 1995; Brown et al., 1993; Delaunay et a!., 1993; Dunstan et al., 1993;
Reitan et al., 1993; Servel et al., 1994). Deviations from the typical pattern were found
under extreme conditions of temperature [in Thompson et al. (1990, 1992) but not in
Napolitano et al. (1990) or Renaud et al. (1995)] subsaturating PFD (Sukenik and Wahnon,
1991) and under nutrient- or photolimitation (Sukenik and Wahnon, 1991; Saoudi-Helis et
al., 1994; Reitan et al., 1994). These effects could be attributed to an impediment of
desaturation due to energy or nutrient-limitation resulting in SAFA and/or MUFA
accumulation.

The SAFA>PUFA>MUFApattern of fatty acids exhibited under 16:08 h L:D in the
present study was similar only with the study of Albentosa et al. (1994), but the culture
conditions were different (24:0 h L:D x - 180 l1IIlOIphotons m - 2 S- 1 x 18°C). In fact,
the PUFA content per cell under 16:08 h L:D was the same as with continuously
illuminated cells but with a higher accumulation of SAFA and MUFA. Cells under
12:12 h L:D in comparison to 24:0 h L:D simply accumulated more PUFA. The major
difference in the 16:08 h L:D fatty acid profile was the lower n - 3 PUFA content while
the n - 6 fatty acids along with SAFA and 18:1n - 9 were much higher than in the other
two photocycles. Since this regime was not suboptimal for growth (in terms of j.l, post-
exponential harvest and productivity) evidently high n - 3 PUFA levels simply were not
needed.

Algae respond to suboptimal growth conditions by optimising the photosynthetic
process via thylakoid resizing and/or Calvin-Benson cycle up-regulation (Falkowski
and Raven, 1997). Extra-plastid membranes involved in key metabolic pathways may get
modified as well (Thompson, 1996). In both cases, the constant presence of certain fatty
acids in the membranes facilitates an immediate acclimation (Harwood, 1996; Klyachko-
Gurvich et al., 1999) and their constant storage in triacylglycerols (TAG) supports quick
turnover and supply (Hodgson et al., 1991). The fatty acid profile ofT-ISO conforms very
well to this hypothesis with the presence of a high amount of PUFA, both in membranes
and in storage lipids (Sukenik and Wahnon, 1991; Saoudi-Helis, 1994).

The thylakoid lipids in T-ISO contain mainly 14:0, 16:0, 18:1n - 9, 18:3n - 3,
18:4n - 3, 18:5n - 3 and 22:6n - 3, which are present also in high amounts in storage
lipids (Sukenik and Wahnon, 1991; Saoudi-Helis, 1994). At subsaturating and light-
limiting conditions these fatty acids accumulate indicating a thylakoid expansion, a
response reversed at PFD equal to or higher than the saturating one. The only fatty acid
that clearly correlates negatively to I,PFD is 18:3n- 3, which accumulates under light
limitation at subsaturating PFD along with 16:1n-7. At oversaturating PFD 18:3n- 3 did
not change while 18:3n- 6 and 18:5n- 3 decreased. Probably, their thylakoid contents
were masked by a mobilisation of reserves ftom TAG to the elongation/desaturation
process towards 22:5n - 6 and 22:6n - 3. In phospholipids 18:3n- 6 was not detected so
its fluctuation can be attributed to changes in the photomembranes.

DHA, a fatty acid with an ambiguous role (see Kyle et a!., 1992), increased with
increasing PFD (constant in 'A') and decreased during the post-exponential phase.
Considering its high content and omnipresent positioning (optimally ca. 15% in glyco-
lipids, 35% in phospholipids and 50% in TAG; Saoudi-Helis, 1994) along with the fact
that it represents the end product of the PUFA pathway, DHA should playa central role in
the membrane physiology of T-ISO. Therefore, it must be kept at high levels inthe

--- --
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membranes, and its decrease in situations that limit its synthesis should be associated with
mobilisation of its TAG reserves. Because it correlates positively with the available light
energy it seems reasonable to assume that at energetically favourable regimes DHA
accumulates in TAG.

If the 16:08 h L:D regime could not be considered suboptimal for growth, then an idea
of the basal levels of n - 3 PUFA could be obtained and changes be explored. All
photosynthesis-associated n - 3 fatty acids maximised at 12:12 h L:D indicating an
expansion of the photomembranes associated with an increase in cell volume (Tzovenis
et aI., 2003) to relieve the packaging (Raven, 1986). Under 24:0 h L:D these fatty acids
have intermediate contents. If one abides with the assumption that without dark intervals
there is a higher degree of photoinhibition (Marshall et aI., 2000), then probably a larger
thylakoid surface would be required to host a reasonable number of functioning reaction
centres. DHA on the other hand increased both under 12:12 h L:D and 24:0 h L:D, thus
proving its critical role as the end product of the n - 3 pathway under photosynthesis
stressing conditions.

4.3. N-3 HUFAyield and productivity: significancefor aquaculture and industry

Results showed that n - 3 HUFAunder any light regime complies well with the general
requirements of the aquacultured animals. Diets for bivalves should, in general, contain
about 1-20 fg/~3 n - 3 HUFA (Brown et aI., 1989),which in T-ISO ranged from 7 to 13
fg/~3 with a maximum at 12:12 h L:D. Crustaceans require at least 1% in the diet and
should be satisfied as well. Fish requirements (e.g. 5.1 mg/g diet for sea bream larvae,
Koven et aI., 1990; 5.7 mg for stripped sea bass, Tuncer and Harrell, 1992) were within
range in T-ISO; however, for most fish n - 3 HUFAcould be efficiently administered only
through zooplankter intermediates, of which rotifers and Artemia exhibit problems in lipid
retention (e.g. Whyte et al., 1994; Zhukova et aI., 1998).

