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ABSTRACT: Outdoor experimental tanks were used to simulate phytoplankton blooms in natural 
seawater from the bay of Villefranche-sur-Mer (France), during March-April 1984. External tempera- 
ture and light intensity were respectively monitored every 4 h and daily. Nutrient conditions were 
followed daily and maintained by a cycle of dilutions with fresh enriched seawater. Six different cycles 
of phytoplankton production were followed. They differed by the dilution rates used. Nutrient uptake. 
phytoplankton composition, biochemical composition and detailed lipid composition of the phytoplank- 
ton were followed throughout each growth cycle. Results showed a clear difference between the first 
cycle, which lasted 7 d ,  and subsequent ones which lasted only from 27 to 51 h In terms of species 
composition, the initial body of water con~prised a complex assemblage of species (flagellates, dino- 
flagellates, diatoms, microzooplankton) which were gradually replaced by a community of diatoms 
dominated by Skeletonema costatum, Nitzschia sp. and Chaetoceros sp. Total fatty acid changes 
reflected the progressive changes in species composition (inverse variation of C16 and C18 polyunsatu- 
rated fatty acids) and to a minor extent the nutrient regime. In terms of fatty acid composition of the 
different lipid classes the transition from a flagellate to a diatom population appears to be  the key factor 
influencing all categories in a similar way. Nutrient regime affected essentially the neutral lipid 
composition while changes in physiological state were reflected in the polar lipid composition (phos- 
pholipids, monogalactosyl diglycerides [MGDG], digalactosyl diglycerides). Probable light limitation 
during the fourth growth cycle may explain some of the changes in fatty acid composition at the MGDG 
level. In all cases, transient saturation-desaturation processes of the membrane lipids seems at  the heart 
of the acclimation dynamics 

INTRODUCTION 

The complexity of the natural environment makes it 
difficult to clarify the processes involved in regulation 
of phytoplankton fatty acid composition. The few 
studies on temporal changes of natural particulate 
assemblages have shown that both fatty acid and sterol 
components are related in various degrees to physical, 
chemical and physiological parameters (Jeffries 1970, 
1972, Schultz 1974, Goutx & Saliot 1980, Kattner et  al. 
1983, Mayzaud et  al. 1989) whose influences are often 
compounded. The use of laboratory cultures of phyto- 
plankton has been the alternate choice to ascertain 
patterns of fatty acid biosynthesis and the importance 
of individual environmental variables (see reviews by 
Wood 1974, Pohl & Zurheide 1979), but cannot be  
directly extrapolated to natural conditions. Recent 
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studies by Morris (1984) and h4orris et al. (1985) of 
phytoplankton blooms produced in large-volume 
experimental ecosystem have introduced an interest- 
ing alternative for investigating the nature of biochemi- 
cal changes which occur at  various stages of phyto- 
plankton growth. 

Most studies using experimental ecosystems or 
mesocosms (Brockmann et  al. 1977, Grice & Reeve 
1982) have focused on the time course of a n  undis- 
turbed, well-characterized isolated water body. 
Though the progressive nutrient depletion observed 
under such conditions is representative of well- 
stratified surface water layers, it does not take into 
account the frequent mixing of the water column. In the 
present study, we report the fatty acid composition of 
the component lipid classes of phytoplankton popula- 
tions subjected to pulses of nutrient supply. Such data 
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should yield important information on the acclimation 
processes of phytoplankton cells in a periodically 
changing environment. 

MATERIAL AND METHODS 

Experimental ecosystem. The experimental system 
consisted of a 2.2 m3 plastic glassfiber-polyester tank 
fitted with a transparent 3 mm thick plastic cover to 
exclude atmospheric contaminants. This cover reduced 
the quantity of light by 23 % but did not affect the 
spectral composition. An airlift system was used to 
ensure the homogeneity of the water column and dlssi- 
pate the slight increase in temperature produced by the 
cover. The system was placed outside and exposed to 
natural changes of light and temperature. 

Seawater for the experiment was pumped from a 
depth of 3 m in the bay of Villefranche-sur-Mer, 
France, filtered through a 150 pm bolting cloth to 
remove large zooplankton and debris and enriched 
with nutrients (nitrate, phosphate, silicate) in the pro- 
portions suggested by Redfield (1934) and Harris & 
Riley (1956), i.e. 12.  1 : 8. 

Throughout the experiment, light, temperature and 
nutrient levels were monitored continuously using 
probes and a 3-way Technicon Autoanalyser 11. Nitrate, 
nitrite, phosphate and silicate were measured every 30 
min following Treguer & Le Corre (1974). 

Biomass control and sampling. Particulate volume 
chlorophyll, total proteins and lipids were monitored 
daily. Known volumes were filtered on prebaked GF/C 
filters and frozen (-70°C) until analysis. Particle con- 
centrations and volume at sizes ranging from 1 to 
60 pm equivalent diameter were estimated using a 
PC 230 Hiac counter. Particulate chlorophyll and 
phaeopigment were measured by fluorometry accord- 
ing to the method of Yentsch & Menzel (1963) as 
modified by Holm-Hansen et al. (1965). Total proteins 
were estimated according to Lowry et  al. (1951) while 

Table 1 Solvent system for the separation of the maln lipid 
classes. MGDG: monogalactosyl dlglycendes; DGDC: digal- 
actosyl diglycerides, S Q D G  sulfoquinovosyl diglycerides; 

MeOH: methanol 

h p i d  classes Solvent system Column 
volume 

Hydrocarbons Hexane l 
Neutral l~pids  Chloroform 10 
MGDC Chloroform:aceton~ 8 

60:40 
DGDG + SQDG Acetone 25 
Phospholipids MeOH:ammon~a 10 

90: 10 

total lipids were measured gravimetrically after extrac- 
tion according to Bligh & Dyer (1959). Nutrients were 
analyzed in 200 m1 fractions of filtered water. Analyses 
were done in duplicate. 

Lipid analysis. Aliquots of 100 to 200 1, depending or, 
the growth phase of the phytoplankton population, 
were filtered on 12.5 cm GF/C filters using a stainless- 
steel holder, a peristaltic pump equipped with silicone 
tubing and a volume-meter. All samples were 
extracted within the same day and the lipid stored in 
chloroform at -70°C under nitrogen. 

Lipid classes were separated by column chromato- 
graphy on silica gel (100 to 200 pm mesh) using a 
system of solvents of increasing polarity (Table 1) 
adapted from Vorbeck & Marinetti (1965). A 30 m1 
glass column (26.5 cm height, 1.2 cm diameter) equip- 
ped with a fritted disc was used with a mean flow of 
2 m1 min-l. An atmosphere of nitrogen was maintained 
at  all time. Possible cross contaminat~ons between cla- 
sses was checked by thin layer chromatography (TLC) 
eluted by hexane : diethyl ether: acetic acid (80: 20 : 1 )  
for neutral lipids, chloroform :methanol. water 
(85 : 30 : 1) for glycolipids and chloroform :methanol : 
ammonia (65 : 35 : 5) for phospholipids. The phos- 
pholipids, ylycolipids and neutral lipids were methy- 
lated using 7 % BF3 in methanol (Morrison & Smith 
1964). 

Gas liquid chromatography (GLC) of methyl esters 
was carried out with a Perkin-Elmer Sigma 2 chromato- 
gra.ph equipped with a flame ionization detector and a 
Spectra-Physics SP4000 integrator. The wall-coated 
open tubular (capillary) columns used were of stainless 
steel. 48 m in length X 0.25 mm internal diameter, 
coated with SILAR 5CP or Apiezon L. The columns 
were operated isothermally at 165 "C (SILAR 5CP) and 
190°C (Apiezon L). Helium was used as carrier gas 
(Mayzaud & Ackman 1976) at 60 psig (SILAR 5CP) and 
80 psig (Apiezon L). Injector and detector were main- 
tained at 250°C In addition to the examination of 
esters as recovered, part of all ester samples were 
completely hydrogenated and the products examined 
quantitatively and qualitatively by GLC. Results are 
given to 2 decimal places to permit the inclusion of 
minor components, but this does not imply this order of 
accuracy. Major components (> 10 %) should be accu- 
rate to ? 5%1, moderate size components (1  to 9"/0) to 
+ 10 % and minor components (< 1 '330) to up to f 50 'Yo 

Nomenclature. A shorthand notation for unsaturated 
acids is employed in this paper as follows: chain 
length: number of double bonds and number of carbon 
atoms from the centre of the ultimate double bond to 
the terminal methyl group (e.g. 20 : 5(1,3 or 20 : 5n-3 
indicate 20 carbons, 5 double bonds, ultimate double 
bond 3 carbons from the terminal methyl group). The 
assumption is that all bonds are cis and are methylene- 
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interrupted. The conventional system of numbering 
from the carboxyl group uses a A notation and makes 
the same assumption unless otherwise indicated. PUFA 
(polyunsaturated fatty acids) describes all acids with 
more than 2 double bonds and HUFA (highly unsatu- 
rated fatty acids) those acids wiht more than 5 double 
bonds. 

Statistical treatment. Because of the overwhelming 
amount of data generated by GLC analyses, a compari- 
son of their covariation is not possible by classical 
bivariate approach. In the present study, correlation 
analysis would describe the dominant temporal associ- 
ation rather than the day-to-day variability and would 
not take into account all the interrelations of the varia- 
bles. A multivariate approach is more satisfactory to 
compare all data sets in a 3-dimensional space as it 
allows extraction of the major trends of variability of a 
set of samples for all the descriptors (fatty acids). A 
principal component analysis (PCA) was performed on 
the correlation matrix of fatty acid data according to the 
approach described by Legendre & Legendre (1984) 
and the application to fatty acid data of Mayzaud et  al. 
(1989). Briefly, a correlation matrix computed from the 
original data set is used to obtain a set of eigenvalues 
associated with a similar number of eigenvectors which 
define a new orthogonal space. The new axes are 
linear combinations of the initial variables and are 
called principal components. The eigenvalues repre- 
sent the amount of variance encountered by the corres- 
ponding principal components. The elements of the 
resulting factor loading matrix are correlations 
between the original variables (fatty acids) and the 
principal components. Factor scores which represent 
the contribution of the observations to the axes are 
calculated to have a zero mean and unit variance. The 
factorial axes may be interpreted using the elements of 
the factor loading matrix and the factor scores of the 
observations. 

Once the factorial axes based on the 'active varia- 
bles' have been extracted, 'supplementary variables' 
not used in the determination of the axes may be added 
to the analysis. These may be  located by projecting 
them on to the factorial planes of the first principal 
components derived from the active variables only. 
Formulations for computing supplementary variable 
projections may be found in Lebart et al. (1977). 

In the present study, the aim of the analysis is to 
understand the sequence of observations based on the 
similitude of fatty acid spectra. In the projections, fatty 
acids with similar temporal variation will show similar 
levels of correlations with the principal components or 
axes while observations with similar fatty acid profiles 
will display similar scores. Because the principal com- 
ponents correspond to decreasing amounts of the total 
variance, interpretation is usually based on a limited 

number (usually 3) which account for most of the var- 
iance recorded. Based on the significance of the groups 
of descriptors which define the axes, inferences on the 
ecological or physiological meaning of the axes can be 
drawn. Each level of interpretation can then be associ- 
ated to the degree of variance of the corresponding 
principal component (or axis) and/or projection plane. 
Once the variance of the first axis has been interpreted, 
the remainder can be explained independently from 
the associations along the second and subsequent axes. 

RESULTS 

Nutrient regime and environmental parameters 

The experiment was initiated on 30 March 1983 and 
lasted for 16 d. During this period, ambient light was 
monitored daily and the water temperature every 4 h. 
Average daily water temperature varied over a range 
of 3 to 5OC (Fig. 1 top diurnally between 13 and 19°C 

I I I 1 

100 200 300 400 
Time (hours) 

Time (hours) 

Fig. 1. Changes in temperature (top) and light intensity (bot- 
tom) in the experimental tank. Temperature was measured at 

mid-depth in the water column and light at the surface 
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with a maximum around Day 9. Light showed 2 periods 
of high intensity around Days 5 and 16 and one period 
of low intensity on Day 10 (Fig. 1 bottom). In such a 
case, the growth of phytoplankton could have been 
partially limited during the period of minimum values 
but not totally inhibited. 