To make complete the profile of desired fatty acids the DHAIEPAand n - 3/n - 6 ratios
should be considered as well. In many cases, EPA was proven either insufficient in
comparison to DHA (e.g. Delaunay et aI., 1993)or even suppressive (e.g. Thompson et al.,
1996). Therefore, Sargent et aI. (1997) suggest a ratio ofDHAlEPA well over unity in the
diets for marine fish larvae. Both continuous light and 12:12h L:D grown T-ISO represent
excellent sources ofDHA with very high ratios ofDHAlEPA. At low PFD and 16:08 h
L:D the ratio is lowest and hence this regime should be avoided. The high fluctuation in
some cases was due to the very low EPA content prone to errors in the final quantification.
Webb and Chu (1983) suggested that a n - 3/n - 6 ratio lower than 2 is suboptimal.
However, such a ratio without further information on the length of the carbon chains seems
insufficient (Volkman, 1989). Napolitano et al. (1990) in a test with oyster and scallop
larvae fed with T-ISO commented on the absence of C20 NMID (nonmethylene
interrupted) fatty acids which serves as an index of poor PUFA metabolism in animals,
thus rendering T-ISO an effective fatty acid source for aquaculture. Femandez-Reiriz et aI.
(1998) reported a positive correlation between n - 3/n - 6 and growth of Ruditapes
decussatus with best results among others observed with a monospecific diet of T-ISO
with a ratio of 3.4, less than half of the corresponding maxima obtained in the present
study. The n - 3/n - 6 ratio in T-ISOshould be more than sufficientunder 24:0 or 12:12 h
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L:D but might be inadequate under 16:08 h L:D, although the adequate n - 3 HUFA
contents should compensate for that.

In brief, cells harvested at the end of the exponential phase from cultures under
discontinuous light of 12:12 h L:D and any PFD between photoinhibition and photo-
limitation are the most compliant to the desired profile since they have the highest n - 3
HUFA together with the highest 18:5n- 3 contents and have excellent DHAIEPA and
n - 3/n - 6 ratios. Alternatively, if a high sum of 14:0+ 16:0 together with 22:5n - 6
(targeting 22:4n - 6) is desired, then 16:08 h L:D regimes should be ideal as they contain
also an adequate amount of n - 3 HUFA. These regimes can be applied outdoors in
hatcheries located from the temperatezone to the tropics, rendering the production process
more economic.

In volumetric production terms, the post-exponential harvests ofT-ISO gave maxima of
n - 3 HUFA volumetric yields between 5 and 6 mg 1- 1 (max DHA yield 5.8 mg 1- 1 at
'c3') and were influenced by the total amount of energy given to the culture per day. Any
light regime supplying more than ca. 15 mol photon m - 2 day - 1 (i.e. 'a2', 'c3', 'b3',
'a3') seems to be optimal for a maximal n - 3 HUFA volumetric yield. These values are
comparable to the 6.95 mg 1- 1 obtained by Chen et ai. (1997) with L galbana TK2 (a

. strain close to T-ISO) under 24:0 h L:D x - 200 flIIlol photon m - 2 S - 1x 25 °C x urea
medium. In contrast, Dunstan et ai. (1993) reported for T-ISO a rather low value of 1.48
mg 1- 1DHA in the early stationary phase of a culture under 12:12 h L:D x 100 J.Lmol
photon m - 2 S- 1x 22 °C, probably due to the low cell concentration achieved in their
system (7.25 x 106 cells ml- I). The latter represents a major problem for microalgae
production iti aquaculture units because the 'Millford' method usually employed (De
Pauw and Persoone, 1988; Benemann, 1992) rarely leads to high cell concentrations
contrary to novel culture systems based on sophisticated photobioreactors capable of
productivities over 1 g biomass 1- 1 day - 1 for T-ISO (Borowitzka, 1997).

In this study, maximal volumetric productivities of n - 3 HUFA for post-exponential
harvests ranged between 0.8 and 1.0mg 1- 1day - 1comparable to the values of Dunstan
et ai. (1993) for semi-continuous culture (0.84 to 0.77). Burgess et ai. (1993) reported a
value of 4.3 mg 1- 1 day - 1 obtained with an optical fiber photobioreactor which
manifests the possibilities of such advanced technology systems. Nevertheless, such
systems require high investment substantiated only for production of high added value
products. The production of purified lipids or high-pressure lipid extracts falls within this
view and there is an emerging interest in the development of such products from
microalgae and other microorganisms for various applications, ranging from the baby
food industry to cosmetics (Yongmanitchai and Ward, 1989; Kyle and Ratledge, 1992;
Boswell et aI., 1996; Burns et aI., 1999).

Finally, the calculated volumetric productivity of n - 3 HUFA at exponential harvests
can be used for extrapolations of continuous culture because it gives an insight of
instantaneous rates for a given regime, although, as steady-state biomass cannot be
calculated by batch culture data alone, continuous culture experiments cannot be avoided.
The exponential productivity patternwas similar to the post-exponential except for 12:12h
L:D where values were much higher (at 460 flIIlolphoton m - 2 S - I: ca. 1.15 mg n - 3
HUFA mg 1- 1 day - I). If this observation is confinned by further studies 12:12 h L:D
regimes can then serve as a basis for a continuous culture optimisation. This regime
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represents an economical solution considering the high cost of artificial illumination in the
hatcheries. Extrapolating from the post-exponential productivity (yield over time), which
can simulate continuous culture at low dilutions (achieving higher biomass), 12:12 h
L:D x 460 llII101photon m - 2 S - t X p-exp regime seems the best choice for optimisation.
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