Changes in nutrient concentrations were controlled, 
over time, both by the cellular uptake and  by the cycles 
of dilution with fresh enriched seawater. Six production 
cycles were considered and the time of dilution was set 
to prevent severe limitations. Different dilution rates 
were used (Table 2) and the concentrations of each 
nutrient adjusted as a function of the specific uptakes 

Table 2. Rate of dilution a t  the end of each growth cycle. 
Dilution rate = volume of water added/total volume 

Cycle no. Dilution rate 
( "10 

1 to 2 5 0 
2 to 3 50 
3 to 4 66 
4 to 5 66 
5 to 6 66 

recorded during the previous cycle. Thus, the decision 
to end a growth cycle was based on nitrate exhaustion 
rather than on biomass concentration. The results pre- 
sented in Fig. 2 suggest a clear difference between the 
first cycle and the subsequent ones. The first one lasted 
for 174 h (7.3 d) and displayed relatively slow uptake of 
nitrates, phosphates and silicates. The following cycles 
lasted for 27 to 51 h and revealed a high consumption 
level of all 3 nutrients. Nitrites showed an increasing 
trend through the 16 d experiment, but remained a t  
very low levels (< 0.6 pg-at 1-'). 

microzooplankton and detritus. As expected each 
exponential growth phase was characterized by an  
initial dominance of protein synthesis followed by an  
increase of particulate volume. 

In terms of biomass, each cycle displayed a different 
production level. As indicated in Table 3, the protein- 
based growth rates showed a general increase 
throughout the experiment. The differences are 
related to the level of light intensity and to the initial 
biomass left after each dilution. The low light explains 
the reduced growth rate during Cycle 4 while the 
larger dilution (66%) seemed to promote higher 
growth rates. 

CYCLE I CKLE Z C X L E  C X L E  4 C X L E  I CYCLE 6 
8 3 ,  
, . 8- 

f NITRITES 

l . " ' l . " . I . . . . I . m . . l . . . ,  1 . . . . I  
100 150 MO 2 5 0  3300 3% 400 

Tima (hours) 

40 2o 

- 30- - 
Y 

Changes in particulate biomass i 
10 

Biomass changes were followed in terms of 
chlorophyll, total proteins and total volumes. As shown 
in Fig. 3, all 3 parameters di.splayed a similar pattern of 

7.5 variations throughout the 6 growth cycles. Except du- 
ring the first cycle, chlorophyll a appeared to dominate - 
over phaeopigments suggesting a dominance of phyto- 

SILICATES 
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: ' :  
mm- : 

- 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , 
0 5 0  100 ISO 200 250 300 35.0 d o  
' PHOSPHATES 

- : # .  , , . , 

S ,  , . 

plankton cells with little detritus fraction. Microscopic 
observations confirmed the dominance of a small 
number of diatom species including Nitzschia sp. ,  
Chaetoceros sp, and Skeletonema costatum. During 
the first cycle, the composition of the experimental 30.03 Time (hours) 
assemblage of particules was more complicated as it 
reflected the natural diversity of the bay water used Fig. 2. Temporal changes in concentration of inorganic nu- 
and comprised. flagellates, dinonagellates, diatoms, trient throughout the d i f f~rent  dilution cycles 
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Fig, 3. Time course changes of particulate vol- 
ume, chlorophyll, phaeopiqment and protein 
concentration during the successive growth cyc- 
les. Arrows indicate those samples when lipid 

analyses were performed 

4000 r C Y C L E  I C Y C L E  2 C Y C L E C Y C L E  4 C Y C L E  5 C Y C L E  6 
3 : 1 20 

, 8 
-- 
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2000 - 
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Cl .- G O  
0 L - 

Q- 1000- 

Changes in total lipid and fatty acids 

The lipid level of the total phytoplankton populations 
(Fig. 4) rose slowly during the first 4 growth cycles. It 
increased sharply at the end of the fifth cycle and 
dropped after dilution to reach a maximum value by 
the end of Cycle 6. The lipid: total volume ratio dis- 
played an expected rhythmicity with maximum values 
during the early exponential growth phase (Fig. 4) 
suggesting that lipids accumulated before the biomass 
maximum expressed either in terms of volume or 
chlorophyll. 

The fatty acid composition of the total Lipids through- 
out the experiment is given in Table 4. Four days after 
the beginning of the experiment, the total lipids were 
dominated by a group of 6 fatty acids (22 : 6w3, 18:4cu3, 
18: lco7, 16: lw7, 16: 0,  14 : O ) ,  occurring in similar pro- 
portions and characteristic of the natural population 
trapped before the addition of nutrients. At the end of 
the sixth growth cycle, both palmitoleic acid (16: lw7) 
and eicosapentaenoic acid (20 : 5 ~ 3 )  had increased 
considerably and made up close to 40% of the total 

Table 3.  Phytoplankton growth rate computed in terms of 
proteins for each cycle 

Growth Exponential growth 
cycle no. rate (d-I) 

30 03 Time ( h o u r s )  

fatty acids. Saturated acids displayed no clear trend of 
variation throughout the experiment while opposing 
trends characterized the relative concentrations of C16 
and C18 polyunsaturates (Fig. 5) .  Increasing levels of 
16:2cu4, 16:3w4, 16:4wl  and decreasing levels of 
18: 2w6, 18:  3w3, 18: 4w3 and 18:  5013 explained this 
pattern of variation. 

To understand the influence of successive nutrient 
impulses on the fatty acid constituents, a correlation 
matrix was subjected to PCA. Three axes were needed 
to explain 83 '10 of the total variance (Fig. 6). The first 2 
axes account respectively for 56.3 O/O and 16.1 O/O of the 

TOTAL LIPIDS 
C Y C L E  I C Y C L E  C ! :  C Y C L E  4 C Y C L E  5 C Y C L E  6 

; , 3 ;  
, , ,  
8 m m  

0 ' ' ' '50' ' ' '100 ' ' '156 ' ' 200 ' ' 250 ' ' 300 ' ' 350 ' ' 400 
Time (hours) 

Fig. 4 Changes in particulate lipid concentration (top) and the 
lipid. particulate volume ratio (bottom). Dotted lines indicate a 

lack of data for that growth cycle 
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Ye TOTAL FATTY ACIDS 
CYCLE I 

I 
CYCLE 2 FYCLECYCLE 4 ,  CYCLE 5 ,CYCLE 6 

,'I-; 8 4 

8 ,  

I 1 . . . . l m .  . . l . m l l l . . m . l . l l . l l l l . l . l l l l . l l . ,  
0 50 100 1 5 0  200 250 300 350 400 

Time (hours) 

Fig. 5. Temporal changes in percent of total lipid constituted 
by hexadecanoic and octadecanoic polyunsaturated fatty 
acids from the different phytoplankton communities through- 
out the different growth cycles. X: sum of C16 or C18 polyun- 

saturated acids 

inertia and the third axis for 11 O/O. From the level of 
correlation between the variables and the principal 
components, it can be  seen that the first axis contrasts 
the C18 and the C16 polyunsaturated fatty acids (Fig. 
6A) which are associated respectively to the first 
growth cycle and to the remaining five (Fig. 6B). The 
second axis opposes the polyunsaturated acids to the 
saturated acids, mainly myristic (14 : 0) and palmitic 
(16:O) (Fig. 6A). During the first cycle, this pattern 
describes the changes occurring during the exponen- 
tial growth (95 to 176 h) while it also illustrates the state 
of oscillation induced by further dilutions (Fig. 6B). The 
third axis opposes myristic acid to palmitic acid and 
18:306 (Fig. 6C) and singles out the second growth 
period (175 to 221 h) as the transitional one between 
the initial population with C18-dominated metabolism 
and the resulting selected population with C16-domi- 
nated metabolism (Fig. 6D). The fatty acids clearly 
show a time course related mainly to species succes- 
sions and growth characteristics, and only marginally 
to the nutrient regime. 

Fatty acid composition of major lipid classes 

Because the separation of lipid classes requires large 
quantities of phytoplankton and is very time-consum- 
ing, we selected our samples to be representative of the 
characteristic features of the first and last growth cycle 
and of the periods immediately before and after dilu- 
tion. Depending on the fraction considered 10 to 12 
sampling periods were analyzed. 

Neutral lipids. The composition is given in Table 5. 
TLC revealed that triglycerides were the major con- 
stituent of this fraction with traces of free fatty acids. At 
the start of the experiment, the fatty acid composition 

was dominated by 14 :0,  16:0 ,  16: 107 and 20:5to3 
acids. At the end of the last growth cycle, 20: 503  and 
16:  107 showed strong increases at the expense of 
16: 0, 18: 0, 18: 109 and to a minor extent 14 : 0, 22 : 603 
and most C18 polyunsaturated fatty acids. The increase 
in C16 polyunsaturates reflects the change in popula- 
tion despite their lesser importance compared to the 
total lipid fraction. 

A PCA run on a reduced number of major fatty acids 
showed that the first 3 components can explain 90.5 % 
of the total variance. The first axis accounts for 55.6 % 
of the inertia and separates the C18 fatty acids and 
22 : 6w3 from the C16 polyunsaturated acids and 
20 :5w3 (Fig. ?A). As expected, it corresponds to the 
occurrence of the initial complex population at the start 
of the experiment (120 to 168 h) and its replacement by 
a diatom dominated population (345 to 384 h) (Fig. ?B). 
The second axis explains 19.4 % of the total variance 
and opposes 14 : 0, 15:  0 and 16:  206 to 18:4w3 (Fig. 
7A) as well as those sampling times 5 h before dilution 
(168, 216 h) and 1 d after (197, 320 h) (Fig. ?B). Such 
statistical discrimination can be  better explained by 
considering the influence of the nutrient depletion 
which controlled the dilution sequence and the differ- 
ence in fatty acid between early and late exponential 
growth phase. The third axis accounts for 15.5 % of the 
total inertia and opposes 18: 303  and 14: 0 to 16: 0, 
15: 0, 20: 503, 16:  2w6 and 18: 306 (Fig. ?C).  It also 
singles out the likely changes in physiological state 
within the first growth cycle (130 to 168 h) and to a 
minor extent the 2 last cycles (320 to 345 h and 360 to 
384 h) (Fig. ?D). 

Monogalactosyl diglycerides (MGDG) displayed a 
pattern of fatty acid composition quite different from 
the neutral lipids. Polyunsaturated acids (16:3w4, 
16: 4w1, 18: 403, 18 : 5w3 and 20 : 5w3) largely domi- 
nated this fraction a t  the expense of saturated and 
monoenoic acids (Table 6). Over time the levels of 
14 : 0, 18 : lw9, C18 PUFA and 22 : 603  decreased sharp- 
ly and were replaced by 16: lw7,  C16 PUFA and 
20: 503. Hence saturated acids dropped by a factor of 3 
while PUFA and monoenoic acids increased by 20 and 
50 % respectively (Table 6). 

Using the same statistical procedure, it can be 
shown that the first 3 axes derived from a PCA explain 
89.7 % of the total variance. The first axis accounts for 
67.7 % of the inertia and separates the C16 from the 
C18 PUFA (Fig. 8A). As noted above, it represents the 
transition between the initial and the final phyto- 
plankton population (Fig. 8B). The second axis (14.5 O/O 
of the total variance) is mainly defined by 2 saturated 
acids (16 : 0, 18 : O), palmitoleid acid (16 : lw?) and to a 
minor extent 20: 5w3 (Fig. 8A) which reached max- 
imum relative concentrations at 197 h. The third axis 
represents only 7.6 O/O of the total variance and con- 
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Fig. 6. Principal component analysis of the correlation matrix between total lipid fatty acids. (A) and (C) projections on the planes 
defined by Axes 1-2 and 1-3 of the correlations between variables (fatty acids) and the first 3 principal components. (B) and (D) 
projections of the factor scores of the observations (time of sampling in hours) illustrating the association between sampling 

periods. ),. " ,  of total variance (or inertia) explained by each axis. Arrows: time sequence of observations 

trasts palmitoleic acid with 20:5w3 (Fig. 8C). Both 
axes appear to illustrate the nature of the transition 
and to single out 2 turning points in the pattern of 
changes of MGDG fatty acids. Axis 2 indicates that 
the influence of the initial population structure ended 
after 197 h (Fig. 8B) while Axis 3 suggests that 
changes in the proportion of 2 0 :  5~113 and 16 l c ~ ) ?  were 
characteristic of the 282 h sampling, i.e. the fourth 
growth cycle (Fig. 8D). Since that cycle was possibly 
limited by relatively low light intensity, this last axis 

may be  associated to functional acclimation of the 
photosynthetic membranes. 

Digalactosyl diglycerides and sulfoquinovosyl di- 
glycerides (DGDG + SQDG). The fatty acid spectra for 
these (Table 7) are characterized by a high level of 
saturation with the dominance of 14:O and to a minor 
extent 16:  0. Monoenes never showed high relative 
concentrations and remained around 10 to 13 % with 
16.107 as the main representative. Polyunsaturated 
acids reached levels equivalent to those observed for 
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Table 5. Fatty acid composition of the phytoplankton neutral lipids (expressed as  % total fatty a c ~ d s ) .  A.lso: anteiso; - . not detectable 

Fatty acids Time (h) 
120 144 168 176 197 216 320 345 360 384 

Saturated 
14:O 20.59 22.02 25.84 18.00 14.89 20.37 15.85 20.32 18.30 18.17 
Is0 15:O - 0.33 - - - 0.21 - 

A.Iso 15:O - 0.16 - - - 0.26 - - 

15:O 1.80 0.83 1-01 0.85 0.68 1.37 1.07 1.31 1.57 1.12 
16:O 20.74 14.36 12.96 16.22 15.31 13.63 17.21 12.95 16.00 11.32 
17:O - 0.09 0.28 0.14 - - - - 0.35 
18:O 3.82 1.27 1.36 1.51 1.06 2.02 1.08 1.12 1.57 0.83 
20:O - 0.12 0.21 - - 0.07 - - P 

Monoenoic 
16:1w9 - 0.43 2.55 - - - 0.13 - 1.18 - 

16:lw7 12.86 19.43 19 40 19.21 22.74 17.66 23.26 22.31 19.22 22.78 
18:lw9 4.06 2.14 1.52 1.69 1.43 2.16 1.07 1.54 1.98 0 34 
18:lto7 1.59 0.81 0.84 0.59 0.91 1.22 0.51 0.40 0 43 0 94 

Dienoic 
1 6 . 2 ~ 6  0.29 0.56 0.76 0.59 0.61 0.62 0.67 0 75 0.84 
16.204 1.44 1.70 1.54 2.21 2.05 1.99 1.61 2.17 2.43 1 84 
18:206 2.38 2.83 1.89 2.18 1.95 1.59 1.60 1.18 1.10 0.64 

Trienoic 
16:3w6 - 0.08 0.05 0.19 - - 

16:304 0.51 0.87 1.06 0.96 1.43 1.68 1.54 2.50 1.98 3.32 
18:306 0.24 0.31 0.21 0.23 0.51 0.35 0.69 0.31 0.32 0.42 
18:3w3 2.34 2.74 2.53 1.48 1.46 1.17 1.07 0.87 0.62 0.26 

Tetraenoic 
16:4wl 1.63 4.32 4.61 4.50 4.96 3.19 4.24 5.46 5.94 5.51 
18:4w3 3.35 4.25 2.73 2.85 4.73 2.90 4.78 3.42 2.79 2.35 
20:4w6 - 0.28 0.44 - 0.35 - 0.40 P 

20:4w3 - 0.58 0.35 0.59 0.56 - 0.43 - 0.36 

Pentaenoic 
18:5w3 2.70 3.40 2.85 1.83 1.97 2.04 1.46 1.11 0.67 0.30 
20:5w3 13.69 10.14 10.83 19.90 18.07 20.76 16.33 19.49 21.02 23.72 

Hexaenoic 
22:603 6.64 5.32 4.39 4.82 4.14 5.07 3.91 2.34 3.02 3.37 

the neutral lipids with 18 : 403, 20 : 503 and 16 : 204 as 
the major constituents. The occurrence of branch-chain 
acids in C15 as well as 16: ltransA3 seems characteris- 
tics of this fraction. 

The results of the PCA analysis show that the first 3 
axes explain 87 % of the total variance. The first axis 
accounts for 46.8 O/O of the total inertia and opposes the 
saturated acids in C14 and C16 to the C16 PUFA and 
20:5w3 (Fig. 9A). I t  singles out those periods charac- 
teristic of the final growth cycles in opposition to the 
early phase of the first cycle (120 h) and the transition 
phase between the 2 systems (197 h) (Fig. 9B). The 
second axis explains 28.7 % of the variance and seems 
characteristic of the C18 monoenes and polyun- 
saturates (Fig. 9A). It appears to be  representative of 
the processes through which the succession from one 
population to the other occurred (Fig. 9B). The factorial 
plane defined by the first 2 axes clearly illustrates that 
the selective pressure reached its maximum during the 
second growth cycle (197 h) and took place through a 

transient resaturation of the DGDG fraction. The third 
axis only accounts for 11.6 % of the inertia. It represents 
the adaptative changes which took place during the 
first and to a minor extent second growth cycle (120 to 
168 h and 176 to 216 h) which are associated to the 
decrease in the relative proportion of 18 : 4w3 and  the 
increase in 15 : 0, 16 : 0 and 18 : 0 (Fig. 9C, D). As indi- 
cated by the projection in the factorial plane 2-3, it 
appears that the oscillations in the DGDG structure 
produced by the external changes are  damped as  the 
system proceeded through time towards a new equi- 
librium (Fig. 9D). 

Phospholipids (PL). The fatty acid composition of PL 
fraction is given in Table 8 and displays a high degree 
of unsaturation with the dominance of 20:503 and/or 
22 : 6w3. The percentage of monoenes varied between 
20 and 34 O/O with 16: 107  as the major compound. The 
general dominance of 18 : 107 over 18 : 109 is remark- 
able and suggests an  active elongation process of the 
palmitoleic acid which decreased over time. The satu- 
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Fig 7. Principal component analysis of the correlation matnx between neutral l ip~d  fatty-acids. (A)  and (C) Factor loadings on the 
first 3 axes illustrating the correlations of the variables with the first 3 principal components. (B) and (D) Factor scores illustrating 

the association between sampling periods and the corresponding time sequence. Symbols as in Fig. 6 

rated acids included large proportions of C16:O and 
C14 : 0 as well as  the occurrence of branch-chain acids 
in C15. 

From the PCA analysis, it can be shown that the first 
3 factorial axes account for 88.2 % of the total variance. 
The first one explains 50.4 O/O of the inertia and con- 
trasts 20: 511)3, 16: 1(1)7 and 16: 3w4 with 18.107,  
18: 3 ~ 3  and 18: 5013 (Fig. 10A). As expected, it illus- 
trates the replacement of the initial complex phyto- 
plankton population (120 to 168 h) by a diatom-domi- 
nated one (216 to 384 h) (Fig. 10B). The second axis 

accounts for 26.9 O/O of the total variance and is defined 
by the saturates (16 : 0, 18 : 0, 15 : 0) and oleic acid on the 
one hand and C18 PUFA (18: 50~3, 18: 303, 18:40,3) 
and 22 : 6w3 on the other hand (Fig. 10A). As suggested 
earlier for DGDG, it appears to be representative of the 
processes of resaturation which characterize the transi- 
tion between the 2 populations during the second 
growth cycle (197 h) (Fig. 10B). The third axis explains 
10.9 % of the total variance and opposes 14 : 0 and 
16: 206 to 18: 2w6 (Fig. 10C). It singles out 2 sampling 
times, one at the end of the first growth cycle (168 h) 
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Table 6 .  Fatty acid composition of the phytoplankton monogalactosyl diglycendes (MGDG) (expressed as  % total fatty acids). 
-: Not detected 

Fatty acids Time (h) 

197 216 
P P P 

Saturated 
14:O 
15:O 
16:O 
18:O 
20:o 

Monoenoic 
1 6 . 1 ~ 9  
1 6 : l w 7  
1 8 : l w 9  
1 8 : l w 7  

Dienoic 
1 6 : 2 ~ 6  
16:2w4 
18:2w6 

Trienoic 
16:3w4 
16:3w6 
18:3w3 

Tetraenoic 
1 6 : l t o l  
18:403 

Pentaenoic 
18:5w3 
20:5w3 

Hexaenoic 
22:6w3 

and one at the beginning of the fifth cycle (320 h) both 
characterized by relatively high percentages of satu- 
rated acids (Fig. 10D). It is likely that such specific 
behaviour is related to cellular changes occurring 
before and after dilutions since similar changes were 
noted with the neutral lipid fraction. 

tion, i.e. 174 h (7.3 d ) ,  the slowest nutrient uptake and 
the smallest protein exponential growth rates. Levels of 
biomass were low and showed a definite detrital com- 
ponent. Changes in particulate volume, chlorophyll, 
protein and lipids showed an exponential increase, 
though per unit volume both protein and lipids 
appeared to be sensitive to nutrient reduction and 
decrease with increasing limitation. In terms of total 
fatty acids, inverse variations of C16 and C18 PUFA, 
associated with the progressive dominance of diatoms, 
are the major characteristic. The other 5 growth cycles 
were of much shorter duration, i.e. 27 to 51 h, displayed 
faster nutrient uptake and increasing exponential 
growth rates. The lower growth rate during Cycle 4 
was likely related to lower light regime around Day 10 
as light saturation for Skeletonema costatum requires 
light intensities greater than 144 cal m-2 d-' (Augier 
unpubl.). The higher growth rates seemed associated 
with larger dilution rates. Phytoplankton and mainly 
diatoms dominated all 5 cycles and,  except during the 
fourth one, reached levels of biomass almost 3 times 
higher than during the first cycle. A decrease of protein 
and lipid contents per unit cell volun~e with nutrient 
reduction seems to be  a feature common to all cycles. 

DISCUSSION 

Although the study was designed to observe succes- 
sive growth cycles regulated by nutrient depletion, 
proper interpretation of the changes recorded must 
consider 3 experimental constraints: (1) a natural body 
of water with its complex particle assemblage was 
trapped, (2) the medium was enriched with nutrients at 
levels far higher than any natural levels, and (3) the 
system was subjected to natural changes in light and 
temperature. Thus, our system should be  viewed as a 
large-scale culture of a natural phytoplankton popula- 
tion subjected to natural physical variations and simu- 
lated nutrient pulses. 

The different growth cycles illustrate well such 
charactenstics. The first one showed the longest dura- 
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Fig. 8. Principal component analysis of the correlation matrix between rnonogalactosyl diglycerides (MGDG) fatty acids. (A)  and 
(C) Factor loadings on the f~rst 3 axes, illustrating the correlations between fatty acids and the flrst 3 princ~pal components (B)  and 

(D) Factor scores illustrating the association between sampling time and the corresponding sequence. Symbols as in Fig. 6 

Changes in total fatty acids indicated that species 
selection was finalized during the second cycle with 
increasing relative concentration of the C16 PUFA 
which largely dominated during the last 2 cycles. Over 
the entire time sequence, changes in cell global 
biochemistry appear to have resulted from selective 
pressure and cell acclimation to high nutrient levels 
which produced high yields of biomass. Because our 
experiment was designed to prevent severe nutrient 
limitation, reduction of protein concentration or 
enhanced lipid accumulation usually observed during 

stationary growth phases or towards the end of natural 
blooms (Figg 1956, Badour & Gergis 1965, Haug et al. 
1973, Morris et al. 1983, 1985, Parnsh 1987, Mayzaud et 
al. 1989) were not observed. 

Different studies have dealt with changes in cornpo- 
nent fatty acids of phytoplankton during natural or 
expenmentally produced blooms (Kattner et al. 1983, 
Morris 1984, Morris et  al. 1985, Mayzaud et  al. 1989) 
but none have considered the influence of variable 
nutrient regime. Under natural conditions, fatty acid 
composition was found to be related to species succes- 
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Table 7. Fatty acid composition of the phytoplankton digalactosyl diglycerides (DGDG) and sulfoquinovosyl diglycerides (SQDG) 
(expressed as  "L total fatty acids). A.Iso: anteiso, - . not detected 

Fatty acids Time (h)  

120 144 168 176 197 216 282 320 345 360 384 

Saturated 
14 0 35 34 25.67 18.86 36.17 46.73 25 76 27 82 24.32 34.35 32.76 35.02 
Iso 15:O 0.37 0.47 0.21 0.43 0.18 0.21 0.37 0 3 6  0.47 0.23 0.18 
A.Iso 15.0 0.20 0.49 0.23 0.38 0.34 0.51 0.79 0.18 0.19 0.25 0.31 
15:O 0.84 1.39 1.28 0.77 1.80 124  1.12 1.42 1.11 1.16 1.26 
16-0 11.61 14.42 13.91 15.36 29.35 18.21 13.01 14.22 11.25 14.31 9.09 
18:O 1.00 1.55 2.11 0.51 1.53 1.01 1.06 1.28 0.66 1.85 0.53 

Monoenoic 
16:109 1.18 0.40 - 2.40 - 0.18 2.04 - - 1.18 
16: lw7 6.65 9.87 9.85 11.84 7.54 11.62 12.44 12.69 12.64 8.89 11.40 
16:ltransA3 Tr Tr Tr Tr Tr 0.31 0.27 0.40 0.36 0.60 0.18 
18:109 1.49 1.61 1.81 0.76 1.00 0.52 0.65 2.17 0.65 0.45 0.39 
18:lw7 0.28 0.53 0.69 0.59 0.16 0.77 0.80 0.66 0.65 0.77 0.88 

Dienoic 
16:2co6 0.28 0.53 0.69 0.59 0.16 0.77 0.80 0.66 0.65 0.77 0.88 
16:20>4 2.13 4.69 5.11 4.67 1.96 4.44 5.97 6.71 6.18 5.48 5.09 
18:2w6 2.01 1.81 1.59 1.05 0.47 0.45 0.44 1.42 0.47 0.32 0.19 

Trienoic 
16:3w6 0.17 0.23 - 0.05 - 0.09 - - 
16:3w4 0.51 0.71 3.10 0.61 0.22 1.37 1.39 1.40 1.08 0.92 1.72 
1 8 : 3 ~ 6  0.35 0.30 0.30 0.33 0.30 0.50 0.45 0.39 0.40 0.27 0.08 
18:3w3 6.45 3.34 2.01 1.51 0.12 0.73 0.40 1.03 0.46 0.38 0.15 

Tetraenoic 
16:401 1.25 2.98 8.44 1.67 0.42 7.61 4.63 6.15 3.98 4.39 5.92 
18:4w3 12.60 11.00 10.60 9.66 2.36 14.83 13.75 10.40 14.23 15.73 16.27 
20:4w6 - 0.18 - - 0.35 - 1.36 0.09 - - 
20-4w3 - 0 11 - - 0.36 - 0.15 0.22 - - 
Pentaenoic 
18:5to3 6 1 0  7 4 5  8.21 2.19 0.37 1.11 1.02 2.32 1.35 0.83 0.32 
20:5w3 4 7 6  6.60 10.82 8.41 2.20 11.66 8.70 7.71 9.19 8.41 9.10 

Hexaenoic 
22:6~03 0.84 1.39 1.28 0.77 1.80 1.24 1.12 1.42 1.11 1.16 1.26 

Tr: trace 

sion and phytoplankton physiological state (Jeffries 
1970, Kattner et al. 1983, Mayzaud et al. 1989) while it 
seemed to illustrate the influence of growth conditions, 
nutrient status and growth stage under mesocosm con- 
ditions (Morris 1984, Morris et al. 1985). Because of the 
initial natural particle assemblage, our results illustrate 
an intermediate situation. Partition of the total variance 
of fatty acid changes by principal component analysis 
showed that the major fraction was primarily related to 
species selection during the transition toward a diatom- 
dominated population while nutrient oscillations and 
physiological changes at the time of the species transi- 
tion usually accounted for less than 40 % of the var- 
iance associated with the second and third principal 
component. 

Consideration of the fatty acid changes per lipid 
classes rather than total lipids gives some insights as to 
the physiological processes involved. A recent report 

by Palmisano e t  al. (1988) has shown that under natural 
bloom conditions, diatoms profoundly altered their rate 
of synthesis of neutral lipids, and to a minor extent 
glycolipids, in response to successive growth phases. 
Distinctive patterns of fatty acid for each class have 
been illustrated for both cultured phytoplankton (cf. 
review by Pohl & Zurheide 1979, Holz 1981) and in situ 
simulated blooms (Morris 1984, Morris et al. 1985). All 
concur that neutral acyl glycerols are more saturated 
than the polar lipids with the dominance of 16: 0, 16: 1, 
18: 0, 14: 0 and 18: 1, and that both glycolipids and 
phospholipids include high levels of C16, C20 or C18 
and C22 polyunsaturated acids. MGDG seems to be the 
most unsaturated lipid class, followed by phos- 
pholipids, DGDG and SQDG. Depending on the class 
of microalgae considered (flagellates or diatoms) either 
C16 PUFA and 20 : 5 or C18 PUFA and 22 : 6 will domi- 
nate (Nichols 1965, Bloch et al. 1967, Nichols et al. 
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Fig. 9. Principal component analysis of the correlation matrix between digalactosyl diglycerides (DGDG) and sulfoquivosyl 
dlglycerides (SQDG] fatty acids. (A)  and (C) Factor loadings on the first 3 axes grouping those fatty acids with similar correlation 
levels with the principal components. ( B )  and (D) Factor scores of the observations illustrating the association between sampling 

time and the corresponding sequence. Symbols as in Fig. 6 

1967, Pohl & Zurheide 1979, Holz 1981, Arao et al. 
1987, present study). 

Because differences in structure are often the result 
of differences in metabolic pathways, it 1s interesting to 
consider in some detail the influence of the successive 
growth cycles on the fatty acid composition of each 
lipid class as can be  extrapolated from the PCA analy- 
sis. The transition from a flagellate to a diatom popula- 
tion appears to be a key factor influencing all 
categories in a similar way, i.e. transition from a [C18 
PUFA, 2 2 :  6w3] pattern to a [C16 PUFA, 20:5013, 

18:  1(1)9, 18:  1~071 pattern. Once this source of vanance 
is extracted, the results of the analysis indicate that the 
same set of external parameters produced different 
sequences of fatty acid changes for the different lipid 
classes. 

If the physiological interpretation of the principal 
components is valid, it would appear that the nutrient 
regime affected the neutral lipids essentially through a 
process of saturation-desaturation which was best illus- 
trated by the time changes of 14 :0, 15 :0 ,  16:2w6 
before dilution and 18: 4 ~ 3  after dilution. The changes 
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Table 8 Fatty acid composition of the phytoplankton phosphohpids (expressed as  O/O total fatty acids). A.Iso: anteiso; - not detected 

Fatty acids 
120 

T ~ m e  (h)  

197 

Saturated 
14:O 
Is0 15:O 
A.Iso 15:O 
15:O 
16:O 
17:O 
18:O 
20:o 

Monoenoic 
1 6 : l w 9  
1 6 : l w 7  
17 : lwlO 
18:ltog 
18: l to7 

Dienoic 
16:2cu6 
16:2to4 
1 8 . 2 ~ 6  

Trienoic 
16:3w6 
1 6 : 3 ~ 0 4  
18:3w6 
18:3w3 

Tetraenoic 
16:4wl 
18:403 
20:4w6 
20:4w3 

Pentaenoic 
18:5w3 
2 0 5 ~ 0 3  

Hexaenoic 
22:6w3 

in physiological state during the first and part of the 
second growth cycle, related to the shift in phytoplank- 
ton community structure (i.e. selective pressure), 
affected to a varying extent the different lipid classes. 
Unrecorded for the neutral lipid fatty acids, they are 
second in importance (Axis 2) for MGDG, DGDG, 
SQDG and phospholipids and suggest the occurrence 
of a transient resaturation of the membrane fatty acids 
at the onset of the diatom population with C18 PUFA 
characteristic descriptors being replaced by more satu- 
rated acids (16:0 ,  18:0 ,  15:0 ,  16: 107,  18:  109).  

Adaptation of membrane fatty acid constituents to 
growth-limiting light intensity has been little studied in 
marine phytoplankton species. Recently, Mortensen et  
al. (1988) reported little effect on the total fatty acid 
composition of the diatom Chaetoceros gracilis. They 
described increased levels of highly unsaturated acids 
(w3 or n-3) with increasing light intensity but with 
hardly any variation of the unsaturated to saturated 

acids ratio and polyunsaturated to monoenoic plus 
saturated acids ratio. In an  earlier study, based on fatty 
acid changes of lipid classes (polar, diglycerides, tri- 
glycerides, free fatty acids), Orcutt & Patterson (1974) 
found an increase in polar lipid fatty acids and a 
decrease in neutral lipid fatty acids at low light inten- 
sity for the diatom Nitzschia closteriurn. Depending on 
the lipid class considered, the major changes were 
recorded for 16:3+18:  1,  20:5 ,  16:  1 and 16:O. In the 
present study, principal component analysis singled 
out the possibly light-limited fourth cycle only for 
MGDG with 16:  107 and 20: 5 0 3  as  characteristic 
descriptors. Lower light intensity seemed to increase 
the relative proportion of 20 : 5 and decrease the level of 
16 : 1 without corresponding changes of the 16 : 3 or 
16: 4 and 16: 0 percentages. Such a conclusion cannot 
be  directly compared with earlier results as the present 
ones d o  not derive from experimental situations where 
light is the only forcing function but agree with the 
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Fig. 10. Principal component analysis of the correlation matrix between phospholipid (PL) fatty acids. (A) and (C) Factor ioadings 
on the first 3 axes, illustrating the correlations between fatty acids and the principal components. (B)  and (D) Factor scores of the 

observations, illustrating the association between sampling time and the corresponding sequence Symbols as in Fig. 6 

general findings that light regime affects essentially 
membrane chloroplast lipid through changes In the 
level of 0 3  polyunsaturated fatty acids. 

The role of long-chain polyunsaturated acids in phy- 
toplankton physiology remains unclear. Morris et al. 
(1985) pointed out the discrepancy between the high 
levels recorded in most cultured species and natural 
populations under bloom conditions. Indeed, while most 
cultured diatoms and dinoflagellates displayed levels of 
20 : 503  and/or 22 : 6w3 between 7 and 30 O/O of the total 
pool of fatty acids (Pohl & Zurheide 1979), the data 
reported by Kattner et  al. (1983) and Mayzaud et  al. 

(1989) for natural spring blooms or by Morris (1984) and 
Morris et al. (1985) for experimental blooms fell In the 
range 0 to 10 % of total fatty acids. Morris et al. (1985) 
associated this difference with the fast growth rate of 
their population which either mlght not have the time to 
synthesize the more complex long-chain polyunsatu- 
rated components or displayed specific requirements for 
variable cellular membrane fluidity to cope with a 
changing nutrient regime. The data reported in the 
present study bring some evidence in support of the 
second hypothesis since high percentages of both 
20: 5w3 and 22: 6013 were found in all lipid classes 
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despite quite variable growth rates, different duration of 
growth cycle (1 to 7 d),  and nutrient pulses. Adaptative 
acclimation to species selection, light limitation, and 
growth phases appeared to proceed through transient 
changes in the PUFA of polar lipids which are known to 
regulate membrane fluidity. The known association 
between relative concentration of PUFA and nutrlent 
regime (Pohl & Zurbeide 1979, Shifrin & Chisholm 1981, 
Enright et al. 1986, Mortensen et al. 1988) suggests some 
functjonal relationship between membrane fluidity and 
nutrient availability which in most culture systems is 
obscured during the stationary growth phase. In the 
present experiment, the maintenance throughout the 
different growth cycles of exponential growth strongly 
suggests that in culture or culture-like system high 
levels of PUFA could be related to permeability require- 
ments to cope with the high nutrient situation. 
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